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Preface

Botulinum and Other Neurotoxins: Translating
Science into Therapeutic Applications

Our knowledge about clostridial neurotoxins
has increased dramatically since 1817 when
Christian Andreas Justinus Kerner, the German
physician and poet, provided the earliest
account of food borne botulism, correctly recog-
nized that the toxin paralyzed skeletal muscles
and blocked parasympathetic function, and pro-
posed that botulinum neurotoxin (BoNT) could
be used as a therapeutic agent in St. Vitus dance,
hypersalivation, and hyperhidrosis. In 1870,
Muller, another German physician, coined the
name botulism, after the Latin name for "sau-
sage,’’ a common source of food poisoning.
The next milestone in the development of
BoNT was the 1895 outbreak of food intoxica-
tion from infected sausages consumed after a
funeral ceremony in the Belgian village
Ellezelle, which led to the first isolation of clos-
tridium botulinum and of botulinum toxin by E.
van Ermengem. In 1920, Hermann Sommer
(University of California) first purified BoNT
and in 1944, Edward Schantz (Fort Detrick,
MD) first cultured clostridium botulinum and
developed a method for isolation of the toxin.
In 1949, A.S. Burgen (Cambridge, England) dis-
covered that BoNT blocks neuromuscular trans-
mission by blocking release of acetylcholine.
In 1964, D.B. Drachman (Johns Hopkins
University) first showed that botulinum neuro-
toxin can be used to paralyze the injectedmuscle
and demonstrated the critical role of acetylcho-
line in ‘‘neurotrophic’’ maintenance. Applying
Drachman’s observations, Alan Scott published
the 1973 seminal paper describing the beneficial
effects of BoNT injections into eye muscles of
monkeys to correct strabismus, thus starting
the therapeutic era of BoNT.

The most potent biologic toxin known (can
be lethal even at doses as low as 0.2 ng), BoNT
has been feared as a potent biological weapon,
but today it is mainly utilized as a therapeutic
agent. As a result of the clinical use of BoNT
in millions of individuals worldwide, the per-
ception of BoNT as a powerful poison and
potential biological weapon has changed dra-
matically in the past quarter century. In the

beginning, BoNT was applied to treat neurolo-
gical disorders in which an overactivity of dis-
tinct neurons caused disabling and painful
spasms of striated muscles such as seen in ble-
pharospasm, cervical dystonia, other forms of
dystonia, spasticity, and various pain disorders
including headaches and post-traumatic
muscle spasms. In the next stage, the clinical
indications for BoNT expanded to its use in
the treatment of hyperhidrosis, other hyperse-
cretory disorders, gastrointenstinal and urolo-
gical disorders, and various cosmetic
indications. Few drugs have been better under-
stood in terms of their mechanism of action
before their clinical application. Today, no
therapeutic agent in medicine has more clinical
indications (although only a few have been
officially approved) than BoNT.

The purpose of this book is to review the
current knowledge about the basic science
and clinical use of BoNT. The idea for the
book was conceived during the International
Conference on Neurotoxins (ICON), spon-
sored by the Neurotoxin Institute (www.neuro-
toxininstitute.com) and held in Hollywood,
Florida, November 29-December 2, 2006.
One of the major aims of the ICON meeting
(and this book) was not only to disseminate
current information about BoNT, but to stimu-
late more scientists and clinicians to learn
about this extraordinary molecule and to
apply the growing knowledge in improving
patients’ functioning and favorably impact on
the quality of life. The editors hope that the
book will draw attention to the expanding
knowledge of neurotoxins and will serve to
highlight the fruitful progress in this growing
field of translational research and stimulate
imagination for potential future applications.
This book should be of interest to neuroscien-
tists and practicing physicians working in a
wide range of specialties including neurology,
physiatry and rehabilitation medicine, ortho-
pedics, sports medicine, pediatrics, dermatol-
ogy, plastic surgery, otolaryngology, urology,
gastroenterology, pain medicine, and esthetics.

The book would not be possible without the
scholarly contributions by the many authors,
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all of whom were selected because of their lea-
dership in the field. We also want to thank
Susan Pioli, who appreciated the value of the
book and brought it to the attention of Elsevier
Inc., Adrianne Brigido, the Acquisitions Editor
for Elsevier Inc. for her continued guidance,
and, most importantly, to Angela Norton, the
Associate Developmental Editor, Elsevier Inc.,
for her tireless effort in coordinating the

pre-publication process and her exemplary
professionalism.

J.Jankovic(chief editor)
A.Albanese
M.Z.Atassi
J.O.Dolly
M.Hallett

N.H.Mayer
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Foreword

DEVELOPMENT OF
BOTULINUM TOXIN

Carter Collins and I were exploring the forces
and actions of the eye muscles through the
1960s and 1970s. Experienced with placing
EMG recording electrodes into muscles, we
hit on the idea of injecting local anesthetic
into individual muscles through needle electro-
des to knock out their function and to tell
thereby what they did. As many strabismus
procedures acted to weaken over acting mus-
cles, it was a small step to wonder if we
might inject something having a longer dura-
tion of action and thus practical clinical utility.
Botulinum toxin soon came up for considera-
tion, but was moved to the bottom of the list,
as it seemed too crazy to really try it–it was too
toxic and we would never get to use it anyway
with the FDA looking, right? Well, very close to
right! We had worked down the list of ineffec-
tive substances, when I became aware of Daniel
Drachman’s work injecting minute amounts of
botulinum toxin directly into the hind limb of
chicks and achieving local denervation effects.
Drachman told us of Edward Schantz who sup-
plied toxin to him. Ed had left the US Army
Chemical Corps to work at the University of
Wisconsin where he continued to make puri-
fied botulinum toxins using techniques worked
out earlier at Fort Detrick by Lamanna and
Duff. He gave these generously to the academic
community, and was kind enough to supply us
with crystalline botulinum toxin. Reference to
the literature on botulism showed that epi-
demics caused by type A were characterized
by extensive and long lasting motor paralysis
(type B tended toward autonomic problems,
other types were uncommon), so selecting
type A was an easy first choice. Schantz sent
his toxin via regular mail; a metal tube within
a tube, never a problem. Crone, who had the
same idea as us, got freeze-dried toxin in
Amsterdam from the Porton Labs in the UK,
one shipment leaking powdered toxin out of
the damaged paper package, he told me! So
much for safety and security in the 1960s and
1970s.

We started with the laboratory steps to dilute
the crystalline toxin into small aliquots for
practical dosage forms, buffered it with albu-
min rather than gelatin, learned to freeze-dry
it, and worked out the facilities, personnel
and protocols to test potency, sterility, safety,
and so on. It was remarkably easy to produce
long lasting strabismus in a monkey model.
This showed that effects were confined to the
target muscle, a clear dose-effect relationship,
and lack of systemic toxicity, in the amounts
used. These results were published in 1973. I
then submitted an Investigative Drug
Application to the FDA as a Physician/
Sponsor, an IND category for drugs that were
never expected to go commercial. Years and
dozens of letters passed. Finally the FDA
issued an IND for the treatment of strabismus
in 1977. I injected one patient in 1977; the
protocol required it to be done in the hospital
and the patient kept in the ICU for 3 days.
Three more were done in 1978. The tests with
strabismus patients proved successful and the
results of 67 injections were published in 1980.
I then moved to blepharospasm, and later
hemifacial spasm, where it was immediately
effective. Rather large doses of 300 units in
two patients with thigh adductor spasm
showed systemic safety, and we were encour-
aged that the drug had wide potential, as we
had commented in 1973. Three injections for
torticollis showed that it was magical for pain,
helpful for stiffness and motility, but less so for
position and tremor. It was obvious that eva-
luation of torticollis was going to be complex.
Joseph Tsui took my initial data, added his own
and developed an original evaluative scale. Joe
Jankovic came to Smith-Kettlewell Institute and
subsequently performed the first double-blind,
placebo-controlled study in patients with ble-
pharospasm. We were thrilled to later learn
from Andy Blitzer that it worked also for laryn-
geal spasms (spasmodic dysphonia).

But now the surprise was that no one in
Northern California would try it for anything!
Not at Children’s hospital for spastic limbs,
although we had by then done many childrens’
eye muscles, not at the Rehab Center for post
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stroke spasm, not at the neurology or ophthal-
mology or rehab departments at UCSF
or Stanford. My institution, Smith-Kettlewell
Institute, was afraid of liability and wanted all
manufacturing moved out. But no manufac-
turer (we tried 8 including Allergan), would
take it on at the time. Much of the problem
was lack of patent coverage; as amateurs we
had applied late. What to do with this
orphan? I was too convinced of its potential
to let it die. I incorporated under the name
Oculinum� Inc., took out a loan on my
house, and, with the invaluable help of
Dennis Honeychurch, a pharmacologist,
leased space in Berkeley across the street from
an animal lab which did our dozens of potency
tests. Dennis developed many of the testing
and manufacturing techniques later adopted
by others. The therapeutic potential and wide
safety margin of botulinum toxin, so evident to
us, began to leak out during the 1980’s. Use
increased and broadened as Oculinum� Inc.
supplied investigators with varied interests.
We chose 100 units vial sizes, enough for all
ocular use and a safe dosage even if mis-
handled. The investigators were encouraged
(coerced is perhaps too strong a word), to sup-
port the project with the donations that kept us
above water financially. At this point, Big
Pharma might have defined a tight protocol,
used a few manageable sites, and pushed for
FDA approval. But we gave it out widely,
more interested in what the drug did over a
wide spectrum of uses than in commerce.

We relied on Schantz for crystalline toxin
and used outsourced freeze-drying capability.
It is interesting that the FDA never inspected
our facilities and procedures for a decade, but
got interested when we applied for licensure. In
December 1989, the FDA licensed the manu-
facturing facilities and clinical product using
the lot of toxin produced by Schantz in 1979.
The FDA identified it as an orphan drug
for the treatment of strabismus, hemifacial
spasm, and blepharospasm. For about two
years, Oculinum� Inc. was the licensed manu-
facturer, and Allergan distributued the product.
The facilities and license were turned over to

Allergan in late 1991 and the drug later
renamed Botox�. I am not sure if we had all
the fun and Allergan got all the money, but it
was something like that.

A better and more potent lot of toxin made
in 1988 was the basis for European licensing,
and subsequent lots of toxin for US sale are
much more potent and less liable to elicit anti-
bodies than was the 1979 lot. We developed
botulinum toxin type B in 1998 and applied
for a trademark for ‘‘B-Botox’’. It showed a bit
less effect than type A and we dropped it. The
clinical applications for botulinum toxin con-
tinued to expand in the 1990s to include
hyperhidrosis and gustatory sweating, tremor,
overactive bladder, anal fissure, achalasia,
hyperfunctional facial lines, and various sorts
of pain such as headache. The varied titles of
chapters in this volume attest to the continued
expansion of uses. Extensive basic investigation
of nerve terminal function and of toxin struc-
ture and action has been stimulated by the clin-
ical use of toxin. My own early attempts with
Sugiama to link the short arm of ricin to the
long arm of the toxin to create a poison specific
to cholinergic neurons, is the sort of idea being
developed by basic scientists as the molecular
structures are revealed. Terminal sprouting,
vesicle cycling, enzymatic function of the var-
ious toxins, their substrate proteins in the term-
inal, their epitope adhesion areas and
similarities are just a few of the areas of early
interest now expanded by the new tools of biol-
ogy and chemistry to whole chapter length in
this volume. Blocking of secretion from many
sorts of cells beyond the nerve terminal by link-
ing the short arm of botulinum toxins with
molecules with affinity for specific cell recep-
tors is moving forward apace. Both the thera-
peutic uses, the research applications of
clostridial toxins, and the adaptations of the
molecules appear destined to increase still
further in the years to come. It is fun to look
back; more fun to look forward!

Alan B. Scott, MD
The Smith-Kettlewell Eye

Research Institute
San Francisco, California
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1Multiple Steps in the
Blockade of Exocytosis

by Botulinum
Neurotoxins

J. Oliver Dolly, Jianghui Meng,
Jiafu Wang, Gary W. Lawrence, MacDara Bodeker,

Tomas H. Zurawski, and Astrid Sasse

INTRODUCTION

Early studies established that the seven sero-
types (A–G) of botulinum neurotoxin (BoNT)
inhibit the release of acetylcholine (ACh) from
peripheral motor nerve terminals1,2 by a com-
plex process involving several steps.3 Because
these measurements were made at mammalian
neuromuscular junctions— the prime pharma-
cologic target tissue—it is important to review
this pioneering work in order to assess how
these pertinent outcomes relate to recent
advances made with various cell types.

MULTIPHASIC MECHANISM
OF ACTION OF BOTULINUM
NEUROTOXINS

Targeting via binding to neuronal acceptors, fol-
lowed by endocytosis. Initially, it was proposed
that the presynaptic inhibitory action of BoNT
on ACh release from rodent nerve-muscle
preparations (Fig. 1-1A) entailed binding,
internalization, and a lytic step3,4; because
this was based on pharmacologic experiments,
biochemical data were sought to decipher
the molecular basis for these different phases.
This was achieved by radiolabeling of BoNTs
A and B with 125I to high specific activities
(450–1700 Ci/mmol) with demonstrated
retention of their biologic activities,5,6 and

injecting a small quantity into mice to induce
respiratory paralysis. After dissection of the
phrenic nerve hemidiaphragm, sections were
subjected to electron microscopic autoradiogra-
phy.7 The resultant micrographs revealed
remarkably selective targeting to motor nerve
endings of 125I-labeled BoNT/A (see Fig. 1-1B)
and/B that culminated in significant uptake.8,9

Saturable interaction with the presynaptic
acceptors was found to be essential because
binding (and, thus, subsequent uptake) could
be abrogated with an excess of either nonra-
dioactive toxin. Furthermore, the internaliza-
tion step for each toxin was blocked by
de-energization with inhibitors of energy pro-
duction (see Fig. 1-1C) or lowering the temper-
ature to 58C, such that a halo of silver grains was
then observed dispersed on the neuronal plas-
malemma. The requirement for acceptor bind-
ing, followed by uptake, which was both
temperature- and energy-dependent, plus the
direct correlation between this molecular/cellu-
lar data and the pharmacologic findings, led to
the conclusion that neuromuscular paralysis
requires acceptor-mediated endocytosis of
BoNT.7-9 Preventing uptake, as noted earlier,
afforded quantitation of the acceptors at satura-
tion, giving different densities for BoNT/A and
/B of 153 and 630 sites per squared micrometer
of plasma membrane (Fig. 1-1C legend).9

The dissimilar number of binding sites concurs
with the observation that three BoNT serotypes
tested appear to use acceptors distinct from

The authors of this chapter do not report any conflicts of interest.
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and 630±130/mm2 of presynaptic membrane. D, A reduced alkylated derivative of BoNT/A10 antagonized the neuroparalytic
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membrane acceptors for types A and B on motor nerves. J Cell Biol. 1986;103:521-534. D is from Dolly JO, et al. Probing the

process of transmitter release with botulinum and tetanus neurotoxins. Semin Neurosci. 1994;6:149-158.)
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those for type A. This was demonstrated initially
using a reduced alkylated BoNT/A derivative
that retained ability to bind motor nerve end-
ings but was unable to undergo internalization;
this nontoxic form of BoNT/A antagonized the
neuromuscular paralytic activity of native type
A but not /B, /E, /F, or tetanus toxin (see Fig.
1-1D). The same derivative also proved instru-
mental in establishing that the interchain disul-
fide bond is essential for toxin translocation
leading to neuroparalysis,10 as was also reported
for tetanus toxin.11,12 It is noteworthy that the
aforementioned evidence (from electron micro-
scopic and physiologic measurements) for
BoNT serotypes apparently using distinct bind-
ing sites was later borne out by the important
identification of synaptic vesicle protein 2 (SV2)
and synaptotagmin I/II, plus gangliosides, as the
neuronal acceptors for BoNT/A and B/G, respec-
tively.13-17 Notably, proteomic analysis of a
heterogeneous population of brain synaptic
vesicles demonstrated that synaptotagmins are
present in higher copy number per vesicle
than SV218 (see later), which accords with the
greater abundance of binding sites for BoNT/B
compared with /A (see earlier).

Neural stimulation promotes BoNT internaliza-
tion, which involves trafficking through an acidic
membrane compartment. Returning to the inter-
nalization step, uptake of 125I-BoNT/A was
increased by electrical stimulation of the phren-
ic nerve7,8 (Fig. 1-2A), consistent with the
known ability of neural stimulation to acceler-
ate the blockade of neuromuscular trans-
mission by type A19 and E (see Fig. 1-2B).20

Moreover, recycling of the ecto-acceptor for
BoNT/A seemed to occur in phrenic nerve end-
ings.8 These early microscopic data are in gen-
eral agreement with the elevation in binding of
BoNT/A, measured immunologically, seen on
neural stimulation of the nerve-diaphragm
preparation.14 However, an adequate quantity
of BoNT/A can bind its productive acceptors at
mouse motor terminals without nerve stimula-
tion,4,20 so that paralysis ensues even after
removal of toxin. Perhaps, a lower sensitivity
of the immunodetection of BoNT/A binding
to the same preparation could explain the
absence of measurable binding unless stimula-
tion was applied.14 Interestingly, in cultured
neurons, a significant fraction of synaptotag-
min (the BoNT/B/G acceptor) forms a cell sur-
face reservoir for restocking this protein into
rapid recycling synaptic vesicles, whereas distri-
bution of the /A SV2 acceptor is more skewed
toward the synaptic vesicle than the cell sur-
face.21 A well-known increase in vesicle

recycling on neural stimulation readily accords
with its acceleration of acceptor recycling,
increased BoNT uptake,7,8 and subsequent
paralysis19: importantly, these collective and
consistent findings reaffirm the involvement
of acceptor-mediated endocytosis in the
toxins’ inhibition of ACh release.7,22 Notably,
the increased toxin binding to active nerve end-
ings is deemed important in the clinical use of
this toxin as a muscle relaxant because it ought
to be taken up preferentially into abnormally
active nerves in dystonic patients.23-25 The
transfer of 125I-BoNT/A into presynaptic term-
inals was shown to be perturbed by lysoso-
motropic agents7,8 (see Fig. 1-2A), which is
entirely consistent with pharmacologic data
on type A26 and E (see Fig. 1-2C).20 In fact,
BoNT/E appears to exploit two processes to
gain entry and paralyse motor nerves; these
can be distinguished by altering the tempera-
ture or toxin concentration and, interestingly,
both uptake systems are susceptible to an
inhibitor of H+-ATPase, bafilomycin A1 (see
Fig. 1-2C). It is tempting to relate these
uptake routes to the two endocytotic pathways
proposed for recycling of small clear synaptic
vesicle (see Fig. 1-2D), which may accord with
the different pathways revealed using dynamin
I knock-out mice.27 Details of the actual trans-
fer of an active BoNT moiety across the limiting
(endosomal-like) membrane28 have remained
unclear until recent elegant experiments (see
Chapter 3).29 The proton gradient across the
vesicle membrane enables BoNT/A to form a
channel that allows the light chain to be trans-
located. Consistent with the evidence cited ear-
lier for the toxin’s interchain disulfide being
essential for cytosolic transfer leading to neuro-
paralysis,10 this bond had to be intact for trans-
location to occur and its subsequent reduction
is reflected in changes in the single channels
measured.30

BoNTs act intracellularly on ubiquitous targets
essential for most Ca2+-regulated exocytosis. The
relevance of binding, internalization, and
translocation had to be established by demon-
strating directly that BoNT or its light chain acts
within cells to inhibit exocytosis. Initially,
intracellular injection of BoNT/A into large
cholinergic neurons of Aplysia was found to
inhibit synaptic transmission, as measured by
electrophysiologic recordings.31 Moreover,
neuromuscular transmission could be blocked
in the mouse hemidiaphragm by the light
chain alone of BoNT/A,32 when delivered via
liposomes (see Fig. 1-3A). Microinjection of
BoNT/A into noncholinergic neurons of
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Aplysia led to blockade of transmitter release.33

Likewise, inhibition of Ca2+-dependent exocy-
tosis of all transmitters tested (peptides, cate-
cholamines, and other cell mediators) resulted
from intracellular delivery of BoNT serotypes
into different neuronal preparations, by expo-
sure over several hours to relatively high
concentrations34,35 or via permeablization of
chromaffin,36-38 PC-12,39,40 or other secretory
cells.41 These collective findings established
that the targets for BoNTs are intracellular
and ubiquitous, being essential for regulated
exocytosis of numerous substances. This led
to the deduction that the preferential action
of BoNTs on motor and autonomic42 choliner-
gic nerves was attributable to the occurrence
thereon of productive ecto-acceptors7,43 that
can mediate efficient internalization.9,44

Because the acceptors identified recently for
BoNT/A and /B/G, SV2 and synaptotagmin
I/II respectively (see earlier) appear to occur
on all neurons as well as on the large granules
in non-neuronal chromaffin cells,45 the greater
toxin susceptibilities of cholinergic nerve end-
ings must arise from a larger density or recy-
cling of the binding components, as well as
additional determinants, for example, the
nature of gangliosides in the presynaptic mem-
brane which have been shown to be intimately
involved in the interactions of BoNT/A and
/B/G with their acceptors.46-48

The light chains of BoNTs proteolytically inacti-
vate SNAREs: blockade of regulated secretion by
serotypes show subtle differences exploitable for
research purposes. After the discovery in 1992
of the BoNT light chains being Zn2+-dependent
endopeptidases49-52 and the demonstration
that type A cleaved off 9 residues from the
C-terminus of SNAP-25,53,54 such truncation
and inactivation of this SNARE was more
observed55 in mouse phrenic nerve endings
(see Fig. 1-3B). Notably, only a fraction of the
total SNAP-25 had been cleaved by BoNT/A
under conditions of complete blockade of neu-
romuscular transmission (see Fig. 1-3B).
Incomplete cleavage of SNAP-25 by BoNT/A
has also been observed by others in nerve-
muscle preparations.56,57 This contrasts with
the more extensive or total cleavage of SNAP-
25 seen after application of BoNTs to cultures
of chromaffin cells, cerebellar granule, or sen-
sory neurons.58-60 One reasonable interpreta-
tion of these various findings is that BoNT/A
acts on a SNAP-25 pool directly involved in
ACh release from highly differentiated motor
nerve terminals whose cell bodies reside a dis-
tance away in the spinal cord.55 This is likely to

result from localized uptake of BoNT/A, which
is demonstrated at the unmyelinated presynap-
tic membrane only and not on the nerve trunk9

(see Fig. 1-1B, C), presumably due to recycling
there of small synaptic clear vesicles at the
active zones. Retention of the type A light
chain through its special membrane-anchoring
motifs61 would also contribute. Notwithstand-
ing these different extents of SNAP-25 cleavage
by BoNT/A in various cell types, there is over-
whelming evidence that this selective action
underlies its inhibition of exocytosis. For exam-
ple, transmitter release from a nerve-muscle
preparation of the leech is not blocked because
SNAP-25 cannot be cleaved by this toxin owing
to a mutation at the scissile bond.62 Further
support for this conclusion comes from the
rescue of exocytosis from chromaffin cells pre-
intoxicated with BoNT/A by the expression
only of a SNAP-25 variant rendered toxin resis-
tant (see Fig. 1-3C) by a mutation incorporated
(R198T); the wild-type SNAP-25 proved inef-
fective.63,64 Exceptionally, the t-SNARE SNAP-
25 gets cleaved also by BoNT/C1 (at a bond
one residue closer to the C-terminus than that
susceptible to /A) and /E, which removes 26
residues.54,58,65 The addition in vitro of a pep-
tide, complementary to the region deleted by
/E from SNAP-25, has been reported to over-
come the SNARE complex formation that is,
otherwise, prevented by this toxin.66 Such
selective proteolysis by /A and /E underlies
inactivation of SNAP-25 because expressing
the respective truncated products (SNAP-
251-197 and SNAP-251-181) in chromaffin cells
diminished evoked exocytosis (see Fig. 1-3D).
Additionally, this unveiled the ability of these
SNAP-25 fragments to antagonize functionality
of the endogenous intact protein, which is also
observed in other cells.67

On the other hand, different peptide bonds
in the v-SNARE (vesicle-associated membrane
protein [VAMP] or synaptobrevin [Sbr]) are
susceptible to BoNT/B, /D, /F and /G; only
BoNT/B and tetanus toxin cleave at the same
site.49 It is noteworthy that isoform I of rat Sbr
has a mutation at the scissile bond for BoNT/B;
in this case, its inhibition of Ca2+-dependent
neuro-exocytosis can be observed only if
another toxin-sensitive isoform is func-
tional51,60 (see later). Finally, certain isoforms
of the t-SNARE, syntaxin, are susceptible to
BoNT/C168; regulated exocytosis from cells
that contain resistant isoforms would only
exhibit sensitivity due to cleavage of the
SNAP-25 present. From a research viewpoint,
advantages accrue from the availability of an

6 BOTULINUM TOXIN: THERAPEUTIC CLINICAL PRACTICE & SCIENCE



array of BoNT serotypes that cleave one or
more of the SNAREs and at different sites
because this can dictate the subtle characteris-
tics of the resultant blockade of exocytosis.69

Hence, use of such discriminating probes for
exocytosis can yield insights into this compli-
cated multistage process. For example, BoNT/A-
induced inhibition of transmitter release from
peripheral and central neurons can be reversed
(at least transiently) by elevating intraneuronal
Ca2+ concentration,70-72 whereas it is difficult
to achieve this when other BoNT serotypes are
used. In-depth investigations by Sakaba et al.73

have revealed that BoNT/A slows down the
kinetics of vesicle exocytosis in the large pre-
synaptic terminal of the calyx of Held, whereas
syntaxin- or VAMP-cleaving toxins appear to
cause an outright blockade. Likewise, cleavage
of the three target SNAREs with the different
BoNTs has helped to evaluate the contributions
of cytosolic moieties to the formation and dis-
sociation/stabilities of SNARE complexes.74,75

MOLECULAR BASIS FOR
THE THERAPEUTIC
EFFECTIVENESS OF BoNT/A

Much of the information acquired to date on
the sequential steps in the neuroparalytic
action of BoNTs is depicted in Figure 1-4A,
although caution is advised in extrapolating
observations made in cells cultured in the
absence of target organ or different cell types
to those measured at nerve-muscle junction.
Highly specialized motor nerve endings seem
to exhibit properties that underlie their exqui-
site sensitivities to BoNTs. In addition to the
precise nature, density, and location of the
respective BoNT ecto-acceptors, plus the rapid
recycling of small synaptic clear vesicles that
apparently affords efficient internalization,
other aspects of their cell biology contribute
to the absence of nerve terminal death and
eventual reversibility of BoNT-induced neuro-
paralysis, regardless of the period of muscle
weakness. This lack of neurodegeneration, a
reassuring safety feature for patients receiving
toxin therapy, probably relates to the partial
and localized cleavage of SNAP-25 (see earlier),
subsequent triggering of the motor nerves
to sprout, and over several weeks, formation
of functional extrajunctional synapses.55,76

Signaling for sprouting seems to require that
exocytosis is blocked for at least 3 days because
shorter-acting BoNTs such as /F and /E

(see later) induced minimal or no outgrowths,
in contrast to the extensive remodeling trig-
gered by /A55,76 and /C.77 An absence of detect-
able longer-acting BoNT/A-cleaved SNAP-25 in
nerve sprouts (due, presumably, to the toxin’s
action being restricted to the parent nerve term-
inals) fits with intact SNAP-25 being essential
for neurite outgrowth in rat cortical neurons,
PC-12 cells, and chick retinal neurons.78 In
any case, the nerve-muscle communication
ensuing sprouting, albeit less efficient than
neurotransmission in normal muscle, may aid
the survival and rehabilitation of the original
paralyzed nerve terminals. Eventually, after 2 to
3 months in murine sternamastoid muscle, full
endocytotic activity resumes at the parent nerve
endings, and this is accompanied by retraction
of the sprouts, with an amazing return of end-
plates indistinguishable from the original at the
light microscope level.76 This is a striking
example of synaptic plasticity in the peripheral
nervous system. Another intriguing aspect of
BoNT-mediated neuromuscular paralysis is
the extraordinarily extended duration seen
with type /A or /C1, especially in human
muscles, where weakening persists for over
3 months.79,80 In clinical treatments of dysto-
nias, the beneficial effects of BoNT/A hemag-
glutinin complex last for similarly long
periods.81 Mice injected with different BoNTs
into hind leg muscles showed detectable weak-
ness over a 4-week period with type A but for
much shorter times with /F (8 days) and /E
(5 days)55 when assessed using the toe-spread
reflex assay.82 The exceptionally long duration
of action of BoNT/A seems largely due to the
longevity of its protease activity, demonstrated
in bovine chromaffin cells (see Fig. 1-3C),
rat cerebellar granule cells,58 spinal cord
neurons,83 and nerve-muscle preparations84

to range from greater than 3 weeks up to �11
weeks. In contrast, the paralytic activity of
BoNT/E proved to be short lived (<15 days);
note that this value, obtained with the more
sensitive electrophysiologic recordings, is
longer than that observed (see earlier) with
the toe spread reflex assay. Apart from BoNT/
C1, which shows a similar time course to/A,
other serotypes gave shorter values for t1/2 of
transmitter inhibition from cultured neurons
(>>31, >>25, �10, �2 and 0.8 days for /A,
/C1, /B, /F and /E, respectively).58 Despite the
long duration of action of BoNT/A-hemagglu-
tinin being a great advantage for therapy, it
remains a major scientific challenge to decipher
how the protease of BoNT/A and/C1 survives
degradation over such extended periods. Motifs
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have been identified at the N- and C-termini of
the light chain from BoNT/A that contribute to
its membrane sequestration, whereas these are
absent from the /E toxin, explaining a largely
cytosolic localization when its light chain was
expressed in cultured cells.61 Although this
offers valuable insights into their half-lives,
additional factors are likely to be involved
because /C1 exhibits a protracted action despite
lacking these motifs.61 In summary, these
extensive investigations on BoNT/A or its
hemagglutinin complex have defined an
impressive array of advantageous functional
properties that act synergistically to make
this neurotherapeutic agent highly effective
(see Fig. 1-4B) for an ever-increasing number

of disorders involving overactive muscles
(see other chapters herein).

INHIBITION OF PEPTIDE
RELEASE FROM SENSORY
NEURONS BY CERTAIN
BoNTS REFLECT THEIR
ANTINOCICEPTIVE
POTENTIAL

Sbr I is required for CGRP release from trigeminal
ganglionic neurons (TGNs). In addition to a pref-
erential action of BoNT on peripheral

Multiple synergistic activities identified in
BoNT/A that underlie its therapeutic usefulness
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cholinergic nerves as outlined earlier, it inhibits
regulated exocytosis of many transmitter
types including peptides33-35 (see earlier).
Accordingly, BoNT/A complex has been
reported to block evoked release of calcitonin
gene–related peptide (CGRP) from sensory
neurons of rat trigeminal ganglia.85 CGRP is a
potent vasodilator that gets released from large
dense-core vesicles and acts as a mediator of
inflammatory pain.86 Because the level of this
peptide is elevated in jugular venous blood of
migraine sufferers,87 inhibition of its release
from peripheral nerves by BoNT/A complex88

may provide an explanation for its effectiveness
in treating certain types of pain.89,90 However,
a molecular basis for the response of certain
migraine sufferers and not others91 remains to
be elucidated. Toward this goal, we character-
ized the release process for CGRP from cultured
TGNs, a convenient model for biochemical
investigations of sensory neurons.92 Confocal
fluorescence microscopy revealed that all
three SNAREs (SNAP-25, syntaxin, and Sbr)
and the putative Ca2+ sensor synaptotagmin
largely occur together in rat TGNs (Fig. 1-5A).
The punctate colocalization of Sbr isoform I
and CGRP in neurites of TGNs is particularly
striking (see Fig. 1-5B). In fact, Sbr I was found
to be essential for evoked Ca2+-dependent
CGRP release from TGNs.60 For example, cleav-
age of Sbr II and III by BoNT/B in rat TGNs (I is
resistant in this species) failed to block release
of the peptide, whereas the latter was inhibited
in mouse neurons where Sbr I was also proteo-
lyzed (see Fig. 1-5C). In preliminary experi-
ments, knock-down of Sbr I expression led to
a substantial reduction of CGRP release from
these sensory neurons. This demonstrated
requirement for Sbr I in large dense-core vesicle
peptide release from sensory neurons contrasts
with the ability of Sbr II/III to suffice for exo-
cytosis of several neurotransmitters from small
synaptic clear vesicles or, indeed, for secretion
from granules in chromaffin cells, cerebrocor-
tical synaptosomes, and PC-12 cells (discussed
in reference 60). Such an unusual feature of a
dependence on Sbr I for CGRP exocytosis from
rat TGNs may be related to this occurring at
sites remote from the active zones,93 enabling
this pain mediator to reach blood vessels in the
vicinity and activate its receptor thereon.

A novel BoNT EA chimera blocks capsaicin-
evoked exocytosis of CGRP from TGNs much
more effectively than /A or /E. SNAP-25 present
in TGNs also participates in exocytosis60

because exposure to BoNT/A resulted in cleav-
age of this SNARE, together with blockade of

CGRP release (see Fig. 1-5D) evoked by
K+-depolarization, or bradykinin to a lesser
extent. Interestingly, BoNT/A caused negligible
inhibition of CGRP efflux elicited by capsaicin,
which binds to the vanilloid receptor (type 1)
present on TGNs60 and produces pain by acti-
vating its nonselective cation channel.94

Another SNAP-25 cleaving BoNT, type E,
proved unable to truncate its target in TGNs
or affect CGRP release triggered by any of the
stimuli (see Fig. 1-5E). To ascertain if this lack
of activity in BoNT/E arose from inability to
bind or enter the TGNs, a novel chimeric
toxin was generated recombinantly by repla-
cing the HC binding domain in type E with
its counterpart from BoNT/A.95 When
expressed in Escherichi coli, the resultant puri-
fied protein exhibited pronounced neuromus-
cular paralysis and efficiently cleaved SNAP-25
in TGNs. Most importantly, this EA chimera
gave a dose-dependent inhibition of CGRP
release from these sensory neurons elicited by
capsaicin or bradykinin, displaying higher
potency than the parental toxins (/A or /E)
(see Fig. 1-5E). These novel observations pro-
vide proof of principle for recombinantly
endowing BoNT/E with a domain from/A that
can productively interact with SV2 acceptors
observed on TGNs60 and, presumably, ganglio-
sides and, thereby, target its protease to allow
delivery into neurons that were previously non-
susceptible to BoNT/E. Moreover, the removal
of 26 residues from SNAP-25 by chimera EA
compared with the 9 amino acids deleted by
BoNT/A yields a complete blockade of CGRP
release rather than the partial inhibition seen
with /A (see Fig. 1-5E).

CONCLUSIONS

Seven homologous but structurally distinct
BoNTs (A–G), produced by Clostridium botuli-
num, represent a truly remarkable array of
research tools owing to their intriguing multi-
phasic actions and because each inhibits regu-
lated exocytosis in subtly different ways. Their
suspected use of separate acceptors (except for
/B and /G; see later) was established by the
visualization plus quantitation of membrane
binding sites for /A and /B on motor nerve
endings. Identification of SV2 and synaptotag-
min I/II as their respective acceptors followed
later; the anticipated discovery of others should
reveal novel (functional) components on pre-
synaptic membranes. Likewise, internalization
of BoNTs via acceptor-mediated endocytosis is
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allowing new insights to be gained into mem-
brane and protein trafficking in neurons,
poorly understood topics but of major scien-
tific (and medical) importance. Already,
BoNT/E is known to highjack two endocytotic
processes to enter peripheral cholinergic
nerves, whereas /A follows one route; clearly,

deciphering possible sharing or use of separate
pathways would be aided by finding the iden-
tity and/or location of the acceptors for addi-
tional serotypes. The elegant data published
recently on the mechanism for translocating
LC of BoNT/A is likely to be extended by exam-
ination of other BoNTs because /E appears to
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translocate faster than /A. In terms of the toxins’
enzymic activities, the LCs represent a family of
Zn2+-dependent proteases displaying unique
properties; moreover, recent elucidation of their
intricate multisite interactions with the SNARE
substrates are yielding molecular basis for the
toxins’ spectacular specificities for a single scissile
bond in the respective targets.

In addition to the toxins being instrumental
in advancing fundamental research, BoNT/
A-hemagglutinin complex, in particular, has
proved to a miraculous and versatile therapeu-
tic for numerous disorders involving hyperac-
tivity of various muscles. Even more exciting, it
is showing promise as an antinociceptive drug;
success in this regard will increase due to prog-
ress being made in deciphering the inhibitory
actions of BoNTs on the exocytosis of pain
mediators from sensory neurons. Further
improvements will accrue from recombinantly
creating new toxins whose pharmacologic
properties can be tailored for particular clinical
applications. With proof of principle for this
approach already obtained, there is scope for
controlling SNARE-dependent secretion in a
wide variety of diseased states. Thus, the med-
ical applications of these engineered molecules
will become enormous and limited only by the
ingenuity of clinical practitioners.
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INTRODUCTION

Botulinum and tetanus neurotoxins are solely
responsible for neuroparalytic syndromes of
botulism and tetanus characterized by serious
neurologic disorders. Their median lethal dose
(LD50) in humans is in the range of 0.1 to 1 ng
per kg,1 which make them the most poisonous
substances known to humans. Of the seven ser-
otypes produced by Clostridium botulinum, only
botulinum neurotoxin (BoNT)/A, B, and E
(and possibly C and F) have been implicated
in cases of botulism in humans. Other BoNTs
primarily affect animals. Clostridium neurotox-
ins are produced as a single inactive polypep-
tide chain of 150 kDa, which is cleaved by
tissue proteinases into an active di-chain mole-
cule: a heavy chain (H) of �100 kDa and a
light chain (L) of �50 kDa held together by a
single disulfide bond. Most of the serotypes of
BoNT are released as di-chains by a proteolytic
strain, whereas BoNT/E is released as a single
chain by a nonproteolytic strain, which is
activated into a di-chain by host proteases
only after uptake into host organisms.2,3

In vitro activation can also be achieved by incu-
bation with trypsin. BoNTs are AB toxins with
activating (A) and binding (B) protomers.
Protomer B is the heavy chain (H) and proto-
mer A, the light chain (L). The H chain can be
cleaved into two chains by papain digestion;
the C-terminal chain, HC, acts as the binding
domain, whereas the N-terminal domain,
HN, acts as the translocation domain. HC, HN,

and L form the three functional domains of the
neurotoxin, and each is involved in one of
the four stages of toxicity, which are binding,
internalization, translocation into cytosol, and
catalytic activity.4-8 In spite of different clinical
symptoms, both BoNTs and tetanus toxin
(TeNT) intoxicate neuronal cells in the
same way and have similar functional and
structural organizations.9-12 BoNT/A and
other serotypes are now used as therapeutic
agents in patients with strabismus, blepharos-
pasm, and other facial nerve disorders.13,14

Here, we will correlate the three-dimensional
structure of each domain with various stages
of toxicity and explore the possibility of using
these domains as therapeutic targets to counter
botulism.

STRUCTURE OF BOTULINUM
NEUROTOXINS

A breakthrough in BoNT research happened
when the crystal structure of BoNT/A was deter-
mined at 3.2 Å resolution, followed by BoNT/B
at 1.8 Å.11,12 The two structures taken together
identified for the first time the correlation
between the three stages of toxicity, which are
binding, translocation, and catalytic action
with the three well-defined structural domains.

The three-domain organization is similar
to many soluble bacterial toxins, and the
structure of BoNT/B is shown in Figure 2-1.12
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The sequence homology and functional simi-
larity suggest that the domain organization of
all serotypes of BoNTs will be similar.
Very recently, from single particle electron
microscope analysis, it is suggested that the
domain organization may be different in
BoNT/E.15 However, three populations of vary-
ing organization are identified. It is not clear
whether this difference is due to the mode of
sample preparation for EM studies. Only an
x-ray structure could further verify this
domain organization.

BoNT consists of three structural domains
of similar molecular mass, the first one third
(N-terminal) corresponding to the catalytic
domain, the middle one third corresponding
to the translocation domain, and the last
(C-terminal) one third corresponding to the
binding domain. The most intriguing aspect
of the structure is a long stretch of amino
acids (�50 residues) belonging to the translo-
cation domain in sequence but associated with
the catalytic domain, forming a ‘belt’ wrapped
around the catalytic domain. The significance
and the function of the belt region are poorly
understood now and are under structural and
biophysical investigation.

The crystal structures of BoNT/A and B
helped in analyzing each domain and in muta-
genic studies to identify amino acids important
for each stage of toxicity. In the following sec-
tions, each domain will be discussed separately

to correlate the structure-function relationships.
The discussion will be of general nature and will
be applicable to all serotypes (except for some
minor variations) because all serotypes share
significant sequence homology and functional
similarity. However, important differences exist
in their pharmacologic effects.

STRUCTURE-FUNCTION
RELATIONSHIPS

Binding Domain

BoNT is approximately 1250 residues long and
residues from 870 (in the case of BoNT/A)
to the C-terminal end form the receptor
binding domain. It consists of two subdo-
mains. The following discussion pertains to
BoNT/B. The BoNT/B serotype is chosen here
because the high-resolution structure of both
the intact holotoxin and the recombinant
C-fragment or binding domain are avail-
able.12,16 The N terminal half of the binding
domain consists of two 7-stranded antiparallel
b sheets sandwiched together to form a
14-stranded b barrel in a jelly roll motif.
This particular motif is very similar to that
observed in legume lectins, which are also
carbohydrate proteins.17 The C-terminal half
of the binding domain contains a b-trefoil
motif.18 The two subdomains are connected
by an a-helix. The entire binding domain is
tilted away from the translocation domain
and makes minimal contact with it. The bind-
ing domain of BoNT/B is very similar to the
binding domain in holotoxin BoNT/A and
the C-fragment of tetanus toxin. The crystal
structure of the recombinant C-fragment of
BoNT/B is similar to that in holotoxin of B.16

However, the N-terminal helix is differently
oriented in the recombinant protein. This
may be an artifact of recombinant protein
because the interactions between the transloca-
tion domain and this helix is absent in the
C-fragment alone. Such a direct comparison
of the binding domain in the holotoxin and
the individual domain is not possible for A or
tetanus toxin because the structure of only
one of them is available. Even though the over-
all sequence homology is weak for all clostrid-
ial neurotoxins in the C-terminal half of
the binding domain, it is suggested that they
would adopt the same fold, with the differ-
ences in sequences accounted for by the
extended loop regions.17 This is shown to be

Binding Catalytic

Translocation
FIGURE 2-1. Ribbons diagram of botulinum neurotoxin

type B. The three functional domains are labeled as binding,

translocation, and catalytic. The active site residues and

the catalytic zinc ion are shown in the catalytic domain.

The three-dimensional structure clearly demarcated the

three functional domains. The lower half of the binding

domain is involved in ganglioside and receptor binding.

See Color Plate
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valid at least for BoNT/A, and B and the tetanus
toxin.

The first stage in botulinum toxicity is the
binding of neurotoxin to the presynaptic cell
receptors. The clostridial neurotoxins bind
first to the large negatively charged surface of
the presynaptic membrane, which consists of
polysialogangliosides and other acidic lipids.5

Studies have revealed that neurotoxins bind to
di- and trisialogangliosides such as GD1a,
GT1b and GD1b.19,20 But, in order to produce
the level of intoxication by such minute
concentrations of toxins (subpicomolar), the
binding affinity to receptors must be very
high. Therefore, a double-receptor model for
binding has been proposed.19 The toxin binds
to the negatively charged surface of presynaptic
membranes through low-affinity interactions
with the polysialogangliosides that are present
in high concentrations, and then moves later-
ally to bind to a protein receptor specific for
each serotype. Because the final binding
constant is the product of these two binding
constants, a very high affinity can be
achieved.19 Different serotypes of BoNT
are thought to have different specific protein
receptors, and it has been shown that BoNT/B
binds to a synaptotagmin protein.21 The
structural studies over the past decade com-
bined with biochemical and mutational
analysis of amino acids in the binding
domain have given a reliable model for
double-receptor binding, which might lead to
therapeutics to prevent the toxin binding,
thereby blocking the toxicity.

Ganglioside Binding Site
Binding studies have revealed that neurotoxins
bind to disialogangliosides and trisialoganglio-
sides. BoNT/B has been shown to bind to
GT1b, although with weak affinity. The crystal
structure of intact botulinum neurotoxin in
complex with sialyllactose, a partial mimic of
one branch of GT1b, has mapped the binding
region. There are two cavities (site 1 and site 2,
Fig. 2-2) at the C-terminal half of the binding
domain of all clostridial toxins, based on
known structures. In BoNT/B, Site 1 is formed
by residues Glu1188, Glu1189, His 1240, and
Tyr 1262 and sialyllactose binds to this side.
Accordingly, it was identified as the ganglioside
binding site for all clostridial neurotoxins
(Fig. 2-3). Site 2 is formed by residues Gly
1118, Trp 1177, Try 1180, Try 1184, Phe
1193, Leu 1194, Ile 1197, Pro 1196, and
Asp1199.22 In the sialyllactose-BoNT/B com-
plex structure, this site was unoccupied.12

The location of site 2 with respect to 1 also
ruled out the possibility that the second
branch of GT1b sugar could occupy that site.
Accordingly, it was concluded that the binding
site for GT1b sugar is site 1 in BoNT/B and by
extension in other serotypes.

Site 1

Site 2

FIGURE 2-2. The C-terminal domain of the receptor binding

domain of botulinum neurotoxin B forms a b-trefoil fold. The
trefoil domain forms a subdomain of the binding domain, and

both ganglioside and the protein receptor bind to this sub-

domain. The two binding sites are marked as site 1 and site 2,

and will form the binding sites for ganglioside and protein

receptor. See Color Plate

Sialyllactose

FIGURE 2-3. The binding domain of BoNT/B with sialyllac-

tose at site 1. Sialyllactose is shown in sphere model. This

binding site also validated most of the mutagenesis studies.

See Color Plate
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However, sugar complexes with TeNT bind-
ing domain suggested that they could bind to
both the sites. Gt1b binds to TeNT also. Owing
to technical difficulties in using GT1b sugar,
the structure of TeNT binding domain in
complex with a GT1b analog was deter-
mined.23,24 Interestingly, the synthetic GT1b
molecule binds to both sites and acts as a
cross-linker between TeNT binding domains.
This scenario is totally different from that
observed for BoNT. Accordingly, although
there is only one binding site for BoNT, there
are two for TeNT. Later, this has been shown
to be true with mass spectroscopy and
mutational analysis of BoNT and TeNT.25,26

It was also suggested from mass spectrum
analysis that although both sites are required
for TeNT binding, the ganglioside molecule
bound to site 2 may be displaced by a receptor
protein.22

Protein Receptor Binding Site
The crystal structure of TeNT binding domain
with disialylactose or a tripeptide (Tyr-Glu-Trp)
later showed that both of them bind at site 2.
Disialyllactose (the GD3 sugar moiety) forms
one branch of GT1b oligosaccharide (Fig. 2-4).
Also, we found that these two compete for
binding, and the tripeptide binds with greater

affinity. This prompted us to suggest that in
TeNT, the ganglioside bound to this site may
be replaced by the protein receptor, which
has much higher affinity than ganglioside.22

We further suggested that in BoNT, site 2,
which is not occupied by ganglioside, will be
the site for the receptor protein.

Double Receptor Mode
Interestingly, this was proved to be right by two
exquisite structures of BoNT/B in complex with
a short polypeptide corresponding to the lumi-
nal part of synaptotagmin, a receptor protein
for BoNT/B.27,28 It has been shown that the
SYT-II peptide binds at site 2, as suggested pre-
viously22 (Fig. 2-5). However, the residues in
BoNT/B at this site are hydrophobic, whereas
they are hydrophilic in TeNT.27 Nevertheless,
the structures taken together have identified
the binding sites for gangliosides and the pro-
tein receptor, and support the double-receptor
model proposed by Montecucco.19 In addition
to providing experimental evidence for the
double-receptor model, these structures may
also help in identifying small molecules to
block either the ganglioside, the protein recep-
tor, or both.

Site 1

Site 2
YEW

FIGURE 2-4. Binding domain of tetanus toxin with a tripep-

tide (Tyr-Glu-Trp) bound at site 2. The tripeptide is shown in

sphere model. The orientation is similar to that shown in

Figure 2-3. See Color Plate

Site 1
Site 2

FIGURE 2-5. A composite figure of the binding domain of

BoNT/B with sialyllactose and the tripeptide as it is bound in

tetanus (both shown in spheremodel). The helical fragment of

Syt II from Chai et al. is superposed.27 The helical fragment

occupies the same place as the tripeptide in tetanus. This

strongly supports our earlier prediction that site 2 may be

the site where the receptor protein would bind. See Color Plate
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Drug Design With the Receptor
Binding Domain as a Therapeutic
Target
Structural and computational docking work on
BoNT/B has already shown that doxorubicin
can be used to block gangliosides.29,30

However, the BoNT/B-doxorubicin complex
structure showed that the orientation of doxo-
rubicin is different from that predicted by
docking studies.29,30 This underscores the
importance of crystallographic study for under-
standing the interactions of drug molecules
with toxins (Fig. 2-6). Even though the affinity
of doxorubicin to neurotoxins may not be
strong, it certainly presents itself as a strong
lead compound because a number of analogs
of doxorubicin have already been synthesized
and may present a better candidate.31 With the
knowledge that doxorubicin competes with
gangliosides to bind to the toxin and the
mechanism is similar to ganglioside binding,
it would be a potential lead compound for
drug design to treat botulism caused by type
B (and G). Although catalytic domain remains
an attractive target for botulinum therapeutics,
binding domain now can be used as an
additional or alternative target because both
the ganglioside and protein receptor binding
sites have been identified.

Translocation Domain

To attack the targets in the cytosol, the catalytic
domain must cross the hydrophobic barrier of
the vesicle membrane. The acidification of the
vesicle lumen by a proton-pumping ATPase
leads to pH-dependent conformational
changes in the toxin. The acidic conformation
then exposes a hydrophobic area of the toxin
molecule, creates an ion channel in the mem-
brane, and translocates the L chain into the
cytosol.1,6,32,33 It has been shown that the
translocation domain forms channels in lipid
vesicles, but its role on the neuroparalytic
activity was unclear.34 The heavy chain forms
channels in planar phospholipid bilayers also,
and the channel formation has been visua-
lized.35,36 It is still not clear how these channels
are formed or whether oligomerization of the
toxin is required. Even if such a channel is
created, it is unclear whether it can translocate
the 50-kDa light chain without unfolding it.
The size of the pore formed by BoNT/B heavy
chain has been estimated to be about 8-15
Å.37,38 It has been suggested that the light
chain might unfold and thread through the
created channel and then refold in the
cytosol.39 It has been suggested that BoNT
heavy chain acts as chaperone for the L chain,
allowing it to enter through the membrane38;
recent findings on this topic are detailed
in Chapter 4.

In the holotoxin this domain consists of two
long a-helices, each about 105 Å long, forming
a coiled coil. Two kinks in the coiled coil split
the helices into four, each �50 Å long. The
core of the translocation domain consists of
four-helical bundle at one end and a three-heli-
cal bundle on the other. Attempts are under
way to study the mechanism of translocation
and pore formation via challenging structural
work, but not much progress has been made.

Catalytic Domain

The N-terminal one third of botulinum neuro-
toxin corresponds to the catalytic domain.
In the holotoxin, the catalytic domain and
the rest of the molecule (heavy chain consisting
of the binding and translocation domains) are
held together by a disulfide bridge. This inter-
chain disulfide bond is essential for transloca-
tion of catalytic domain into cytosol and for
toxicity38,40; its eventual reduction precedes
release of the L chain. The translocated catalytic
domain cleaves a specific target of the soluble

Doxorubicin

FIGURE 2-6. Doxorubicin binding in site 1 of BoNT/B.

Sialyllactose, a mimic of GT1b, binds in the same site. Also,

doxorubicin has been shown to compete with gangliosides

for binding to this site. The fact that it competes with gang-

liosides or displaces sialyllactose (during crystallization)

shows that this site can be blocked and used for drug

design. See Color Plate.
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N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) complex in the
cytosol. The L chains of BoNTs and TeNT con-
tain a HEXXH+E sequence identified as a zinc-
binding motif in other zinc endopeptidases.

The inhibition of exocytosis in the cytosol
involves the zinc-dependent proteolysis of spe-
cific components of the neuroexocytosis appa-
ratus: BoNT/B, D, F, and G specifically cleave
the vesicle-associated membrane protein
(VAMP, also called synaptobrevin); BoNT/A
and E cleave a synaptosomal associated protein
of 25 kDa (SNAP-25) by specific hydrolysis,
although at different places, and BoNT/C is
unique and cleaves both syntaxin and SNAP-
25.41-48 Söllner et al49 have shown that these
proteins together form the SNARE complex
responsible for mediating vesicle docking and
fusion. The formation of this complex is inhib-
ited by the BoNT-catalyzed proteolysis of any
one of the components; although some BoNT-
cleaved SNAREs can also form complexes, trun-
cation by the toxins of their targets blocks ves-
icle fusion and thereby inhibits exocytosis (see
Chapter 1)

Structurally, the catalytic domain is a com-
pact globular domain consisting of a mixture of
a-helices and b sheets and strands (Fig. 2-7).
The active site zinc is bound deep inside a
large open cavity that has a high negative elec-
trostatic potential. The zinc ion is coordinated
by two histidines in the same a-helix and a
glutamate from a different a-helix. The fourth

coordination is provided by a water molecule
that acts as a nucleophile during the hydrolysis
of the target protein. This arrangement is very
similar to that in thermolysin and carboxypep-
tidase, which are also zinc endopepti-
dases.41,50,51 The water molecule makes
strong hydrogen bond contacts with the car-
boxylate side chain of Glu in the HEXXH
motif. This Glu is conserved in all Clostridium
neurotoxins and is suggested to act as a base for
catalytic action.

The structures for the catalytic domain of all
serotypes are now available.52-59 The fold is
similar and agrees within experimental errors
(1.6 Å between C-a atoms). However, there
are differences in the loop regions. These loop
regions also differ from their conformation in
the holotoxin. For example, there are three
loop regions called 50 loop, 200 loop, and
250 loop.59 They change their conformation
dramatically in the catalytic domain structures
because they lose interactions with the translo-
cation domain. These changes also help in cat-
alytic action. In addition to the similarity in
fold, there are other remarkable similarities
that suggest that the catalytic mechanism of
all these serotypes is similar.

About 40 to 45 residues are present within a
sphere of radius of 10 Å centered on the zinc
atom. A few interactions are common to all of
them, and they all involve conserved residues
across serotypes (Fig. 2-8). The sequence num-
bers corresponding to BoNT/E are used in the

FIGURE 2-7. The catalytic domain of BoNT/E

shown in ribbons representation. The active site

residues, zinc, and the nucleophilic water are

shown in ball and stick model. In BoNT/E, the

zinc is coordinated by His211, His215, Glu250,

and the nucleophilic water. Glu212, which acts as

a base for catalytic action, is hydrogen bonded to

the nucleophilic water. This arrangement is similar

in all BoNTs. See Color Plate
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BXC1_CLOBO      MPITINNFNYSDPVDNKNILYLDTHLNTLANEPEKAFRITGNIWVIPDRFSRNSNPNLNK 60 
BXD_CLOBO       MTWPVKDFNYSDPVNDNDILYLRIPQNKLITTPVKAFMITQNIWVIPERFSSDTNPSLSK 60 
BXB_CLOBO       MPVTINNFNYNDPIDNNNIIMMEPPFARGTGRYYKAFKITDRIWIIPERYTFGYKPEDFN 60 
BXG_CLOBO       MPVNIKXFNYNDPINNDDIIMMEPFNDPGPGTYYKAFRIIDRIWIVPERFTYGFQPDQFN 60 
BXE_CLOBO       MP-KINSFNYNDPVNDRTILYIKP---GGCQEFYKSFNIMKNIWIIPERNVIGTTPQDFH 56 
BXF_CLOBO       MPVAINSFNYNDPVNDDTILYMQIPYEEKSKKYYKAFEIMRNVWIIPERNTIGTNPSDFD 60 
BXA1_CLOBO      MPFVNKQFNYKDPVNGVDIAYIKIP-NVGQMQPVKAFKIHNKIWVIPERDTFTNPEEGDL 59 
                *.   : ***.**::.  *  :            *:* *  .:*::*:*       .

BXC1_CLOBO      PPRVTSPKSG--YYDPNYLSTDSDKDPFLKEIIKLFKRINSREIGEELIYRLSTDIPFPG 118 
BXD_CLOBO       PPRPTSKYQS--YYDPSYLSTDEQKDTFLKGIIKLFKRINERDIGKKLINYLVVGSPFMG 118 
BXB_CLOBO       KSSGIFNRDVCEYYDPDYLNTNDKKNIFLQTMIKLFNRIKSKPLGEKLLEMIINGIPYLG 120 
BXG_CLOBO       ASTGVFSKDVYEYYDPTYLKTDAEKDKFLKTMIKLFNRINSKPSGQRLLDMIVDAIPYLG 120 
BXE_CLOBO       PPTSLKNGDS-SYYDPNYLQSDEEKDRFLKIVTKIFNRINNNLSGGILLEELSKANPYLG 115 
BXF_CLOBO       PPASLKNGSS-AYYDPNYLTTDAEKDRYLKTTIKLFKRINSNPAGKVLLQEISYAKPYLG 119 
BXA1_CLOBO      NPPPEAKQVPVSYYDSTYLSTDNEKDNYLKGVTKLFERIYSTDLGRMLLTSIVRGIPFWG 119 
                 .          ***. ** :: .*: :*:   *:*:** .   *  *:  :    *: * 

BXC1_CLOBO      NNNTPINTFDFDVDFNSVDVKTRQGNNWVKTGSINPSVIITGPRENIIDPETSTFKLTNN 178 
BXD_CLOBO       DSSTPEDTFDFTRHTTNIAVEKFENGSWKVTNIITPSVLIFGPLPNILDYTASLTLQGQQ 178 
BXB_CLOBO       DRRVPLEEFNTNIASVTVNKLISNPGEVERKKGIFANLIIFGPGPVLNENETIDIGIQNH 180 
BXG_CLOBO       NASTPPDKFAANVANVSINKKIIQPGAEDQIKGLMTNLIIFGPGPVLSDNFTDSMIMNGH 180 
BXE_CLOBO       NDNTPDNQFH-IGDASAVEIKFSN----GSQDILLPNVIIMGAEPDLFETNSSNISLRNN 170 
BXF_CLOBO       NDHTPIDEFSPVTRTTSVNIKLST----NVESSMLLNLLVLGAGPDIFESCCYPVRKLID 175 
BXA1_CLOBO      G--STIDTELKVIDTNCINVIQPD----GSYRSEELNLVIIGPSADIIQFECKSFGHEVL 173 
                .   . :          :                  .::: *.   : :

BXC1_CLOBO      ----TFAAQEGFGALSIISISPRFMLTYSNATNDVGEGRFSKSEFCMDPILILMHELNHA 234 
BXD_CLOBO       ----SNPSFEGFGTLSILKVAPEFLLTFSDVTSNQSSAVLGKSIFCMDPVIALMHELTHS 234 
BXB_CLOBO       -----FASREGFGGIMQMKFCPEYVSVFNNVQENKGASIFNRRGYFSDPALILMHELIHV 235 
BXG_CLOBO       -----SPISEGFGARMMIRFCPSCLNVFNNVQENKDTSIFSRRAYFADPALTLMHELIHV 235 
BXE_CLOBO       ----YMPSNHRFGSIAIVTFSPEYSFRFNDN---------CMNEFIQDPALTLMHELIHS 217 
BXF_CLOBO       PDVVYDPSNYGFGSINIVTFSPEYEYTFNDISGGHNS---STESFIADPAISLAHELIHA 232 
BXA1_CLOBO      N-----LTRNGYGSTQYIRFSPDFTFGFEESLEVDTNPLLGAGKFATDPAVTLAHELIHA 228 
                           :*    : ..*     :.:              :  ** : * *** *

BXC1_CLOBO      MHNLYGIAIPNDQTISSVTSNIFYSQYNVKLEYAEIYAFGGPTIDLIPKSARKYFEEKAL 294 
BXD_CLOBO       LHQLYGINIPSDKRIRPQVSEGFFSQDGPNVQFEELYTFGGLDVEIIPQIERSQLREKAL 294 
BXB_CLOBO       LHGLYGIK-VDDLPIVPNEKKFFMQSTDA-IQAEELYTFGGQDPSIITPSTDKSIYDKVL 293 
BXG_CLOBO       LHGLYGIK-ISNLPITPNTKEFFMQHSDP-VQAEELYTFGGHDPSVISPSTDMNIYNKAL 293 
BXE_CLOBO       LHGLYGAKGITTKYTITQKQNPLITNIRG-TNIEEFLTFGGTDLNIITSAQSNDIYTNLL 276 
BXF_CLOBO       LHGLYGARGVTYEETIEVKQAPLMIAEKP-IRLEEFLTFGGQDLNIITSAMKEKIYNNLL 291 
BXA1_CLOBO      GHRLYGIAINPNR-VFKVNTNAYYEMSGLEVSFEELRTFGGHDAKFIDSLQENEFRLYYY 287 
                 * ***                            *: :***   ..*       :

BXC1_CLOBO      DYYRSIAKRLNSITTANPSSFNKYIGEYKQKLIRKYRFVVESSGEVTVNRNKFVELYNEL 354 
BXD_CLOBO       GHYKDIAKRLNNINKTIPSSWISNIDKYKKIFSEKYNFDKDNTGNFVVNIDKFNSLYSDL 354 
BXB_CLOBO       QNFRGIVDRLNKV-LVCISDPNININIYKNKFKDKYKFVEDSEGKYSIDVESFDKLYKSL 352 
BXG_CLOBO       QNFQDIANRLN-I-VSSAQGSGIDISLYKQIYKNKYDFVEDPNGKYSVDKDKFDKLYKAL 351 
BXE_CLOBO       ADYKKIASKLS---KVQVSNPL--LNPYKDVFEAKYGLDKDASGIYSVNINKFNDIFKKL 331 
BXF_CLOBO       ANYEKIATRLS---EVNSAPPEYDINEYKDYFQWKYGLDKNADGSYTVNENKFNEIYKKL 348 
BXA1_CLOBO      NKFKDIASTLN--KAKSIVGTTASLQYMKNVFKEKYLLSEDTSGKFSVDKLKFDKLYKML 345 
                  :. *.  *.             :   *.    ** :  :  *   ::  .* .::. * 

BXC1_CLOBO      TQIFTEFNYAKIYNVQNRKIYLSNVYTPVTAN-ILDDNVYDIQNGFNIPKSNLNVLFMGQ 413 
BXD_CLOBO       TNVMSEVVYSSQYNVKNRTHYFSRHYLPVFAN-ILDDNIYTIRDGFNLTNKGFNIENSGQ 413 
BXB_CLOBO       MFGFTETNIAENYKIKTRASYFSDSLPPVKIKNLLDNEIYTIEEGFNISDKDMEKEYRGQ 412 
BXG_CLOBO       MFGFTETNLAGEYGIKTRYSYFSEYLPPIKTEKLLDNTIYTQNEGFNIASKNLKTEFNGQ 411 
BXE_CLOBO       YS-FTEFDLRTKFQVKCRQTYIGQYKY-FKLSNLLNDSIYNISEGYNIN--NLKVNFRGQ 387 
BXF_CLOBO       YS-FTESDLANKFKVKCRNTYFIKYEF-LKVPNLLDDDIYTVSEGFNIG--NLAVNNRGQ 404 
BXA1_CLOBO      TEIYTEDNFVKFFKVLNRKTYLNFDKAVFKIN-IVPKVNYTIYDGFNLRNTNLAANFNGQ 404 
                    :*      : :  *  *:      .    :: .  *   :*:*:   .:     ** 

BXC1_CLOBO      NLSRNP-ALRKVN-PENMLYLFTKFCHKAIDGRSLYNK---------------------- 449 
BXD_CLOBO       NIERNP-ALQKLS-SESVVDLFTKVCLRLTK----------------------------- 442 
BXB_CLOBO       NKAINKQAYEEIS-KEHLAVYKIQMCKSVK------------------------------ 441 
BXG_CLOBO       NKAVNKEAYEEIS-LEHLVIYRIAMCKPVMYK---------------------------- 442 
BXE_CLOBO       NANLNPRIITPIT-GRGLVKKIIRFCKNIVSVKGIR------------------------ 422 
BXF_CLOBO       SIKLNPKIIDSIP-DKGLVEKIVKFCKSVIPRK--------------------------- 436 
BXA1_CLOBO      NTEINNMNFTKLKNFTGLFEFYKLLCVRGIITSKTKSLDKGYNK---------------- 448 
                       .   *      :     :      .*

FIGURE 2-8. ClustalW84 alignment of the seven serotypes of botulinum neurotoxins (only the catalytic domain is shown).

The HEXXH+E motif and the conserved residues shown in Figure 2-9 are highlighted in gray. Identical residues are marked with

‘*’, semiconserved residues with ‘:’ and less conserved with ‘.’. Variable residues have no marking.
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following discussion because high-resolution
structures are available for both wild type
and several mutants. However, the analysis is
applicable to other serotypes.53,60 BoNT/E-LC
and its mutant structures all contain two
monomers per asymmetric unit. In most
cases, the conformation and architecture are
similar except where noted. The side chain
carboxylate of Glu 212 makes strong hydrogen
bonds with the nucleophilic water coordinated
to zinc. Glu 335 makes hydrogen bonding
contacts with Arg 347 and His 211. Glu 249
interacts with His 215 and His 218, stabilizing
the structure and electrostatic forces. These
interactions stabilize the side chain conforma-
tions of His 211 and 215, allowing them to be
properly oriented for zinc coordination.
Because these residues are conserved in all
serotypes, their role may be the same in all of
them. Arg 347 and Tyr 350 are in the active-site
region and are similarly placed in all of them
with respect to zinc and the nucleophilic
water (Fig. 2-9). Mutational analyses of these
conserved residues have identified the extent to
which they are involved in the catalytic
mechanism.

Correlation of Mutational and
Structural Analysis
Here we will correlate the structural analysis
of various mutants of the residues discussed
earlier in BoNT/E with their role in catalytic
action. Results from similar mutational
analysis on other serotypes and tetanus
toxin show that these results are valid for
all serotypes.53,60-63 When Arg 347 was
mutated to Ala, the general conformation of
the active site remained the same. Because
Arg 347 makes a salt bridge with Glu 335,
which, in turn, is hydrogen bonded to His
211 and keeps it in proper orientation for
zinc coordination, it was thought the disrup-
tion of the salt bridge might affect the archi-
tecture. But the only change was that the
nucleophilic water moved away from zinc
ion. The crystal structure of Tyr350Ala
mutant showed some interesting features.60

As in the case of Arg347Ala, the conformation
of the active site remains the same. In one of
the monomers, the nucleophilic water moves
away from zinc, as in the case of Arg347Ala
structure. Interestingly, in one monomer
(molecule A), the nucleophilic water is
replaced by a sulfate ion similar to what
was observed in the holotoxin structure of
BoNT/B.12 Although this may be an artifact
of crystallization, the results reiterated our

original suggestion that the sulfate ion repre-
sents the tetrahedral transition state of the
carbonyl carbon of the scissile bond.64 As dis-
cussed later, this helped in modeling the
catalytic mechanism of botulinum neurotox-
ins. The activity for both Arg347Ala and
Tyr350Ala is multifold less than for the wild
type and almost not detectable. In Glu212Gln
mutant structure, the hydrogen bonding
interactions with the water coordinated to
zinc are completely lost. Moreover, the elec-
trostatic distribution near the active site has
changed from highly negative to neutral. This
results in the loss of activity of Glu212Gln.
The Glu335Gln mutant structure showed
another interesting feature. The active site
zinc was not present in both the monomers
causing �7000 fold less activity than the wild
type. Glu 335 forms a bridge between Arg
347 and His 211 in the wild type. These
interactions are much weaker in Glu335Gln,
and the orientation of His 211 has changed.
This also results in the original nucleophilic
water moving away. Although the conforma-
tion was not affected, the activity was lost.
This study showed that Glu335Gln is an
apo enzyme and underscored the role of
zinc in catalytic activity.60

FIGURE 2-9. Active site residues and other conserved resi-

dues that play an important role in catalytic activity are

shown. Here, BoNT/E is shown as a representative structure.

The conserved residues shown are His211, Glu212, His215,

His218, Glu249, Glu250, Glu335, Arg347, and Tyr350. The

effects of mutation of most of them are discussed in the text.
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The Role of Zinc—Is It Structural or
Catalytic?
The role of zinc has been extensively analyzed
in BoTNs. Although it has been suggested to be
structural, it has now been shown unequivo-
cally that it is catalytic.65,66 BoNT/B structure
determined at pH 4.0 was devoid of zinc,
but the architecture of the active site was not
altered. A similar observation was also made
when zinc was removed by treating BoNT/B
with ethylenediaminetetraacetic acid
(EDTA).65 It has also been shown later with
BoNT/E with one of its mutants that had lost
zinc because of mutation.60 Recently, the
structure of BoNT/A catalytic domain treated
with EDTA has been determined.67 The active
site was not perturbed by the removal of zinc.
Simpson et al.68 have shown that while Zn
stripped neurotoxins are inactive in cell
free assays, they are active against intact neuro-
muscular junction since internalized toxin
presumably binds to cytosolic zinc.

Modeling the Transition State
BoNTs and thermolysin share a similar
HEXXH+E motif, and both are zinc endopepti-
dase. The active site residues and the coordina-
tion geometry of zinc are also similar.
Thermolysin has been studied extensively, and
a large number of structures with transition
state analogs are available for thermolysin.
The superposition of Tyr350Ala (of BoNT/
E-LC) with bound sulfate ion on the structure
of thermolysin-inhibitor complex model shows
an interesting similarity.60 The sulfate ion
superimposes on the phosphate ion of the
inhibitor very well and has similar interactions.
The sulfate ion mimics the transitional tetrahe-
dral geometry of the scissile bond carbonyl
carbon, as in the case of BoNT/B structure
with sulfate ion.12,64 The sulfur atom of sulfate
ion imitates the carbonyl carbon of the scissile
bond (Fig. 2-10). O1 and O3 of the sulfate ion
at distances 2.40 and 2.61 Å from zinc, respec-
tively, and mimic the positions of scissile
peptide bond carbonyl oxygen and the dis-
placed nucleophilic water. The O3 of sulfate
makes hydrogen bonds with Glu212 OE1 and
OE2 at 2.80 and 2.53 Å, respectively, and the
O1 of sulfate with Glu250 OE1 at distance 2.84
Å. O4 of the sulfate represents the amide
nitrogen of the scissile bond, which is in hydro-
gen bonding distance to Glu159 O as in
thermolysin.

Based on the model of thermolysin with its
inhibitors, it was proposed that Tyr350 and
Arg347 interact with the carbonyl oxygens of

P1 and P1’ of the substrate (here SNAP-25).60

When these interactions are not available, the
catalytic activity is affected. This model could
not be directly compared with the BoNT/A-
SNAP-25 complex. Although this complex
structure helped in identifying the exosites,
because the enzyme was a double mutant and
an inactive form, some of the relevant interac-
tions with the substrate near the active site are
lost, specifically the interaction between Tyr
and the substrate.69 The P1 and P1’ of the sub-
strate SNAP-25 peptide is bulging and not very
close to the active site. The electron density in
that region was also weak. For example, since
Tyr has been mutated to Phe, the interaction
between its OH group and the substrate is
lost. In this structure, the scissile bond carbonyl
oxygen is >6.5 Å away from zinc instead of
3.6 Å or so due to the absence of Tyr required
for stabilization of the substrate.69 It has
recently been suggested that residues from
Arg198 to Leu203 of the substrate complex
structure may not represent the true conforma-
tion of the active complex.70 Or it may be that
the inactive mutant-substrate complex may not
provide a realistic picture of the active site inter-
action. The overall comparison suggests that
the substrate docking at the active site as well
as the orientation of the peptide bond may be
similar in all BoNTs and tetanus neurotoxin,
even though the substrate and scissile bonds
are different.

Our prediction that Tyr350 OH and Arg347
NH2 hydrogen bond with the carbonyl oxy-
gens of P1 and P1’ has been recently shown
to be valid.67 In the crystal structure BoNT/A-
LC in complex with arginine hydroxamate, the
carbonyl oxygen and the hydroxamate oxygen
coordinate with zinc. Also, the carbonyl oxygen
makes a hydrogen bond (3.31 Å) with Tyr366
OH. However, there is no interaction with
Arg363 because the inhibitor here is a single
peptide and lacks the scissile bond. These inter-
actions are absent in BaNT/A-LC:SNAP-25 pep-
tide complex, probably because the enzyme is
an inactive double mutant. Similar interactions
are also observed in BoNT/A-LC structure in
complex with a small molecule inhibitor.71 In
a recent structure from our laboratory with a
tetrapeptide that binds tightly at the active
site, we see hydrogen bonds from side chains
of Tyr366 and Arg363 with P1 and P1’ carbonyl
oxygens validating our previous models.71a

This also supports the hypothesis that Tyr366
and Arg363 are required for the stabiliza-
tion of substrate to position it for peptide
bond cleavage and explains the lack of activity
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when these two are mutated to alanine. Based
on this information, we propose a common
model for the catalytic mechanism of all sero-
types and tetanus toxin.

Mechanism of Catalytic Activity of
Botulinum Neurotoxins
These observations taken together with the
movement of nucleophilic water gives a
model for the catalytic activity and the impor-
tance of the nucleophilic water and Glu 212.

It is evident that Glu 212 helps the leaving
group by transferring/shuttling two protons
from the nucleophilic water. Our model here
is consistent with what we had proposed for
BoNT/B.64 Carbonyl oxygen of the scissile
bond is polarized by the nucleophilic water,
which moves closer to Glu 212 but still main-
tains interaction with zinc. The transition
tetrahedral state of the carbonyl carbon is
stabilized by Arg 347 and Tyr 350. Protons are
shuttled to the leaving group in two stages.
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FIGURE 2-10. Proposed docking of substrate at the

active site based on the interactions of the sulfate ion

bound to the Tyr350 mutant molecule A (BoNT/E) and

inhibitor bound thermolysin (2TMN). A, O1 of the sulfate

ion at a distance of 2.4 Å from zinc corresponds to the

carbonyl oxygen of the scissile bond (P1), whereas O3

corresponds to the nucleophilic water, which moves

closer to Glu212 but still interacts with zinc. O2 and O4

will correspond to the Ca and scissile bond nitrogen.

Thus, the sulfate ion mimics the tetrahedral transition

state of the substrate. B, Proposed interactions of the

carbonyl oxygens of P1 and P1’ of the substrate during

catalytic pathway. Tyr350 OH interacts with P1 carbonyl

oxygen while Arg347 NH2 hydrogen bonds, with P1’ sta-

bilizing the substrate docking. An arrow mark between

Glu250 and Tyr350 represents the anion-aromatic inter-

action. The scissile bond is marked with a double-headed

arrow mark. (Reprinted from Agarwal R, Binz T,

Swaminathan S. Analysis of active site residues of botu-

linum neurotoxin E by mutational, functional and struc-

tural studies: Glu335Gln is an apoenzyme. Biochemistry.

2005;44:8291-8302.)
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The crystal structure of BoNT/B-LC with sub-
strate peptide has also provided a model
for the catalytic mechanism in which Tyr372
(corresponding to Tyr350 in BoNT/E) is pre-
sumed to provide a proton to the leaving
group.59 The crystal structures of holo-BoNT/B
with and without a sulfate ion at the active site
have also provided a model for the catalytic
mechanism and the presumed transition
state.64 In our model, the proton is shuttled by
Glu230 to the leaving group and is similar to
what is proposed for thermolysin. But it is
clear from our published and unpublished
structures that this Tyr is not in proper orienta-
tion with respect to the leaving nitrogen
to donate a proton for the leaving group
(Fig. 2-11). This scenario is slightly in variance
with that proposed for TeNT, in which the cor-
responding tyrosine is suggested to be the
proton donor.63 It may be that the scheme is
somewhat different for TeNT from BoNTs or
that it needs further investigation. This is a clas-
sic example as how structural, mutational, and
biochemical data can come together to arrive at
the functional mechanism of an enzyme.

Catalytic Domain as a Target for
Botulinum Therapeutics
Structural work on the catalytic domain in
complex with substrate peptide and small
molecules has given an impetus to use the cat-
alytic domain as a target for drug discovery for
BoNTs.67,69,71-73 One important consideration
in designing drugs using the catalytic domain
as a target is their side effects. Because BoNTs
are zinc endopeptidases, the effect of inhibiting
them on other zinc peptidases that are essential
for other biologic functions is a concern.
The BoNT/A-SNAP-25 complex shows that in
addition to the active site, the exosites can be
used for blocking the toxicity. In this section,
the structural and biochemical work leading to
strategies for developing effective inhibitors
will be discussed.

Traditional drug discovery begins with a lead
molecule that is known to act as an inhibitor
from biochemical studies. But high-speed
computers and advanced computer algorithms
have allowed millions of compounds to be
screened in a high throughput manner before
biochemical screening is even attempted.
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FIGURE 2-11. Catalytic pathway model for BoNT/E-LC based on our present and previous results. Glu212 serves as a general
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stabilizing the orientation of the histidines or the transition state are also shown along with Thr159. Although experimental

evidence for the role of Glu249 and His218 is not yet available, Thr159 is included here in analogy with our work on BoNT/B.64

S1 and S1’ are Arg180 and Ile181 of SNAP-25. Hydrogen bond interactions and anion-aromatic interaction (Tyr350–Glu250) are

shown in dashed lines. (Reprinted from Agarwal R, Eswaramoorthy S, Kumaran D, Binz T, Swaminathan S. Structural analysis of

botulinum neurotoxin type E catalytic domain and its mutant Glu212->Gln reveals the pivotal role of the Glu212 carboxylate in

the catalytic pathway. Biochemistry. 2004;43:6637-6644.)
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Potential molecules are first selected and then
modified to produce first- and second-
generation drug compounds. The success of
this method is also due to high-resolution
structures that are being determined. Several
groups are now working with the available
structures of BoNT catalytic domains to
develop efficient drugs. Kim Janda has been
working on BoNT/A and has come up with a
number of lead molecules.74-77 One such
molecule is arginine hydroxamate, which
inhibits the catalytic activity at the micromolar
level. In this study, the inhibitor molecule
was cocrystallized with a mutant of BoNT/A
(Arg363Ala/Tyr366Phe). The carbonyl and
N hydroxyl oxygens bound to the zinc,
and the arginine submoiety was positioned at
the S1’ site. However, this work was done with
a mutant, as in the case of BoNT/A-SNAP-25
peptide. Karen Allen’s group have recently
repeated this work with the wild type and
have shown that the interactions are similar.
Based on this complex structure and the knowl-
edge derived from that study, two inhibi-
tors have been designed and the structures of
inhibitor—enzyme complexes have been deter-
mined by Allen’s group. They have identified
two compounds, 4-chlorocinnamic hydroxa-
mate and 2,4-dichlorocinnamic hydroxamate,
both very potent inhibitors. The second com-
pound has IC50 in the nanomolar range.

Bavari et al. have taken a different approach
to identifying potent inhibitors, They have
started with short peptides (e.g., CRATKML)
and combined the information from crystal
structures of the wild-type and substrate com-
plex using molecular dynamics. Combining
molecular dynamics, docking, and visual
inspection and manual adjustments, they
have identified the pharmacaphore at the
active site. Using this information with virtual
screening of selected compounds, they have
arrived at a few potent inhibitors.70,72,78-80

In our laboratory, we are combining our
structural information with virtual screening
of small molecules from different libraries.
In addition, we are also using known peptidic
inhibitors to identify pharmacaphores and to
use this for the design of potent drugs.
We have also shown in the case of bis(5-ami-
dino-2-benzimidazolyl) methane (BABIM),
how it could bind to the enzyme at the active
site of BoNT/B.73 In summary, the structural
studies on BoNTs have helped in understand-
ing the mechanism of action of this toxins and
also in the drug discovery program.

Metal Ions as Inhibitors
Simpson et al.81 have shown that the catalytic
activity could be inhibited by mercury ions
because they might attach to thiol groups of
cysteine residues near the active site. In
BoNT/A, there is one cysteine close to the
active site zinc, whereas there are two consecu-
tive cysteines in BoNT/F.52 We have shown that
the mercury ion binds to Cys 364, which is
closer to Arg 365 in BoNT/F (Swaminathan,
unpublished). Recently, the cocrystal structure
of BoNT/A-LC with silver ion shows that it
binds to one of the histidines in HEXXH
motif thereby disrupting the zinc coordination
(Pdb id: 2G7N). It has also been shown that
mercury compounds in general inhibit the
activity of BoNT/A.82 Further work is needed
to exploit this possibility.

Feasibility of Designing a Set of
Common Inhibitors for a Majority of
Serotypes of Botulinum Neurotoxins
As of now, the structures of catalytic domains
of most of the serotypes of BoNTs and tetanus
neurotoxin have been determined. The struc-
tures show remarkable similarity, especially
near the active site. We have shown that resi-
dues within 10 Å radius from the active site
zinc are conserved in all of them and the
interactions between the active site residues
are also maintained in all structures.60

Comparison of the active sites of these shows
that the active site geometry is similar and
superimposable. Because the geometry and
the sequence are conserved, it is possible to
design or identify a common inhibitor that
will have similar interaction with the protein
residues of all serotypes leading to a common
drug. Variations in and around the active site
may be responsible for the specificity of
substrates. As long as the active site zinc is
blocked, it should be possible to block the
catalytic activity. These small molecule inhibi-
tors may be better than substrate-based peptide
inhibitors because they are not serotype spe-
cific. However, it has also been pointed out
that subtype variability within a serotype may
affect the broad spectrum of small molecule
ligands.83

CONCLUSIONS

In summary, the structural work on BoNT and
its individual fragments has provided ample
information on the molecular mechanism of
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this family of toxins. This information coupled
with virtual screening and biochemical work
will lead to the development of effective thera-
peutics against this deadly poison.
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Binding Catalytic

Translocation

FIGURE 2-1. Ribbons diagram of botulinum neurotoxin

type B. The three functional domains are labeled as binding,

translocation, and catalytic. The active site residues and

the catalytic zinc ion are shown in the catalytic domain.

The three-dimensional structure clearly demarcated the

three functional domains. The lower half of the binding

Site 1 Site 2

FIGURE 2-2. The C-terminal domain of the receptor binding

domain of botulinum neurotoxin B forms a b-trefoil fold. The
trefoil domain forms a subdomain of the binding domain, and

both ganglioside and the protein receptor bind to this sub-

domain. The two binding sites are marked as site 1 and site 2,

and will form the binding sites for ganglioside and protein

receptor. See Color Plate

Sialyllactose

FIGURE 2-3. The binding

domain of BoNT/B with sialyl-

lactose at site 1. Sialyllactose

is shown in sphere model.

This binding site also vali-

dated most of the mutagene-

sis studies.

Site 1

Site 2
YEW

FIGURE 2-4. Binding

domain of tetanus toxin

with a tripeptide (Tyr-

Glu-Trp) bound at site 2.

The tripeptide is shown

in sphere model. The ori-

entation is similar to that

shown in Figure 2-3.

Doxorubicin

FIGURE 2-

6. Doxorubicin binding

in site 1 of BoNT/B.

Sialyllactose, a mimic of

GT1b, binds in the same

site. Also, doxorubicin

has been shown to com-

pete with gangliosides for

binding to this site. The

fact that it competes

with gangliosides or dis-

places sialyllactose

(during crystallization)

shows that this site can

Site 1

Site 2

FIGURE 2-5. A composite

figure of the binding domain

of BoNT/B with sialyllactose

and the tripeptide as it is

bound in tetanus (both shown

in sphere model). The helical

fragment of Syt II from Chai et

al. is superposed.27 The helical

fragment occupies the same

place as the tripeptide in teta-

nus. This strongly supports our

earlier prediction that site 2may

be the site where the receptor

protein would bind.

FIGURE 2-7. The catalytic domain of BoNT/E shown in ribbons

representation. The active site residues, zinc, and the nucleophilic

water are shown in ball and stick model. In BoNT/E, the zinc is

coordinated by His211, His215, Glu250, and the nucleophilic

water. Glu212, which acts as a base for catalytic action, is hydro-

gen bonded to the nucleophilic water. This arrangement is similar

in all BoNTs.
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INTRODUCTION

Botulinum neurotoxin (BoNT) proteases dis-
able synaptic vesicle exocytosis by cleaving
their cytosolic soluble N-ethylmaleimide-sensi-
tive factor (NSF) attachment protein receptor
(SNARE) substrates.1-7 However, the mecha-
nism underlying the translocation of the endo-
cytosed protease from acidic endosomes into
the cytosol is poorly understood. A major
thrust of our endeavor is the in-depth analysis
of protein translocation by BoNT, a modular
nanomachine in which one of its modules—the
heavy chain (HC) channel—operates as a spe-
cific protein-translocating transmembrane
chaperone for another of its component
modules—the light chain (LC) protease. The
challenge is to understand the intimate relation-
ship between the LC and the HC, two entities
which in isolation are harmless yet when asso-
ciated together by nature are transformed into
the most potent toxin known.8 Mechanistic
insights into how this protein machine9 evolved
to this level of sophistication may be derived
from the biophysical analysis of the interaction
between these two modules in the context of the
full-length toxin embedded in a membrane.
This is precisely what we review in this chapter.

How do the BoNT proteases reach their
cytosolic substrates? Structurally, BoNT consists
of three modules5,10-12: the LC protease; and
the HC, which encompasses the translocation
domain (TD), and the receptor-binding

domain (RBD). This structural modularity has
a physiologic counterpart. The RBD determines
the cellular specificity mediated by the high-
affinity interaction with a surface protein recep-
tor, SV2, for BoNT/A13,14 and synaptotagmins I
and II for BoNT/B and BoNT/G,15 and a gan-
glioside (GT1B) coreceptor.13-16 Then, BoNTs
enter sensitive cells via receptor-mediated
endocytosis.5,17-22 Exposure of the BoNT-
receptor complex to the acidic milieu of endo-
somes21-25 induces a major conformational
change, leading to the insertion of the HC
into the endosomal bilayer membrane, thereby
forming transmembrane channels.26-29 The HC
of BoNT/A acts as both a channel and a
transmembrane chaperone for the LC to
ensure a translocation-competent conforma-
tion during its transit from the acidic endo-
some into the cytosol.30 These findings
provided compelling evidence of retrieval of a
folded LC protease that is capable of proteolyz-
ing its SNARE substrate only after productive
translocation across bilayers and release from
the channel.30 Together, these results support
the view that the TD module is the conduit
for the passage of the LC module from the
interior of the endosome into the cytosol,
allowing contact between the protease and
the SNARE substrates.5,21,28 Cleavage of the
SNAREs,31,32 which are essential for synaptic
vesicle fusion and neurotransmitter release,
aborts synaptic transmission, thereby causing
severe paralysis.4,5

The authors of this chapter do not report any conflicts of interest.
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BoNT CHANNEL ACTIVITY
UNDER CONDITIONS
PREVALENT AT
ENDOSOMES

Figure 3-1 depicts a model of the sequence of
events underlying BoNT LC translocation
through the HC channel, which is consistent
with the findings collected thus far30,33-36

and reviewed in this chapter. Step 1 shows
the crystal structure BoNT/A before insertion
into the membrane10: LC is purple, TD is
orange, and RBD is red. Then is shown a sche-
matic representation of the membrane inserted
BoNT/A at the onset of translocation (step 2)
with a partially unfolded LC (purple) trapped
within the HC channel (orange), a series of
transfer steps (steps 3 and 4), and an exit
event at the completion of LC translocation
(step 5), leaving the HC channel within the
membrane. Translocation proceeds under
conditions that recapitulate those across endo-
somes: the interchain disulfide bridge (green)
is intact in the low pH, oxidizing environment
of the cis compartment, corresponding to the
endosome interior. The presence of reductant
and neutral pH in the trans compartment,
corresponding to the cytosol, promotes refold-
ing of LC and release from HC after completion
of translocation.

What is the evidence for the model? Figures
3-2 and 3-3 summarize the evidence for the
beginning (see Fig. 3-1, steps 1 and 2)
and the end (see Fig. 3-1, step 5) of transloca-
tion.30,33-35 First, we probed the role of the
disulfide bridge in the translocation process.30

We exploited the differential accessibility of
the disulfide cross-link between the HC and
the LC to a membrane-impermeant reductant

(tris-[2-carboxyethyl] phosphine [TCEP]) to
identify requirements for translocation across
membranes. We showed that channel forma-
tion and LC translocation across membranes
require both a pH gradient and a redox
gradient, acidic and oxidizing on the cis
compartment in which BoNT/A is present and
neutral and reducing on the trans compartment
in which the substrate synaptosomal-associated
protein with Mr = 25 kDa (SNAP-25) is pres-
ent. These conditions emulate the pH and
redox gradients across endosomes30,33-35 and
allow the formation of transmembrane
channels by BoNT/A and BoNT/E, as
shown in Figure 3-2A and 3-2D. The initial
results were obtained from planar lipid bilayer
membranes devoid of any additional cellular
components.30 As shown in Figure 3-2,
the equivalent pattern of activity is recorded
from membrane patches isolated from neuro-
blastoma cells.33,34 The channel activity of
BoNT/A displays the prototypical discrete
square events that are characteristic of unitary
channel currents.37 In contrast, unreduced
BoNT/A does not form channels under other-
wise equivalent conditions (see Fig. 3-2B).
Given that prereduced BoNT/A (see Fig. 3-2C)
forms channels with properties equivalent to
those of the isolated HC,30,33-35 and that the
HC is a channel irrespective of the redox
state,30,33,34 the inescapable conclusion is that
in unreduced holotoxin the anchored LC cargo
occludes the HC channel (see Fig. 3-1, step 2;
and Fig. 3-2B). Is this occlusion terminated
at the end of translocation and release of
cargo? How and when is cargo release triggered
at the membrane interface after translocation?
Is the protease activity of cargo detectable in
the trans compartment after completion of
translocation?

1 2 3 4 5

cis

trans

pH 5

pH 7 -S
H

HS-

FIGURE 3-1. Sequence of events underlying BoNT LC translocation through the HC channel. (1) BoNT/A holotoxin prior to

insertion in the membrane (gray bar); BoNT/A is represented by the crystal structure rendered on YASARA (www.YASARA.org)

using the Protein Data Bank accession code 3BTA.10 Then, schematic representation of the membrane inserted BoNT/A during

an entry event (2), a series of transfer steps (3, 4), and an exit event (5) under conditions that recapitulate those across

endosomes. (Reproduced with permission from Fischer A, Montal M. Single molecule detection of intermediates during

botulinum neurotoxin translocation across membranes. Proc Natl Acad Sci U S A. 2007;104:10447-10452. Copyright [2007],

National Academy of Sciences, U S A.) See Color Plate

31BOTULINUM NEUROTOXIN—A MODULAR NANOMACHINE



RETRIEVAL OF
ENDOPEPTIDASE ACTIVITY
OF BoNT LC IN THE TRANS
COMPARTMENT AT THE
COMPLETION OF
TRANSLOCATION

To examine if the LC protease goes through the
HC channel (see Fig. 3-1, step 5), we developed
a high-sensitivity enzyme-linked immunosor-
bant assay (ELISA) and scaled up the single-
channel measurements to detect numerous
(�1000) channels.30 Cleavage of SNAP-25
required the presence of the reductant TCEP
on the trans compartment and pH 5.0 on the
cis compartment (see Fig. 3-3A), a condition
that correlates tightly with the insertion of
multiple channels in the bilayer membrane
(see Fig. 3-3B). This correlation argues that
only under conditions in which the channel
activity of the holotoxin is detected (see Figs.
3-2A and 3-3B), proteolytic activity of the
LC on the trans compartment is confirmed
(see Fig. 3-3A). This result is consistent with

the concomitant absence of channel activity
(see Fig. 3-3B) and LC protease activity
(see Fig. 3-3A) when the pH on the cis com-
partment was 4.5. A tight correlation was
uncovered between the decrease in a-helical
content of the LC at pH 5.0 (see Fig. 3-3C)
with the occurrence of channel (see Fig. 3-3B)
and protease (see Fig. 3-3A) activities of
holotoxin30; such correlation is highlighted by
the blue box on Figure 3-3. At pH 4.5, there is a
drastic increase in LC helicity (see Fig. 3-3C)
coincident with the absence of channel
(see Fig. 3-3B) and protease (see Fig. 3-3A)
activities. Together, the data indicate that only
the unfolded conformation of the LC correlates
with both channel and protease activities of
BoNT/A. The decrease in a-helical content of
the LC necessarily constrains the LC cargo to
be either extended or a-helical segments in
order to fit into a channel of �15 Å in
diameter, as calculated from the single-channel
conductance (g) of BoNT/A.30 Collectively,
these findings provide convincing evidence of
recovery of endopeptidase activity of BoNT LC
in the trans compartment only after productive
translocation across synthetic lipid bilayer
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and bottom represent cis and trans compartments; LC cargo (light gray), HC (dark gray and black), disulfide linkage (-S-S-),

and the membrane (gray bar). A. Single-channel currents for holotoxin BoNT/A; the trans compartment contained 0.25 mM
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clearly discernible; g is determined from the amplitude of the fluctuations between the closed and open states. B. Nonreduced

holotoxin BoNT/A does not form channels; note the absence of current fluctuations. C. Single-channel currents of reduced

holotoxin BoNT/A by preincubation with reductant TCEP (0.25 mM). D. Single-channel currents of holotoxin BoNT/E in the

presence of both trypsin and TCEP in the trans compartment. E. Single-channel currents of holotoxin BoNT/E in the

absence of trypsin in the TCEP-containing trans compartment. F. Single-channel currents of reduced holotoxin BoNT/E by

pre-incubation with 10 mM TCEP and in the presence of 4 mM trypsin in the trans compartment. Single-channel currents were

recorded at �100 mV in symmetric 0.2 M NaCl; all other conditions were identical to those previously described.34,35 Other

conventions as in Figure 3-1. See Color Plate
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membranes30 (see Fig. 3-1, step 5). Evidence
for the importance of unfolding and a propen-
sity toward a-helical structure for efficient
translocation has been subsequently obtained
for BoNT/D using an entirely different experi-
mental approach.38 Similarly, a requirement
for acid-induced unfolding has been reported
for the translocation of the 263-residue
N-terminal domain of anthrax lethal factor,
the cargo, through the protective antigen
heptameric pore.39,40

RELEASE OF CARGO FROM
CHAPERONE IS NECESSARY
FOR PRODUCTIVE
TRANSLOCATION

For BoNT/A, the disulfide cross-link between
LC and HC must be on the trans (cytosolic)
compartment to achieve productive transloca-
tion of the LC cargo (see Fig. 3-1, step 5;
Fig. 3-2A, 2B).30,34,35 Disulfide reduction on
the cis compartment dissociates the LC cargo
from the HC before translocation and therefore
generates a HC channel devoid of translocation
activity (see Fig. 3-2C).30,33 Disulfide disrup-
tion within the bilayer during translocation
aborts it.35 We infer that completion of LC
translocation occurs as the disulfide bridge,
C-terminus of the LC, enters the cytosolic
compartment. This analysis supports a model
of N- to C-terminal orientation of cargo during
translocation with the C-terminus as the last
portion to be translocated and exit the channel
(see Fig. 3-1, step 5). We propose that an intact
disulfide bridge is a necessary condition for
translocation but not for channel insertion, as
demonstrated by the fact that the isolated
HC channel is unperturbed by chemical reduc-
tants.30 The tight coupling of translocation
completion with disulfide reduction strongly
argues in favor of the view that LC refolding
precludes retrotranslocation. From this view-
point, refolding in cytosol may be interpreted
as a trap that prevents retrotranslocation and
dictates the unidirectional nature of the trans-
location process. The disulfide linkage is, there-
fore, a crucial aspect of the BoNT toxicity
(see also Chapter 2 and references 41 and 42)
and is required for chaperone function, acting
as a principal determinant for cargo transloca-
tion and release.

Is the intact disulfide bridge specifically
required for LC translocation? Whereas BoNT/
A is cleaved to the mature di-chain within the
Clostridium bacteria, BoNT/E is not cleaved
before secretion.43 Therefore, the single-chain
BoNT/E holotoxin provides a path to explore
the linkage requirements for LC translocation.
For BoNT/E, completion of LC translocation
occurs only after proteolytic cleavage by trypsin
and disulfide reduction in the trans compart-
ment, implying that release of cargo from
chaperone is necessary for productive translo-
cation34 (see Fig. 3-1, step 5). Experimental
evidence for this condition is illustrated in
Figures 3-2D and 3-2E. In the absence of trypsin
in the trans compartment (see Fig. 3-2E),

S
N

A
P

-2
5 

cl
ea

va
ge

, %

A

30
C

ha
nn

el
 A

ct
iv

ity

B

1

H
el

ic
ity

, %

C
10

4.5 5.0

pH - cis

7.0

LCA
HCA

BoNT A
HCA

BoNT A
HCA

0

20

30

40

50

60

20

10

0

0

FIGURE 3-3. BoNT/A endopeptidase activity correlates with

BoNT/A channel activity and the unfolding of LC/A. A.

Endopeptidase activity in samples collected from the trans

chamber of bilayer experiments as function of pH in the cis

compartment; the trans compartment pH was 7.0.

B. Channel activity of BoNT/A and HC/A as function of pH

in the cis compartment; the trans compartment pH was 7.0.

Absence or presence of channel activity is arbitrarily defined

as 0 or 1; number of experiments (n) = 6 for HC/A and n = 10

for BoNT/A. C. a-Helical content of LC/A and HC/A as func-

tion of pH calculated from far UV-CD measurements carried

out at 258C; n = 3. (Modified and reproduced with permis-

sion from Koriazova LK, Montal M. Translocation of botuli-

num neurotoxin light chain protease through the heavy

chain channel. Nat Struct Biol. 2003;10:13-18.) See Color Plate

33BOTULINUM NEUROTOXIN—A MODULAR NANOMACHINE



channel insertion and onset of translocation
proceed, as shown by the appearance of
channels that remain in an occluded state
for the lifetime of the experiment. This is
consistent with the unrelieved occlusion of the
HC channel by the LC. In contrast, the presence
of trypsin in the trans compartment (see Fig.
3-2D) leads to the appearance of channels
with single-channel properties equivalent to
those of isolated HC, a hallmark of unoccluded
channels. Furthermore, single-chain BoNT/E,
reduced before the translocation assay, displays
channel activity (see Fig. 3-2F). However,
despite the fact that trypsin is present in the
trans compartment, the channel remains
occluded for the lifetime of the experiment.
Therefore, proteolytic cleavage of LC from
HC and disulfide reduction during the exit
event are required for productive translocation
(see Fig. 3-1, step 5). These findings also imply
that the transformation of an occluded state
characterized by low g intermediates with
prolonged pore occupancy into an unoccluded
channel with g � 65 pS only occurs after the
LC completes translocation from the cis to
the trans compartment and is physically
separated from the HC channel by both
reduction of the disulfide bridge and cleavage
of the scissile bond. Thus, the chaperone-
cargo anchor must be severed to complete
productive translocation.34

DISCRETE INTERMEDIATES
DURING BoNT
TRANSLOCATION REVEAL
THE CONFORMATIONAL
DYNAMICS OF
CARGO-CHANNEL
INTERACTIONS

To decipher how the tight interplay between
the HC and LC modules underlies the
conspicuously potent neurotoxicity of BoNT
we developed an assay that monitors the trans-
location of BoNT LC by the BoNT HC channel
in real time and at the single-molecule level in
excised membrane patches37 from BoNT-sensi-
tive Neuro 2A neuroblastoma cells.34,35

The assay allows us to probe Steps 2, 3, 4 and
5 of Figure 3-1, namely, the conformational
transitions of both HC and LC linked to
translocation across membranes, and the
requirements for LC refolding and release at

the endosome surface after translocation.
The type of questions that we investigate are
as follows: What is the nature of the interac-
tions between the cargo and the channel
during translocation and after completion of
translocation? How is cargo conformation pro-
tected by the channel during translocation to
ensure proper refolding after translocation is
completed? What determines refolding of
cargo after translocation? When is refolding
initiated?

A key feature of the single-molecule translo-
cation assay is sensitivity, which led us to
discover a succession of discrete transient inter-
mediate channel conductances, which reflect
permissive stages during LC translocation for
both BoNT/A and BoNT/E. This is illustrated
in Figure 3-4 for BoNT/A; the top panel
shows the absence of channel currents before
BoNT/A insertion into the membrane. The time
course of channel conductance change after
exposure to BoNT/A (defined as zero time), is
shown in the next four panels, which display
representative consecutive segments recorded
at the indicated times during a single, 1- hour
long experiment. Intermediate conductances
were discerned at g ffi 20 pS (after 5 min),
ffi 37 pS (after 9 min), and ffi 55 pS (after
5.5 min) before entering the stable g of
65 pS. Note that the g values for each of the
intermediate conductances fluctuate, yet they
clearly exhibit a trend toward higher g values
with time, as depicted by the dotted lines. This
pattern of channel activity characteristic of
holotoxin (see Fig. 3-4) allows us to operation-
ally define three states of the BoNT channel.
First, a closed state, and second, an ‘‘occluded
state’’ with the partially unfolded LC trapped
within the channel during the translocation
process (see Fig. 3-1, steps 2, 3 and 4).
This occluded state is identified as a set of inter-
mediate conductances corresponding to transi-
tions between the closed state and several
blocked open states. Third, an ‘‘unoccluded
state’’ is visible upon completion of transloca-
tion and release of the LC associated to transi-
tions between the closed state and the
fully open state (see Fig. 3-1, step 5). The ter-
minal and stable g for holotoxin channels
(ffi 67 pS,) and the distinctive g of HC channels
(ffi 66 pS) (see Fig. 3-2C) exhibit similar
characteristics, thereby supporting the view of
the HC channel as an end point achieved after
completion of LC translocation through the
HC channel, as observed in holotoxin/A (see
Fig. 3-2A) and holotoxin/E (see Fig. 3-2D)
channels30,33,34 (see Fig. 3-1, Step 5).
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We interpret the progressive, stepwise increase
in channel conductance with time as the
progress of LC translocation during which the
protein-conducting HC channel conducts Na+

and partially unfolded LC (illustrated as a
helix in Fig. 3-1, step 2; Fig. 3-4) detected as
channel block. After translocation is complete,
the channel is unoccluded (see Fig. 3-1, step 5).
In other words, during translocation
the HC channel conducts gradually more Na+

around the unfolded LC polypeptide
chain before entering an exclusively ion-
conductive state.

What is the significance of the newly identi-
fied intermediate states? We conjecture that
the residence time at each intermediate reflects
the conformational changes of cargo within the
chaperone pore and that these determine the
efficiency and outcome of translocation.
Within the occluded state, the low conductance
intermediates (see Fig. 3-4, g ffi 20 pS) exhibit
the longest occupancy time, consistent with an
energetic barrier associated with the initiation
of LC unfolding, presumably into a molten
globule state, at the onset of translocation—an
entry event (see Fig. 3-1, step 2). By contrast,
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tion of BoNT/A single-channel currents recorded at �100 mV in excised patches of Neuro 2A cells, with schematic represen-

tation (right). Top panel shows absence of channel currents prior to exposure to BoNT/A. Subsequent panels represent the
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described30,32 and other conventions as in Figure 3-1. See Color Plate

35BOTULINUM NEUROTOXIN—A MODULAR NANOMACHINE



intermediates with g values g ffi 40 pS
(see Fig. 3-4) have shorter lifetimes, presum-
ably a result of overcoming the activation
energy (see Fig. 3-1, step 3). This sequence of
transfer steps leads to a transition into the final
g intermediate with g ffi 55 pS (see Fig. 3-1, step
4). This last intermediate in the sequence
(see Fig. 3-4) is relatively long lived, plausibly
limited by the refolding of the LC at the chan-
nel exit interface in the trans compartment
and reduction of the disulfide bridge before
final release from the HC channel, an exit
event (see Fig. 3-1, step 5; Fig. 3-4). Thus, the
main consequence of this analysis is the
resolution of LC translocation into an entry
event, a series of transfer steps, and an exit
event. The key unanswered questions are now
centered on an understanding of the precise
conformational state at each one of the
identified intermediates; what we can say is
that the trend is to preserve partially unfolded
conformers, (evidenced by the occluded inter-
mediates) (see Fig. 3-1, steps 2–4; Fig. 3-4)34

and native-like conformers (evidenced by
the recovery of LC protease activity at the
end of translocation) (see Fig. 3-1, step 5;
Fig. 3-2A; Fig. 3-3).30

THE BoNT HC CHANNEL AS
A CHAPERONE FOR THE LC
PROTEASE

At the root of the BoNT translocation process is
the interaction between an unfolded LC cargo
embedded within the HC protein-conducting
channel (see Fig. 3-1, steps 2-4). An analogous
scheme has been invoked for the translocation
of the catalytic domain (A chain) by the
transmembrane (T) domain of diphtheria
toxin,44-46 and for the translocation of the
anthrax toxin lethal factor by the protective
antigen pore.39,40 That channel activity has
been documented for BoNT/A,27,29,30,33

BoNT/E,29 BoNT/B,28 BoNT/C,26 and tetanus
neurotoxin,28,47,48 and protein translocation
activity has been shown for BoNT/A,30 BoNT/
E,34,35 and BoNT/D38 points to the general
validity of the idea. This notion is reminiscent
of the maintenance of an unfolded or partially
folded state of polypeptides by chaperones.
Therefore, it is fitting to consider plausible
similarities. The translocon, the universally
conserved protein-conducting channel respon-
sible for the translocation of nascent proteins
across membranes or for the insertion of

integral membrane proteins into targeted mem-
branes, has been the subject of intense
inquiry.49,50 The translocon is a membrane
protein complex composed of three different
protein subunits: abg in the ER Sec61 complex
of eukaryotes, SecYEG in eubacteria, and
SecYEb in archae. The structures of protein-
conducting channels of the Escherichia coli
SecYEG bound to a translating ribosome, �15
Å resolution,51 and the archaeon Methanococcus
jannaschii SecYEb, 3.2 Å resolution,52 are
instructive because they provide detailed infor-
mation on protein-conducting channels
pertaining to both cotranslational and post-
translational translocation systems. They
define blueprints for protein-conducting chan-
nels for which the underlying protein fold is a
compact transmembrane a-helical bundle.
Both of these complexes evoke a tantalizing
resemblance to the occluded BoNT channel.
The reconstruction of the SecYEG led to the
view that the nascent polypeptide chain is
tightly accommodated within the channel
hindering conductance and, given a channel
constriction of �15 Å, it is permissive to
accommodate a-helices.51,53,54 The structure
of the SecYEb shows that the protein-conduct-
ing channel is occluded by a short helix.
The channel lumen is lined by hydrophobic
residues around the major constriction of
only 3 Å; however, the channel must change
conformation to an open state in order
to accommodate translocation of a-helices
(12–14 Å) through the center of the chan-
nel.55,56 Indeed, reconstitution of the purified
SecY complex into lipid bilayers shows that the
channel is nonconductive57; however, deletion
of the short helix or mutations in the pore ring
render the SecY channel open.57 The structures
of these two translocons outline the intricacies
of the initial stages of protein translocation and
are consistent with the occurrence of discrete
transient intermediates involving extensive
interactions between the chaperone and the
cargo in a dynamic succession that dictates
the progress and directionality of translocation
and, ultimately, determines the fate of cargo
either as a folded secreted protein or as an inte-
gral membrane polypeptide.

Protein import in mitochondria and chloro-
plasts occurs postranslationally and involves
unfolded proteins.58-60 A number of protein
translocase complexes have been identified:
the inner mitochondrial membrane TIM23
translocase,61 and the outer (Toc75)62

and inner (Tic110)63 chloroplast membrane
translocases display pore diameters of �13 Å,
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�14 Å, and 15 Å, respectively. The secondary
structure of the precursor polypeptide cargos
are therefore necessarily constrained to be
either extended or a-helical segments in order
to fit into a channel of �15 Å in diameter.
An analogous requirement for unfolded cargo
is required by protein translocases for which
the underlying protein fold is a transmembrane
hollow b-barrel. A case in point is the protective
antigen (PA) PA63 pore of anthrax toxin, a 14-
stranded b-barrel formed at the center of the
homoheptameric assembly that exhibits a cen-
tral pore with a cross-section of �15 Å.40 Similar
schemes have emerged from single-channel
measurements on the interactions between
helical cargo peptides and the transmembrane
b-barrel of the a-hemolysin protein pore.64

Compared with the molecular complexity of
the mitochondrial and chloroplast protein
translocases, and the translocons in eukarya,
bacteria, and archae, the BoNT protein high-
lights the simplicity of its modular design to
achieve its exquisite activity. The analogy that
emerges from the findings summarized here for
BoNT is probably more than coincidental and
points to a fundamental common principle of
molecular design for BoNT and the translo-
cases, all of which clearly catalyze the concerted
and intertwined unfolding, translocation, and
refolding of cargo proteins.

BoNT HC CHANNEL AS A
TARGET FOR INTERVENTION

The body of evidence summarized suggests the
notion that the BoNT channel may represent a
potential target for intervention to attenuate
BoNT neurotoxicity. A search for channel
blockers and their eventual identification may
provide proof-of-principle thereby paving the
way toward the development of BoNT-selective
antidotes. Open channel blockers are small
molecules that enter the open channel and
transiently occlude the passageway by interact-
ing with the main chain or side chains of the
channel protein exposed to the channel lumen.
The seminal affinity labeling studies of
Changeux and colleagues65 using chlorproma-
zine as an open channel blocker of the nico-
tinic acetylcholine receptor established that this
type of blocker indeed probes the accessibility
of pore-lining residues.65 Open channel block-
ers are notorious for their broad selectivity.66

Despite such limitations, they are valuable
tools for proof-of-principle validation.

Accordingly, our focus has been to screen the
activity of known open channel blockers of
cation-selective channels on the BoNT channel
reconstituted in lipid bilayers.30,36 The results
collected thus far are exciting and promising.
The initial survey uncovered three classes of
drugs with HC channel blocker activity in the
mM concentration range; these drugs conspicu-
ously attenuate the single-channel conduc-
tance, shorten the open channel lifetime, and
reduce the channel open probability.66,67

Indeed, chlorpromazine exhibits mM potency
in the HC channel blocking assay (Fig. 3-5)
(unpublished results). QX-222, a trimethyl
quaternary ammonium derivative of the ioniz-
able amine local anesthetic lidocaine,66 is a
blocker of voltage-gated cation-selective chan-
nels and also of the nicotinic cholinergic recep-
tor channel.66,67 QX-222 blocks the BoNT HC
channel in the micromolar concentration
range. A sample recording illustrating the
effect of QX-222 is shown in Figure 3-5. In
the absence of drug (panel A), the occurrence
of up to five independent unoccluded BoNT
channels undergoing transitions from closed
(C) to open (O) states is clearly discerned. In
contrast, in the presence of 40-mM QX-222
(panel B), the pattern of channel activity is
drastically altered: the frequency of openings
is reduced and long quiescent periods domi-
nate the records. Such a pattern is archetypical
for the action of channel blockers.66,67 Second,
antimalarial agents such as chloroquine and
quinacrine, known to affect intracellular proc-
essing of BoNTs by collapsing the pH gradient
across endocytic vesicles, exert a direct blocking
action on the HC channel in the high micro-
molar concentration range.68 Third, antiviral
agents such as amantadine, an anti-influenza
drug that acts by blocking the channels formed
by the M2 protein of influenza virus,69,70 or its
analog, memantine (1-amino-3,5-dimethylada-
mantane), a well known, clinically tolerated
open channel blocker of the NMDA-subtype of
glutamate receptor,71 also block the HC chan-
nel. Memantine, approved by the the US Food
and Drug Administration for the treatment of
dementia, blocks the N-methyl-D-aspartate
(NMDA) receptor channel with a Ki of 300
nM, whereas it blocks the HC channel at con-
centrations of 30 mM or more.

This analysis presents a new paradigm for
the screen of small molecule blockers of the
BoNT channel that may evolve into a platform
for antidote discovery aimed at abrogating this
crucial activity, which is essential for BoNT
neurotoxicity.
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CONCLUDING REMARKS

This endeavor has demonstrated that the BoNT
protein-conducting channel acts as a chaperone
and requires acidification in cis and reduction
in trans. Identification of translocation inter-
mediates allowed us to define that LC translo-
cation by the HC protein–conducting channel
involves an entry event, a series of transfer
steps, and an exit event. Under these condi-
tions, the LC protease activity is retrieved in
the trans compartment, consistent with the
translocation of the cargo protease through
the channel. The collective findings represent
a significant advance in our understanding of
BoNT translocation; yet they also raise a
new set of questions needing further study,
particularly regarding the precise conformers
of the cargo within the channel/chaperone at
each one of the identified intermediate states
(see Fig. 3-1, steps 2-4).30,34 Overall, the

findings imply that within the cell, the LC
protease unfolds inside acidic oxidizing endo-
somes, goes through the HC protein–
conducting channel, refolds at the interface,
and dissociates from the channel in the
cytosolic reducing milieu, where it cleaves its
substrate SNARE. Given that the translocation
process is essential for BoNT neurotoxicity, the
BoNT protein-conducting channel emerges as a
potential target for antidote design and
discovery.
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FIGURE 3-1. Sequence of events underlying BoNT LC translocation through the HC channel. (1) BoNT/A holotoxin prior to

insertion in the membrane (gray bar); BoNT/A is represented by the crystal structure rendered on YASARA (www.YASARA.org)

using the Protein Data Bank accession code 3BTA.10 Then, schematic representation of the membrane inserted BoNT/A during

an entry event (2), a series of transfer steps (3, 4), and an exit event (5) under conditions that recapitulate those across

endosomes. (Reproduced with permission from Fischer A, Montal ML. Single molecule detection of intermediates during

botulinum neurotoxin translocation across membranes. Proc Natl Acad Sci U S A. 2007;104:10447-10452. Copyright [2007],

National Academy of Sciences, U S A.)
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FIGURE 3-2. Release of cargo from chaperone is necessary for productive translocation. BoNT/A and BoNT/E holotoxin

channels in excised patches of Neuro 2A cells. Diagrams on the right side of each record depict an interpretation. Top

and bottom represent cis and trans compartments; LC cargo (purple), HC (orange), disulfide linkage (green), and the membrane

(gray bar with magenta boundaries). A. Single-channel currents for holotoxin BoNT/A; the trans compartment contained 0.25

mM TCEP. C and O denote the closed and open states. The characteristic fast transitions between the closed and open states

are clearly discernible; g is determined from the amplitude of the fluctuations between the closed and open states. B.

Nonreduced holotoxin BoNT/A does not form channels; note the absence of current fluctuations. C. Single-channel currents

of reduced holotoxin BoNT/A by preincubation with reductant TCEP (0.25 mM). D. Single-channel currents of holotoxin BoNT/E

in the presence of both trypsin and TCEP in the trans compartment. E. Single-channel currents of holotoxin BoNT/E in the

absence of trypsin in the TCEP-containing trans compartment. F. Single-channel currents of reduced holotoxin BoNT/E by pre-

incubation with 10 mM TCEP and in the presence of 4 mM trypsin in the trans compartment. Single-channel currents were

recorded at �100 mV in symmetric 0.2 M NaCl; all other conditions were identical to those previously described.34,35 Other

conventions as in Figure 3-1.
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FIGURE 3-3. BoNT/A endopeptidase activity correlates with

BoNT/A channel activity and the unfolding of LC/A. A.

Endopeptidase activity in samples collected from the trans

chamber of bilayer experiments as function of pH in the cis

compartment; the trans compartment pH was 7.0.

B. Channel activity of BoNT/A and HC/A as function of pH

in the cis compartment; the trans compartment pH was 7.0.

Absence or presence of channel activity is arbitrarily defined

as 0 or 1; number of experiments (n) = 6 for HC/A and n = 10

for BoNT/A. C. a-Helical content of LC/A and HC/A as func-

tion of pH calculated from far UV-CD measurements carried

out at 258C; n = 3. (Modified and reproduced with permis-

sion from Koriazova LK, Montal M. Translocation of botuli-

num neurotoxin light chain protease through the heavy

chain channel. Nat Struct Biol. 2003;10:13-18.)
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FIGURE 3-5. QX-222 blocks the BoNT HC channel. Single-

channel recordings of BoNT/A holotoxin reconstituted in

planar lipid bilayers in the absence (A) and presence (B) of

40-mM QX-222. Records obtained at �100 mV in symmetric

0.5 M KCl, 1 mM CaCl2, 2.5 mM citrate pH 5.5. Final protein

concentration was 0.5 mg/mL. In the absence of QX-222, the

current histogram is fitted with the sum of five Gaussians

(excluding the closed state) corresponding to the occurrence

of five channels with a g ffi 110 pS. In the presence of QX-

222, there is a marked reduction in both g and in the number

of openings; the open states are scarcely populated to allow

a meaningful fit to the data points, and the histogram is best

fitted with a single Gaussian corresponding to the closed

state. Other conditions as for Figure 3-3B. (Unpublished

data, experimental method from Koriazova and Montal.)
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FIGURE 3-4. Single-molecule detection of discrete inter-

mediates during BoNT translocation. High-gain and fast-

time resolution of BoNT/A single-channel currents

recorded at �100 mV in excised patches of Neuro 2A

cells, with schematic representation (right). Top panel

shows absence of channel currents prior to exposure to

BoNT/A. Subsequent panels represent the time course of

change of channel conductance. Each segment indicates

the representative g at the recorded time; the dotted

lines are traced on the average current for the closed

and open states. All other conditions were identical to

those previously described30,32 and other conventions as

in Figure 3-1.
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INTRODUCTION

Clostridial neurotoxins (CNTs) are produced
by species of anaerobic, gram-positive, spore-
forming, rod-shaped, bacteria within the
genus Clostridium. Botulinum neurotoxins
(BoNTs), expressed by Clostridium botulinum,
cause botulism, a severe neurologic disease
associated with a life-threatening flaccid paral-
ysis affecting both humans and animals.1

Tetanus toxin (TeNT), expressed by
Clostridium tetani, causes tetanus, a disease
characterized by spastic paralysis that causes
opposing skeletal muscles to contract spasmod-
ically.2 The first scientific observations of the
paralytic syndrome botulism were made by
Justinus Kerner in 1820,3 who discovered that
the disease can be caused by the intake of con-
taminated smoked sausages (Latin: botulus).
Tetanus has been recognized since ancient
times and was already described by
Hippocrates; in 1867, it was hypothesized
that an infectious agent is the cause.1 CNTs
interfere with the acetylcholine release process
itself but not with acetylcholine storage or the
entry of Ca2+, implying that CNTs block
neuronal exocytosis.4 CNTs block neurotrans-
mitter release by proteolytic cleavage of soluble
N-ethylmaleimide-sensitive fusion protein
attachment protein receptors (SNAREs),
proteins that play a key role in Ca2+-triggered
neurotransmitter release.5,6

Botulism and tetanus are no longer consid-
ered major threats to public health, but

occasionally small botulism outbreaks are still
reported.7 Rather, BoNTs (usually in complex
with hemagglutinin) have become powerful
therapeutic agents. For example, controlled
application of very low doses of BoNT/A has
proven to be an effective treatment for certain
neurologic disorders associated with an abnor-
mal increase in muscle tone or activity, such as
spasticity and focal dystonias.8 Recently, BoNT/
A-containing treatments have also been shown
to be beneficial for conditions such as achala-
sia,9 chronic headache,10 and hyperhidrosis.11

These and other therapeutic applications of
CNT are reviewed in detail in other chapters
of this book. Moreover, CNTs have become
powerful research tools to study the function
of SNARE proteins in Ca2+-triggered neuro-
transmitter release.12 This chapter focuses on
structural insights of the interactions between
BoNTs and their proteolytic targets and cell sur-
face receptors.

MODULAR ARCHITECTURE
AND MECHANISM OF
ACTION

CNTs are synthesized as single polypeptide
chains of approximately 150 kDa. This single
chain is post-translationally cleaved by certain
bacterial and tissue proteases into a 50-kDa
light chain (LC) and a 100-kDa heavy chain
(HC).13,14 On cleavage, the LC and HC of
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CNTs remain covalently and reversibly linked
by a disulfide bond until being exposed to redu-
cing conditions in the neuronal cytosol15,16

(Fig. 4-1A). CNTs associate with non-neuro-
toxin components such as hemagglutinins,
that may assist with the intoxication process
and contribute to antigenic distinctness.17

There are seven serotypes of BoNTs (termed
A to G) and one TeNT.2,18 All BoNTs have a
high degree of primary sequence conservation,
although all are antigenically distinct.19 Crystal
structures of full-length BoNT/A holotoxin20

and of BoNT/B holotoxin21 are available
(Fig. 4-2A). Both structures are very similar;
they exhibit a modular architecture: the LC pro-
tease, translocation (the N-terminal subdo-
main of HC, HCN) and the receptor binding
domains (the C-terminal subdomain of HC,
HCC). It is important to note that in these crys-
tal structures, the translocation domain is in its
soluble conformation; the structure of its mem-
brane-inserted conformation remains to be
elucidated.

All BoNTs employ a similar mechanism of
toxicity, suggesting that these toxins have a
common evolutionary origin.16 The HCs medi-
ate the neuronal cell surface binding, internal-
ization by receptor-mediated endocytosis, and
transportation of the LC across the membrane
into the cytosol and reduction of the disulfide
bond (see Fig. 4-1A). Once the LC is released
into the cytosol, SNARE targets are proteolysed
by the LC.22,23

Primary sequence analyses of LC proteases
revealed a Zn2+-binding His-Glu-X-X-His
motif. This motif is found in a variety of
Zn2+-dependent metalloproteases such as ther-
molysin, and it suggests that LCs may use a
similar enzymatic mechanism.24 The CNT-LCs
cleave specific peptide bonds within the neuro-
nal SNARE proteins (synaptobrevin, syntaxin,
and SNAP-25) (see Fig. 4-1B). BoNT/A and E
specifically cleave SNAP-25, whereas serotypes
B, D, F, and G of BoNTs cleave synaptobrevin.
BoNT/C1 is unique in that it is able to
hydrolyze two substrates: syntaxin25,26 and
SNAP-25.27-29

SNARES AND
CA2+-TRIGGERED
NEUROTRANSMITTER
RELEASE

Much of our understanding of the critical role
SNAREs play in neurotransmission can be

directly traced to the finding that botulism
and tetanus toxins block Ca2+-triggered neuro-
transmitter release. At neuromuscular junct-
ions (NMJs), acetylcholine is predominantly
secreted via full vesicle fusion events rather

HC LC
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cell surface
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FIGURE 4-1. Synaptic SNAREs are targeted by CNT light

chains. A, A four-step model for CNT intoxication includes

(1) neurospecific cell-surface binding, (2) receptor-mediated

endocytosis, (3) translocation of the light chain, and

(4) SNARE-specific proteolysis.16,111,112 The toxin heavy chain

(HC, black) mediates cell-surface binding with ganglioside and

glycoprotein receptors. Following endocytosis, the HC also

mediates translocation of the light chain (LC, gray) if the en-

dosome is acidified. LCs can target the synaptic SNAREs,

including vesicle-bound synaptobrevin (sb), presynapticmem-

brane-bound syntaxin (sx), and SNAP-25 (sn25) before ternary

SNARE complex formation. B, The relative locations of the

peptide bonds hydrolyzed by LCs in the core domains of

SNARE proteins are shown. The cut sites of the seven botuli-

num neurotoxin serotypes (BoNT/A-G) and that of tetanus

toxin (TeNT) are indicated by arrows. See Color Plate
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than by a transient ‘‘kiss-and-run’’ mechanism,
which likely plays a more prominent role in the
central nervous system.30-32 A continuous cycle
of synaptic vesicle formation, delivery, fusion,
and local recycling occurs such that a steady
supply of vesicles is available for neurotrans-
mitter release when triggered by the arrival of
an action potential.33

As the nerve terminal is depolarized during
the arrival of an action potential, a rapid influx
of Ca2+ enters the nerve cytosol through voltage-
gated Ca2+-channels, triggering fusion events.30

Although tethering complexes hold docked vesi-
cles in close proximity to their target mem-
branes, an additional set of proteins interact to
bring the two membranes close enough such
that phospholipid bilayer reorganization into
a fused state becomes energetically favorable.34

Among the essential proteins for this task are the
SNAREs.35,36 Neuronal SNAREs are membrane
bound, either via a single transmembrane
region as in the cases of synaptobrevin and syn-
taxin,37 or by post-translational palmitoylation
as in the case of SNAP-25.38 SNARE proteins
contain at least one core domain that can
adopt a parallel, coiled-coil conformation
when given the opportunity to interact with
other SNARE proteins39 (Fig. 4-2B).

Intense biochemical and biophysical scru-
tiny of SNARE proteins has yielded the
‘‘zipper model’’ of membrane fusion.40-43 The
principle of this model is simple: SNAREs pro-
truding from the synaptic vesicle membrane
(mainly synaptobrevin) assemble into low-
energy core complexes, with SNAREs anchored
to the presynaptic membrane (mainly syntaxin
and SNAP-25). The core domains of SNARE
proteins are mostly unstructured in the absence
of binding partners,44-46 but they are entirely
helical when the ternary complex is formed.39

The helices formed by SNARE proteins are
amphipathic, and the coiled-coil structure is
largely stabilized by hydrophobic packing.47

A notable exception is the conserved ‘‘ionic
layer’’ formed at the center of the complex by
a network of salt bridges and hydrogen
bonds.39 The resulting structure is remarkably
stable, resisting extreme chemical and thermal
denaturing conditions.48-50 The stepwise
assembly of these low-energy complexes is
thought to counter the energetic penalty of
bringing phospholipid headgroups from
opposing membranes together at a distance
where membrane reorganization into a fuso-
genic state becomes favorable.51 SNARE-
mediated docking and fusion appears to be a
general strategy for combining independent

compartments in eukaryotic cells, but SNAREs
are not the only factors imparting targeting
specificity between intracellular membranes as
originally believed. A number of additional pro-
teins form tethering complexes to assist in this
process.52,53 In addition, SNARE assembly is not
inherently Ca2+-sensitive; additional factors are
required for regulation of synaptic vesicle fusion.
Synaptotagmin 1, a Ca2+-binding protein, has
been shown to be a sensor for Ca2+-induced
fusion events.54,55 Other factors such as
Munc18 (nSec1), Munc13, and complexin
bind to SNAREs and may play a role in regulat-
ing SNARE complex assembly.56-59 However, the
precise sequence of events and role of the various
components of Ca2+-triggered neurotransmitter
release remain to be elucidated.60

The crucial role of SNAREs in synaptic
exocytosis was illuminated by the discovery
that they are the physiologic targets of the
CNTs; in 1992, Schiavo and colleagues6

reported that the intracellular proteolytic
target of TeNT and BoNT/B is synaptobrevin.
The target sites of the other BoNT serotypes
are summarized in (see Fig. 4-1B).5,6,26,61,62

Remarkably, all CNT LCs target sites within
the core domains of SNARE proteins.

CNT LC PROTEASES

BoNT and TeNT LCs are among the most
selective proteases known.63 As mentioned
earlier, primary sequence and structural
analysis of LCs suggest that their enzymatic
mechanism is related to that of other Zn2+-
metalloproteases,20,21,64-66 but the structural
basis of SNARE target selectivity is unusual.
Oddly, the LCs do not appear to recognize a
consensus site, or even have rigorous require-
ments for particular side chains flanking the
scissile bond.67 Also, the LCs generally require
long stretches of their target SNAREs for optimal
efficiency.28,67-71 Indeed, point mutations in
SNARE regions remote from the scissile bond
can dramatically reduce LC efficiency.71-74

The cleavage-site selectivity of CNT-LCs is
remarkable. For example, the scissile bond in
SNAP-25 for BoNT/A (Gln197-Arg198) is
shifted by exactly one residue compared with
that for BoNT/C1 (Arg198-Ala199). BoNT/C1
cleaves only one of two identical neighboring
peptide bonds (Lys253-Ala254 and Lys260-
Ala261) in syntaxin-1A.26

The apo structures of all members of the
family of CNT-LCs are now available: BoNT/
A,20,74,75 BoNT/B,21 BoNT/C1,76 BoNT/D,77
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BoNT/E,64 BoNT/F,78 BoNT/G,79 and
TeNT65,66 (see Fig. 4-2C). The structural differ-
ences among the CNT-LCs are mostly limited
to solvent-exposed loops and potential sub-
strate interaction sites. The striking similarity
of LC active sites naturally leads to the question

of which LC features are determinants of sub-
strate selectivity. Furthermore, none of the LCs
efficiently cleave truncated substrate peptides
less than 20–30 residues. Rather, unusually
long stretches of residues of the substrates
are required for optimal cleavage.28,67,69-71

receptor binding
domain translocation

domain

LC
protease
domain

belt
A

B

sn25

sx

sb

FIGURE 4-2. Structures of apo CNTs and a ternary SNARE complex. A, Apo holotoxin structures: BoNT/A (PDB code 3BTA)20

(dark gray) and BoNT/B (PDB code 1EPW)21 (light gray). The LC protease, translocation, and receptor binding domains are

indicated. The structures were superimposed using the backbone atoms of the LC protease domain. The belt region is colored

black. B, Crystal structure of the neuronal SNARE complex39 consisting of synaptobrevin (sb, dark gray), syntaxin (sx, medium

gray), and SNAP-25 (sn25, light gray) (PDB code 1SFC). This structure represents the post-fusion state of the SNARE complex.

See Color Plate
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In general, long sequences that are located near
the N-termini of the scissile bonds appear to be
important for cleavage, as revealed by
mutagenesis studies on synaptobrevin and
SNAP-25.68,80 For example, the optimal
portion of SNAP-25 required for maximally
efficient cleavage by BoNT/A spans residues
146 to 202.28,81 Other CNTs require 30 to
60 residue stretches of their substrate for
efficient cleavage, regardless of scissile-bond
location.68-70 Moreover, point mutations
in SNAREs far remote from the scissile
bond can dramatically reduce the proteolysis
efficiency.72-74

The structure of a BoNT/A�SNAP-25 com-
plex74 finally provided insights into the basis
of LC substrate selectivity. To date, this is the
only structure of a complex between a CNT-LC
and its substrate; a previous report of the struc-
ture of a complex between BoNT/A-LC
and synaptobrevin82 is not supported by the
experimental data.74,83 Remarkably, SNAP-25
wraps around most of the LC’s circumference;
the extensive interface between the enzyme

and its substrate is not restricted to the active
site (Fig. 4-3A). Moreover, in contrast to the
contiguous helical conformation observed in
the ternary SNARE complex,39 SNAP-25
adopts three distinct types of secondary struc-
ture upon binding to BoNT/A. The N-terminal
residues of SNAP-25 (147–167) form an
a-helix, the C-terminal residues (201–204)
form a distorted b-strand, and residues in
between are mostly extended.74 Mutagenesis
and kinetics experiments demonstrated that
the N-terminal a-helix and the C-terminal
b-sheet are critical for an efficient substrate
binding and cleavage, and are termed a- and
b-exosites, respectively. The structure con-
firmed the existence of such exosites, which
had been postulated before based on biochem-
ical experiments.72,84

The highly unusual extended enzyme-
substrate interface used by BoNT/A serves to
properly orient its conformationally variable
SNARE target such that the scissile peptide
bond is placed within close proximity of the
catalytic motif of the enzyme. Notably, many

C
FIGURE 4-2 cont’d. C, An overall superposition of the LC protease structures from all seven serotypes of BoNTs and TeNT:

BoNT/A (PDB code 1XTF),20,74,75 BoNT/B (1EPW),21 BoNT/C1 (2QN0), BoNT/D (2FPQ),77 BoNT/E (1T3A),64 BoNT/F (2A8A),78 BoNT/

G (1ZB7),79 and TeNT (1Z7H).65 Despite their different substrate specificities, CNT-LCs display high structural similarity.

See Color Plate
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of the interactions that impart substrate
specificity occur on the face of the protease
that is opposite to its active site (a-exosite),
and the C-terminus of the substrate (b-exosite)
induces a conformational change in the
active site pocket, probably rendering the pro-
tease competent for catalysis. The multisite
binding strategy used by BoNT/A accounts for
the extreme selectivity of this enzyme. The
structure of the BoNT/A�SNAP-25 complex
vividly illustrates the extent of substrate that
must be available for efficient proteolysis
to occur. SNAREs exhibit considerable
conformational variability; they can exist as
monomeric components with little secondary
structure, as partially structured SNARE
complexes or subcomplexes, or in complex

with regulatory factors.85 Thus, BoNT/A proba-
bly cannot efficiently hydrolyze SNAP-25 if any
portion of the C-terminal core domain is
already incorporated into a ternary SNARE
complex (see Fig. 4-2B) or bound to a regula-
tory factor.

The structural and enzyme kinetics studies of
the BoNT/C1-LC have provided further infor-
mation regarding the toxin-substrate interac-
tion.76 BoNT/C1-LC is unique among all
BoNTs in that it exhibits dual specificity
toward both syntaxin and SNAP-25.
Interestingly, although both BoNT/A and
BoNT/C1 cleave SNAP-25, the scissile bond is
shifted by only a single residue (Gln197-
Arg198 for BoNT/A and Arg198-Ala199 for
BoNT/C1). Structural modeling revealed that
the remote a-exosite that was previously
identified in the complex of BoNT/A-LC
and SNAP-25 is structurally conserved in
BoNT/C1. Single site mutations in the pre-
dicted a-exosite of BoNT/C1 had a significant
but less severe effect on SNAP-25 cleavage in
comparison to that of BoNT/A, suggesting
that this region plays a less stringent role
on substrate discrimination. Such a ‘‘promis-
cuous’’ substrate-binding strategy by the
a-exosite could account for its dual substrate
specificity. As a crucial supplement to the
function of the remote a-exosite, the scissile-
bond proximal exosites probably ensure the
correct register for hydrolysis. This includes
the b-exosite as observed on BoNT/A and key
residues surrounding the scissile peptide bond.
A small, distinct pocket (S1’) near the active site
of BoNT/C1 was found that potentially ensures
the correct register for the cleavage site by only
allowing alanine as the P1’ residue for
both SNAP-25 and syntaxin. Mutations of this
SNAP-25 residue dramatically reduced enzy-
matic activity of BoNT/C1.76

The crystal structure of the BoNT/A-
LC�SNAP-25 complex revealed a small loop
(residues 183–190) that detaches from the sur-
face of BoNT/A-LC and separates the a-exosite
from the active site. This loop may be able to
accommodate the necessary ‘‘slack’’ for the
cleavage-site register shift between BoNT/A
and BoNT/C1 while maintaining the approxi-
mate position of the a-exosite. Consistent with
this notion, there is little effect on substrate
cleavage on insertion of up to three extra
residues in this loop.76 The divided roles for
substrate discrimination among different
exosites could provide some flexibility of the
precise scissile bond position while ensuring
high overall substrate specificity.
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FIGURE 4-3. Interactions between BoNTs and synaptic

vesicle proteins. A, Structure of the BoNT/A�SNAP-25

complex. The protease component of BoNT/A forms an

extended interface with the C-terminal core domain of

SNAP-25. Multiple sites of enzyme-substrate interaction

remote from the catalytic Zn2+ and associated nucleophile

extend around most of the toxin’s circumference, imparting

the protease with exquisite specificity. SNAP-25 is unstruc-

tured in the absence of a binding partner but adopts a mix

of a-helix, b-sheet, and extended conformations when com-

plexed with BoNT/A. See Color Plate
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RECEPTOR INTERACTIONS

Complex gangliosides, a class of glycosphingo-
lipids that are particularly abundant in the
outer leaflet of nerve cell membranes, have
long been recognized to function as receptors

for CNT-HCs. Later, the existence of two classes
of binding sites distinguished by different
affinities and protease-sensitivities86,87 led
to a dual-receptor concept: complex ganglio-
sides first accumulate CNTs on the plasma
membrane surface before protein receptors

membrane

membrane

Syt

Syt

TM

N

HC

LC HN

C

sialyllactose

sialyllactose

B

C
FIGURE 4-3 cont’d. B, Proposed binding mode of BoNT/B on the membrane surface. The structure of a sialyllactose-bound

BoNT/B (PDB code 1F31) was superimposed on the complex of BoNT/B-HCC and synaptotagmin II by using the coordinates of

the HCC fragment for the alignment. The LC, the amino-terminal part of the heavy chain (HCN), and the carboxy-terminal

domain of the heavy chain (HCC) are shown. C, A close-up view of the proposed interface between BoNT/B and membrane.

Four lysine residues that are conserved in synaptotagmins I and II are shown as sticks. See Color Plate
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subsequently mediate their endocytosis, with a
different protein receptor being recognized by
each BoNT.22,88,89 Such a dual-receptor bind-
ing process could account for the extraordinary
binding affinity and specificity of CNTs.

Ganglioside-binding sites have been identi-
fied for several CNTs.21,90,91 The structure of a
complex between BoNT/B and sialyllactose
revealed a conserved binding pocket,21 which
was also shown to be essential for ganglioside
recognition of BoNT/A, BoNT/B, and
TeNT.91,92 The amino acids that form this bind-
ing site are conserved among all CNTs except
BoNT/D. The trisialoganglioside GT1b was
found to interact with the receptor binding
domains of BoNT/A, BoNT/B, and TeNT.91,92

At present, the only protein receptors to have
been identified are synaptotagmin I and synap-
totagmin II for BoNT/B and BoNT/G, respec-
tively, and synaptic vesicle protein SV2
(isoforms A, B and C) for BoNT/A.93-97

Furthermore, BoNT/A and B were observed to
bind synaptic vesicle protein complexes in syn-
aptosome lysates.98 The complexes comprised
several proteins including synaptotagmin I,
SV2, synaptophysin, VAMP2, and the vacuolar
proton pump. However, it is unknown if any of
these proteins play a role in the toxin binding
and endocytosis processes in addition to synap-
totagmins and SV2. In contrast to these CNTs,
TeNT may have two ganglioside binding sites
and no protein receptor has yet been found.92

The BoNT protein receptors SV2 and synap-
totagmins I and II are localized to synaptic vesi-
cles. The luminal domains of these protein
receptors become exposed to the extracellular
space when synaptic vesicles fuse with the pre-
synaptic membrane on depolarization of the
presynaptic terminal. This is likely the temporal
window through which BoNTs interact with
their specific receptors. Similarly, it is probably
during this period that passive neutralizing
antitoxins can act.99

Synaptotagmins are a family of transmem-
brane proteins that trigger Ca2+-dependent
neurotransmitter release. Synaptotagmins I
and II are essential for synaptic transmission
in neuromuscular junctions.100 BoNT/B and
BoNT/G bind to the luminal domains of
synaptotagmins I and II when they are exposed
on the neuronal cell surface. The carboxy-term-
inal domain of the heavy chain (HCC) of
BoNT/B is solely responsible for specific bind-
ing with the luminal domains of synaptotag-
mins I and II.93,97 The luminal domain of
synaptotagmin II is unstructured in solu-
tion.101 Upon binding to BoNT/B, it folds

into an a-helix, which binds at the distal tip
of the HCC of BoNT/B in a saddle-shaped crev-
ice on the surface (see Fig. 4-3B).101,102 The
extensive intermolecular interface has a buried
surface area of about 1200 Å2, involving mostly
hydrophobic residues and complementary salt
bridges.

The toxin-receptor interactions are highly
specific. Mutations in the synaptotagmin bind-
ing cleft greatly reduce the toxicity of BoNT/B
by up to 1000-fold and are more significant
than mutations in the ganglioside-binding
pocket.101 The structure of the BoNT/B synap-
totagmin II complex also sheds light on the
interaction of BoNT/G with its receptor.
BoNT/G is the closest homolog to BoNT/B
and also binds to the membrane-proximal
region of synaptotagmin I and II.97 Primary
sequence analysis revealed that the synaptotag-
min binding site is conserved among BoNT/B
and BoNT/G but not in other toxin family
members. Mutations of some of the BoNT/G
residues that are equivalent to the synaptotag-
min-interacting residues on BoNT/B signifi-
cantly decrease the binding affinities between
synaptotagmins and BoNT/G.103 Taken
together, BoNT/B and G likely employ the
same strategy for receptor binding.

The dual-receptor hypothesis for BoNTs was
proposed more than 20 years ago,88 but the
spatial and functional relationship between
these two receptors had been unclear. Crystal
structures now offer clues about this relation-
ship: the luminal domain of synaptotagmin II
and a sialyllactose carbohydrate moiety occupy
two adjacent but nonoverlapping binding sites
(see Fig. 4-3C).21,90,91,101 Ganglioside or synap-
totagmin binding does not cause significant
structural changes in the HCC domain.
However, they appear to act synergistically;
the dissociation constant between the recep-
tor-binding domain of BoNT/B and the lumi-
nal domain of synaptotagmin II in solution is
more than 100-fold larger than that measured
between BoNT/B and full-length synaptotag-
min II (including the transmembrane region)
in the presence of gangliosides and micelles.96

Deletion of the transmembrane domain of
synaptotagmin I abolishes ganglioside-depen-
dent binding.104 Clearly, further experiments
are needed to characterize potential intramem-
brane interactions between the two receptors.
Nevertheless, toxin-receptor interactions may
be different for other members of the CNT
family. As mentioned earlier, two carbohy-
drate-binding sites in the C-terminal part of
the heavy chain fragment of TeNT are required
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for its function.92 These different mechanisms
of cell-surface recognition may explain the
differences in CNT trafficking in peripheral
neurons. Characterization of both the protein
and lipid receptor sites could provide an
approach to retarget BoNTs to different
cell types by site-directed mutagenesis. Such
modified BoNTs could possibly be used as
drug delivery systems.105

For CNTs, proper orientation on the mem-
brane surface is important for efficient endocy-
tosis and subsequent translocation of the light
chain to the cytosol.106,107 In the case of BoNT/
B, the simultaneous attachment of synaptotag-
min and ganglioside ligands imposes geometric
restrictions on the position of BoNT/B
with respect to the membrane surface (see
Fig. 4-3B–C). Two strongly negatively charged
molecular surfaces, which remain charged even
in an acidic endosomal lumen, further restrict
the orientation of BoNT/B on the membrane
surface. In addition, four solvent-exposed
lysine residues are conserved in both synapto-
tagmins I and II (see Fig. 4-3C), which may
interact with phospholipid headgroups. The
interactions between the toxin’s heavy chain
and nearby negatively charged phospholipids
appear to stabilize the toxin on membranes.22

Interestingly, the receptor binding region,
especially around the synaptotagmin II binding
site, was recognized by mouse anti-BoNT/B
antibodies.108

It is conceivable that CNTs first interact with
the oligosaccharide portion of polysialogan-
gliosides, which are highly enriched at nerve
terminals, causing the CNT to adhere to the
neuronal cell surface. Upon binding to exposed
gangliosides, the toxins will be constrained to
the plasma membrane surface, thereby
significantly increasing localized toxin concen-
tration.109 The toxin-ganglioside complex
could then diffuse laterally before binding
to a second, less abundant, protein receptor.
The abundance of polysialogangliosides
ensures high trapping efficiency, whereas
enhanced specificity is conferred by the protein
receptor.

CONCLUSIONS

The remarkable specificity of the CNT-LC
proteases is attributed to the existence of
multiple substrate-binding sites including
exosites that are remote from the scissile
bond. In addition, CNTs also exhibit high spec-
ificity for neuronal cell-surface receptors. It is

noteworthy that CNTs bind to one component
of the synaptic vesicle fusion machinery
(synaptotagmins or SV2s), and then cleave
another on entry (SNAREs). Clearly, more
structures of the CNTs in complex with their
substrates or receptors are needed to investigate
if the receptor and substrate recognition
mechanisms are conserved among CNTs and
to provide starting points for structure-based
inhibitor development.

Very limited information is currently avail-
able regarding the function of the N-terminal
part of the heavy chain (belt domain) and the
translocation domain (see Fig. 4-2A). As
discussed in a recent review, the CNT heavy
chain belt might act as a surrogate pseudosub-
strate inhibitor of the LC protease or as a
chaperone during the translocation step.110

A better molecular understanding of the mech-
anism of action of CNTs has the potential to
yield new clinical applications.

ACKNOWLEDGMENTS

ATB acknowledges support by the Department
of Defense and Defense Threat Reduction
Agency proposal number 3.10024_06_RD_B.

References
1. Hatheway CL. Toxigenic clostridia. Clin Microbiol Rev.

1990;3:66-98.
2. Montecucco C, Schiavo G. Structure and function of

tetanus and botulinum neurotoxins. Q Rev Biophys.
1995;28:423-472.

3. Erbguth FJ. Historical notes on botulism, Clostridium
botulinum, botulinum toxin, and the idea of the
therapeutic use of the toxin. Mov Disord.
2004;19(Suppl 8):S2-S6.

4. Kao I, Drachman DB, Price DL. Botulinum toxin:
mechanism of presynaptic blockade. Science.
1976;193:1256-1258.

5. Blasi J, Chapman ER, Link E, Binz T, Yamasaki S, De
Camilli P, et al. Botulinum neurotoxin A selectively
cleaves the synaptic protein SNAP-25. Nature.
1993;365:160-163.

6. Schiavo G, Benfenati F, Poulain B, Rossetto O,
Polverino de Laureto P, et al. Tetanus and botuli-
num-B neurotoxins block neurotransmitter release by
proteolytic cleavage of synaptobrevin. Nature.
1992;359:832-835.

7. Sobel J, Tucker N, Sulka A, McLaughlin J, Maslanka S.
Foodborne botulism in the United States, 1990-2000.
Emerg Infect Dis. 2004;10:1606-1611.

8. Kessler KR, Benecke R. Botulinum toxin: from poison
to remedy. Neurotoxicology. 1997;18:761-770.

9. Gui D, Rossi S, Runfola M, Magalini SC. Review article:
botulinum toxin in the therapy of gastrointestinal motil-
ity disorders. Aliment Pharmacol Ther. 2003;18:1-16.

10. Charles PD. Botulinum neurotoxin serotype A: a clin-
ical update on non-cosmetic uses. Am J Health Syst
Pharm. 2004;61(Suppl 6):S11-S23.

49INTERACTIONS BETWEEN BOTULINUM NEUROTOXINS AND SYNAPTIC VESICLE PROTEINS



11. Munchau A, Bhatia KP. Uses of botulinum toxin injec-
tion in medicine today. BMJ. 2000;320:161-165.

12. Niemann H, Blasi J, Jahn R. Clostridial neurotoxins:
new tools for dissecting exocytosis. Trends Cell Biol.
1994;179-185.

13. Helting TB, Parschat S, Engelhardt H. Structure of
tetanus toxin. Demonstration and separation of a
specific enzyme converting intracellular tetanus toxin
to the extracellular form. J Biol Chem. 1979;254:
10728-10733.

14. Weller U, Dauzenroth ME, Meyer ZU, Heringdorf D,
Habermann E. Chains and fragments of tetanus toxin.
Separation, reassociation and pharmacological proper-
ties. Eur J Biochem. 1989;182:649-656.

15. Schiavo G, Papini E, Genna G, Montecucco C. An
intact interchain disulfide bond is required for the
neurotoxicity of tetanus toxin. Infect Immun.
1990;58:4136-4141.

16. Turton K, Chaddock JA, Acharya KR. Botulinum and
tetanus neurotoxins: structure, function and therapeu-
tic utility. Trends Biochem Sci. 2002;27:552-558.

17. Fujinaga Y, Inoue K, Watarai S, Sakaguchi Y, Arimitsu
H, Lee JC, et al. Molecular characterization of binding
subcomponents of Clostridium botulinum type C pro-
genitor toxin for intestinal epithelial cells and
erythrocytes. Microbiology. 2004;150(Pt 5):1529-1538.

18. Binz T, Kurazono H, Wille M, Frevert J, Wernars K,
Niemann H. The complete sequence of botulinum
neurotoxin type A and comparison with other clostrid-
ial neurotoxins. J Biol Chem. 1990;265:9153-9158.

19. Lacy DB, Stevens RC. Sequence homology and struc-
tural analysis of the clostridial neurotoxins. J Mol Biol.
1999;291:1091-1104.

20. Lacy DB, Tepp W, Cohen AC, DasGupta BR, Stevens
RC. Crystal structure of botulinum neurotoxin type A
and implications for toxicity. Nat Struct Biol.
1998;5:898-902.

21. Swaminathan S, Eswaramoorthy S. Structural analysis
of the catalytic and binding sites of Clostridium botu-
linum neurotoxin B. Nat Struct Biol. 2000;7:693-699.

22. Schiavo G, Matteoli M, Montecucco C. Neurotoxins
affecting neuroexocytosis. Physiol Rev. 2000;80:
717-766.

23. Simpson LL. Identification of the major steps in botu-
linum toxin action. Annu Rev Pharmacol Toxicol.
2004;44:167-193.

24. Kurazono H, Mochida S, Binz T, Eisel U, Quanz M,
Grebenstein O, et al. Minimal essential domains spe-
cifying toxicity of the light chains of tetanus toxin and
botulinum neurotoxin type A. J Biol Chem.
1992;267:14721-14729.

25. Blasi J, Chapman ER, Yamasaki S, Binz T, Niemann H,
Jahn R. Botulinum neurotoxin C1 blocks neurotrans-
mitter release by means of cleaving HPC-1/syntaxin.
Embo J. 1993;12:4821-4828.

26. Schiavo G, Shone CC, Bennett MK, Scheller RH,
Montecucco C. Botulinum neurotoxin type C cleaves
a single Lys-Ala bond within the carboxyl-terminal
region of syntaxins. J Biol Chem. 1995;270:
10566-10570.

27. Foran P, Lawrence GW, Shone CC, Foster KA, Dolly
JO. Botulinum neurotoxin C1 cleaves both syntaxin
and SNAP-25 in intact and permeabilized chromaffin
cells: correlation with its blockade of catecholamine
release. Biochemistry. 1996;35:2630-2636.

28. Vaidyanathan VV, Yoshino K, Jahnz M, Dorries C, Bade
S, Nauenburg S, et al. Proteolysis of SNAP-25 isoforms
by botulinum neurotoxin types A, C, and E: domains
and amino acid residues controlling the formation of

enzyme-substrate complexes and cleavage.
J Neurochem. 1999;72:327-337.

29. Williamson LC, Halpern JL, Montecucco C, Brown JE,
Neale EA. Clostridial neurotoxins and substrate prote-
olysis in intact neurons: botulinum neurotoxin C acts
on synaptosomal-associated protein of 25 kDa. J Biol
Chem. 1996;271:7694-7699.

30. Van der Kloot W. Loading and recycling of synaptic
vesicles in the Torpedo electric organ and the verte-
brate neuromuscular junction. Prog Neurobiol.
2003;71:269-303.

31. Aravanis AM, Pyle JL, Tsien RW. Single synaptic vesicles
fusing transiently and successively without loss of
identity. Nature. 2003;423:643-647.

32. Gandhi SP, Stevens CF. Three modes of synaptic vesic-
ular recycling revealed by single-vesicle imaging.
Nature. 2003;423:607-613.

33. Sudhof TC. The synaptic vesicle cycle. Annu Rev
Neurosci. 2004;27:509-547.

34. Harbury PA. Springs and zippers: coiled coils in
SNARE-mediated membrane fusion. Structure.
1998;6:1487-1491.

35. Schuette CG, Hatsuzawa K, Margittai M, Stein A,
Riedel D, Kuster P, et al. Determinants of liposome
fusion mediated by synaptic SNARE proteins. Proc
Natl Acad Sci U S A. 2004;101:2858-2863.

36. Sollner TH. Intracellular and viral membrane fusion: a
uniting mechanism. Curr Opin Cell Biol. 2004;16:
429-435.

37. Sollner T. SNAREs and targeted membrane fusion.
FEBS Lett. 1995;369:80-83.

38. Veit M, Sollner TH, Rothman JE. Multiple palmitoyla-
tion of synaptotagmin and the t-SNARE SNAP-25.
FEBS Lett. 1996;385:119-123.

39. Sutton RB, Fasshauer D, Jahn R, Brunger AT. Crystal
structure of a SNARE complex involved in synaptic
exocytosis at 2.4 A resolution. Nature. 1998;395:
347-353.

40. Otto H, Hanson PI, Jahn R. Assembly and disassembly
of a ternary complex of synaptobrevin, syntaxin, and
SNAP-25 in the membrane of synaptic vesicles. Proc
Natl Acad Sci U S A. 1997;94:6197-6201.

41. Hanson PI, Roth R, Morisaki H, Jahn R, Heuser JE.
Structure and conformational changes in NSF and
its membrane receptor complexes visualized by
quick-freeze/deep-etch electron microscopy. Cell.
1997;90:523-535.

42. Lin RC, Scheller RH. Structural organization of the
synaptic exocytosis core complex. Neuron. 1997;19:
1087-1094.

43. Matos MF, Mukherjee K, Chen X, Rizo J, Sudhof TC.
Evidence for SNARE zippering during Ca2+-triggered
exocytosis in PC12 cells. Neuropharmacology.
2003;45:777-786.

44. Fasshauer D, Bruns D, Shen B, Jahn R, Brunger AT.
A structural change occurs upon binding of syntaxin
to SNAP-25. J Biol Chem. 1997;272:4582-4590.

45. Hazzard J, Sudhof TC, Rizo J. NMR analysis of the
structure of synaptobrevin and of its interaction with
syntaxin. J Biomol NMR. 1999;14:203-207.

46. Fiebig KM, Rice LM, Pollock E, Brunger AT. Folding
intermediates of SNARE complex assembly. Nat Struct
Biol. 1999;6:117-123.

47. Ossig R, Schmitt HD, de Groot B, Riedel D, Keranen S,
Ronne H, et al. Exocytosis requires asymmetry in the
central layer of the SNARE complex. EMBO J.
2000;19:6000-6010.

48. Fasshauer D, Eliason WK, Brunger AT, Jahn R.
Identification of a minimal core of the synaptic

50 BOTULINUM TOXIN: THERAPEUTIC CLINICAL PRACTICE & SCIENCE



SNARE complex sufficient for reversible assembly and
disassembly. Biochemistry. 1998;37:10354-10362.

49. Ernst JA, Brunger AT. High resolution structure, stabi-
lity, and synaptotagmin binding of a truncated neuro-
nal SNARE complex. J Biol Chem. 2003;278:8630-
8636.

50. Kubista H, Edelbauer H, Boehm S. Evidence for struc-
tural and functional diversity among SDS-resistant
SNARE complexes in neuroendocrine cells. J Cell Sci.
2004;117(Pt 6):955-966.

51. Fasshauer D. Structural insights into the SNARE mech-
anism. Biochim Biophys Acta. 2003;1641:87-97.

52. Chen YA, Scheller RH. SNARE-mediated membrane
fusion. Nat Rev Mol Cell Biol. 2001;2:98-106.

53. Sollner T, Whiteheart SW, Brunner M, Erdjument-
Bromage H, Geromanos S, Tempst P, et al. SNAP recep-
tors implicated in vesicle targeting and fusion. Nature.
1993;362:318-324.

54. Fernandez-Chacon R, Shin OH, Konigstorfer A, Matos
MF, Meyer AC, Garcia J, et al. Structure/function anal-
ysis of Ca2+ binding to the C2A domain of synapto-
tagmin 1. J Neurosci. 2002;22:8438-8446.

55. Fernandez-Chacon R, Konigstorfer A, Gerber SH,
Garcia J, Matos MF, Stevens CF, et al. Synaptotagmin
I functions as a calcium regulator of release probabil-
ity. Nature. 2001;410:41-49.

56. Misura KM, Scheller RH, Weis WI. Three-dimensional
structure of the neuronal-Sec1-syntaxin 1a complex.
Nature. 2000;404:355-362.

57. Dulubova I, Khvotchev M, Liu S, Huryeva I, Sudhof
TC, Rizo J. Munc18-1 binds directly to the neuronal
SNARE complex. Proc Natl Acad Sci U S A.
2007;104:2697-2702.

58. Tang J, Maximov A, Shin OH, Dai H, Rizo J, Sudhof
TC. A complexin/synaptotagmin 1 switch controls fast
synaptic vesicle exocytosis. Cell. 2006;126:1175-1187.

59. Basu J, Shen N, Dulubova I, Lu J, Guan R, Guryev O,
et al. A minimal domain responsible for Munc13 activ-
ity. Nat Struct Mol Biol. 2005;12:1017-1018.

60. Rizo J, Chen X, Arac D. Unraveling the mechanisms of
synaptotagmin and SNARE function in neurotransmit-
ter release. Trends Cell Biol. 2006;16:339-350.

61. Schiavo G, Santucci A, Dasgupta BR, Mehta PP, Jontes
J, Benfenati F, et al. Botulinum neurotoxins serotypes A
and E cleave SNAP-25 at distinct COOH-terminal pep-
tide bonds. FEBS Lett. 1993;335:99-103.

62. Yamasaki S, Binz T, Hayashi T, Szabo E, Yamasaki N,
Eklund M, et al. Botulinum neurotoxin type G
proteolyses the Ala81-Ala82 bond of rat synaptobrevin
2. Biochem Biophys Res Commun. 1994;200:829-835.

63. Oost T, Sukonpan C, Brewer M, Goodnough M,
Tepp W, Johnson EA, et al. Design and synthesis
of substrate-based inhibitors of botulinum neurotox-
in type B metalloprotease. Biopolymers. 2003;71:
602-619.

64. Agarwal R, Eswaramoorthy S, Kumaran D, Binz T,
Swaminathan S. Structural analysis of botulinum neu-
rotoxin type E catalytic domain and its mutant
Glu212–>Gln reveals the pivotal role of the Glu212
carboxylate in the catalytic pathway. Biochemistry.
2004;43:6637-6644.

65. Breidenbach MA, Brunger AT. 2.3 A crystal structure of
tetanus neurotoxin light chain. Biochemistry.
2005;44:7450-7477.

66. Rao KN, Kumaran D, Binz T, Swaminathan S.
Structural analysis of the catalytic domain of tetanus
neurotoxin. Toxicon. 2005;45:929-939.

67. Schmidt JJ, Bostian KA. Endoproteinase activity of type
A botulinum neurotoxin: substrate requirements and

activation by serum albumin. J Protein Chem.
1997;16:19-26.

68. Yamasaki S, Baumeister A, Binz T, Blasi J, Link E,
Cornille F, et al. Cleavage of members of the synapto-
brevin/VAMP family by types D and F botulinal
neurotoxins and tetanus toxin. J Biol Chem.
1994;269:12764-12772.

69. Foran P, Shone CC, Dolly JO. Differences in the pro-
tease activities of tetanus and botulinum B toxins
revealed by the cleavage of vesicle-associated mem-
brane protein and various sized fragments.
Biochemistry. 1994;33:15365-15374.

70. Cornille F, Martin L, Lenoir C, Cussac D, Roques BP,
Fournie-Zaluski MC. Cooperative exosite-dependent
cleavage of synaptobrevin by tetanus toxin light
chain. J Biol Chem. 1997;272:3459-3464.

71. Schmidt JJ, Bostian KA. Proteolysis of synthetic pep-
tides by type A botulinum neurotoxin. J Protein
Chem. 1995;14:703-708.

72. Rossetto O, Schiavo G, Montecucco C, Poulain B,
Deloye F, Lozzi L, et al. SNARE motif and neurotoxins.
Nature. 1994;372:415-416.

73. Pellizzari R, Rossetto O, Lozzi L, Giovedi S, Johnson E,
Shone CC, et al. Structural determinants of the specificity
for synaptic vesicle-associated membrane protein/
synaptobrevin of tetanus and botulinum type B and G
neurotoxins. J Biol Chem. 1996;271:20353-20358.

74. Breidenbach MA, Brunger AT. Substrate recognition
strategy for botulinum neurotoxin serotype A. Nature.
2004;432:925-929.

75. Segelke B, Knapp M, Kadkhodayan S, Balhorn R, Rupp
B. Crystal structure of Clostridium botulinum neuro-
toxin protease in a product-bound state: Evidence for
noncanonical zinc protease activity. Proc Nat Acad Sci
U S A. 2004;101:6888-6893.

76. Jin R, Sikorra S, Stegmann CM, Pich A, Binz T, Brunger
AT. Structural and biochemical studies of botulinum
neurotoxin serotype c1 light chain protease: implica-
tions for dual substrate specificity. Biochemistry.
2007;46:10685-10693.

77. Arndt JW, Chai Q, Christian T, Stevens RC. Structure of
botulinum neurotoxin type D light chain at 1.65
A resolution: repercussions for VAMP-2 substrate spec-
ificity. Biochemistry. 2006;45:3255-3262.

78. Agarwal R, Binz T, Swaminathan S. Structural analysis
of botulinum neurotoxin serotype F light chain: impli-
cations on substrate binding and inhibitor design.
Biochemistry. 2005;44:11758-11765.

79. Arndt JW, Yu W, Bi F, Stevens RC. Crystal structure of
botulinum neurotoxin type G light chain: serotype
divergence in substrate recognition. Biochemistry.
2005;44:9574-9580.

80. Binz T, Blasi J, Yamasaki S, Baumeister A, Link E,
Sudhof TC, et al. Proteolysis of SNAP-25 by types E
and A botulinal neurotoxins. J Biol Chem.
1994;269:1617-1620.

81. Chen S, Barbieri JT. Unique substrate recognition by
botulinum neurotoxins serotypes A and E. J Biol Chem.
2006;281:10906-10911.

82. Hanson MA, Stevens RC. Cocrystal structure of synap-
tobrevin-II bound to botulinum neurotoxin type B at
2.0 A resolution. Nat Struct Biol. 2000;7:687-692.

83. Rupp B, Segelke B. Questions about the structure of the
botulinum neurotoxin B light chain in complex with a
target peptide. Nat Struct Biol. 2001;8:663-664.

84. Washbourne P, Pellizzari R, Baldini G, Wilson MC,
Montecucco C. Botulinum neurotoxin types A and E
require the SNARE motif in SNAP-25 for proteolysis.
FEBS Lett. 1997;418:1-5.

51INTERACTIONS BETWEEN BOTULINUM NEUROTOXINS AND SYNAPTIC VESICLE PROTEINS



85. Brunger AT. Structure and function of SNARE and
SNARE-interacting proteins. Q Rev Biophys. 2006;38:
1-47.

86. Lazarovici P, Yavin E. Affinity-purified tetanus
neurotoxin interaction with synaptic membranes:
properties of a protease-sensitive receptor component.
Biochemistry. 1986;25:7047-7054.

87. Pierce EJ, Davison MD, Parton RG, Habig WH,
Critchley DR. Characterization of tetanus toxin bind-
ing to rat brain membranes. Evidence for a high-
affinity proteinase-sensitive receptor. Biochem J.
1986;236:845-852.

88. Montecucco C. How do tetanus and botulinum neu-
rotoxins bind to neuronal membranes? Trends Biochem
Sci. 1986;11:314-317.

89. Dolly JO. Probing the process of transmitter release
with botulinum and tetanus neurotoxin. Semin
Neurosci. 1994;6:149-158.

90. Eswaramoorthy S, Kumaran D, Swaminathan S.
Crystallographic evidence for doxorubicin binding to
the receptor-binding site in Clostridium botulinum
neurotoxin B. Acta Crystallogr D Biol Crystallogr.
2001;57(Pt 11):1743-1746.

91. Rummel A, Mahrhold S, Bigalke H, Binz T. The HCC-
domain of botulinum neurotoxins A and B exhibits a
singular ganglioside binding site displaying serotype
specific carbohydrate interaction. Mol Microbiol.
2004;51:631-643.

92. Rummel A, Bade S, Alves J, Bigalke H, Binz T. Two
carbohydrate binding sites in the H(CC)-domain of
tetanus neurotoxin are required for toxicity. J Mol
Biol. 2003;326:835-847.

93. Dong M, Richards DA, Goodnough MC, Tepp WH,
Johnson EA, Chapman ER. Synaptotagmins I and II
mediate entry of botulinum neurotoxin B into cells.
J Cell Biol. 2003;162:1293-1303.

94. Dong M, Yeh F, Tepp WH, Dean C, Johnson EA,
Janz R, et al. SV2 is the protein receptor for botulinum
neurotoxin A. Science. 2006;312:592-596.

95. Mahrhold S, Rummel A, Bigalke H, Davletov B, Binz T.
The synaptic vesicle protein 2C mediates the uptake of
botulinum neurotoxin A into phrenic nerves. FEBS
Lett. 2006;580:2011-2014.

96. Nishiki T, Tokuyama Y, Kamata Y, Nemoto Y, Yoshida A,
Sato K, et al. The high-affinity binding of Clostridium
botulinum type B neurotoxin to synaptotagmin II
associated with gangliosides GT1b/GD1a. FEBS Lett.
1996;378:253-257.

97. Rummel A, Karnath T, Henke T, Bigalke H, Binz T.
Synaptotagmins I and II act as nerve cell receptors for
botulinum neurotoxin G. J Biol Chem. 2004;279:
30865-30870.

98. Baldwin MR, Barbieri JT. Association of botulinum
neurotoxin serotypes A and B with synaptic vesicle pro-
tein complexes. Biochemistry. 2007;46:3200-3210.

99. Tacket CO, Shandera WX, Mann JM, Hargrett NT,
Blake PA. Equine antitoxin use and other factors that

predict outcome in type A foodborne botulism. Am J
Med. 1984;76:794-798.

100. Pang ZP, Sun J, Rizo J, Maximov A, Sudhof TC.
Genetic analysis of synaptotagmin 2 in spontaneous
and Ca2+-triggered neurotransmitter release. EMBO J.
2006;25:2039-2050.

101. Jin R, Rummel A, Binz T, Brunger AT. Botulinum
neurotoxin B recognizes its protein receptor with
high affinity and specificity. Nature. 2006;444:
1092-1095.

102. Chai Q, Arndt JW, Dong M, Tepp WH, Johnson EA,
Chapman ER, et al. Structural basis of cell surface
receptor recognition by botulinum neurotoxin B.
Nature. 2006;444:1096-1100.

103. Rummel A, Eichner T, Weil T, Karnath T, Gutcaits A,
Mahrhold S, et al. Identification of the protein recep-
tor binding site of botulinum neurotoxins B and G
proves the double-receptor concept. Proc Natl Acad Sci
U S A. 2007;104:359-364.

104. Kozaki S, Kamata Y, Watarai S, Nishiki T, Mochida S.
Ganglioside GT1b as a complementary receptor
component for Clostridium botulinum neurotoxins.
Microb Pathog. 1998;25:91-99.

105. Bade S, Rummel A, Reisinger C, Karnath T, Ahnert-
Hilger G, Bigalke H, et al. Botulinum neurotoxin type
D enables cytosolic delivery of enzymatically active
cargo proteins to neurones via unfolded
translocation intermediates. J Neurochem. 2004;91:
1461-1472.

106. Hoch DH, Romero-Mira M, Ehrlich BE, Finkelstein A,
DasGupta BR, Simpson LL. Channels formed by
botulinum, tetanus, and diphtheria toxins in planar
lipid bilayers: relevance to translocation of proteins
across membranes. Proc Natl Acad Sci U S A.
1985;82:1692-1696.

107. Koriazova LK, Montal M. Translocation of botulinum
neurotoxin light chain protease through the heavy
chain channel. Nat Struct Biol. 2003;10:13-18.

108. Dolimbek BZ, Steward LE, Aoki KR, Atassi MZ.
Immune recognition of botulinum neurotoxin B:
Antibody-binding regions on the heavy chain of the
toxin. Mol Immunol. 2007;45:910-924.

109. Montecucco C, Rossetto O, Schiavo G. Presynaptic
receptor arrays for clostridial neurotoxins. Trends
Microbiol. 2004;12:442-446.

110. Brunger AT, Breidenbach MA, Jin R, Fischer A, Santos
JS, Montal M. Botulinum neurotoxin heavy chain belt
as an intramolecular chaperone for the light chain.
PLoS Pathog. 2007;3:e113.

111. Humeau Y, Doussau F, Grant NJ, Poulain B. How
botulinum and tetanus neurotoxins block neuro-
transmitter release. Biochimie. 2000;82:427-446.

112. Lalli G, Bohnert S, Deinhardt K, Verastegui C,
Schiavo G. The journey of tetanus and botulinum
neurotoxins in neurons. Trends Microbiol. 2003;
11:431-437.

52 BOTULINUM TOXIN: THERAPEUTIC CLINICAL PRACTICE & SCIENCE



BLCA LCHC
1

2

3

4

FIGURE 4-1. Synaptic SNAREs are targeted by CNT light chains. A, A four-step model for CNT intoxication includes (1) neurospe-

cific cell-surface binding, (2) receptor-mediated endocytosis, (3) translocation of the light chain, and (4) SNARE-specific proteol-

ysis.16,111,112 The toxin heavy chain (HC, black) mediates cell-surface binding with ganglioside and glycoprotein receptors (orange).

Following endocytosis, the HC also mediates translocation of the light chain (LC, gray) if the endosome is acidified. LCs can target

the synaptic SNAREs, including vesicle-bound synaptobrevin (blue), presynaptic membrane-bound syntaxin (red), and SNAP-25

(green) before ternary SNARE complex formation. B, The relative locations of the peptide bonds hydrolyzed by LCs in the core

domains of SNARE proteins are shown. The cut sites of the seven botulinum neurotoxin serotypes (BoNT/A-G) and that of tetanus

toxin (TeNT) are indicated by arrows.
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FIGURE 4-2. Structures of apo CNTs and a ternary SNARE

complex. A, Apo holotoxin structures: BoNT/A (PDB code

3BTA)20 (magenta) and BoNT/B (PDB code 1EPW)21 (green).

The LC protease, translocation, and receptor binding domains

are indicated. The structures were superimposed using the

backbone atoms of the LC protease domain. B, Crystal struc-

ture of the neuronal SNARE complex39 consisting of synapto-

brevin (blue), syntaxin (red), and SNAP-25 (green) (PDB code

1SFC). This structure represents the post-fusion state of the

SNARE complex. C, An overall superposition of the LC prote-

ase structures from all seven serotypes of BoNTs and TeNT:

BoNT/A (PDB code 1XTF, green),20,74,75 BoNT/B (1EPW,

magenta),21 BoNT/C1 (gold), BoNT/D (2FPQ, blue),77 BoNT/E

(1T3A, cyan),64 BoNT/F (2A8A, red),78 BoNT/G (1ZB7,

orange),79 and TeNT (1Z7H, grey).65 Despite their different

substrate specificities, CNT-LCs display high structural similar-

ity. The zinc iron is indicated by a red sphere.
C



membrane

Syt

HC

LC HN

sialyllactose

B

membrane

Syt

TM

N

C

sialyllactose

C

hydrolysis
site

� exosite

�
 e

xo
si

te

C

A

FIGURE 4-3. Interactions between BoNTs and synaptic

vesicle proteins. A, Structure of the BoNT/A�SNAP-25

complex. The protease component of BoNT/A (gray)

forms an extended interface with the C-terminal core

domain of SNAP-25 (green). Multiple sites of enzyme-sub-

strate interaction remote from the catalytic Zn2+ (magenta

sphere) and associated nucleophile (blue sphere) extend

around most of the toxin’s circumference, imparting the

protease with exquisite specificity. SNAP-25 is unstructured

in the absence of a binding partner but adopts a mix of

a-helix, b-sheet, and extended conformations when com-

plexed with BoNT/A. B, Proposed binding mode of BoNT/B

on the membrane surface. The structure of a sialyllactose-

bound BoNT/B (PDB code 1F31) was superimposed on the

complex of BoNT/B-HCC and synaptotagmin II by using the

coordinates of the HCC fragment for the alignment. The LC,

the amino-terminal part of the heavy chain (HCN), and the

carboxy-terminal domain of the heavy chain (HCC) are

shown. C, A close-up view of the proposed interface

between BoNT/B and membrane. Four lysine residues

that are conserved in synaptotagmins I and II are colored

blue.



5Immune Recognition
of Botulinum

Neurotoxins A and B:
Molecular Elucidation
of Immune Protection

Against the Toxins

M. Zouhair Atassi and K. Roger Aoki

INTRODUCTION

We had previously localized the regions on the
H chain of botulinum neurotoxin A (BoNT/A)
that are recognized by mouse, horse, chicken
and human anti-BoNT/A antibodies (Abs)
and block the activity of the toxin in vivo.
The human Abs were from cervical dystonia
(CD) patients who had been treated with
BoNT/A and had become unresponsive to the
treatment. We also localized the regions
involved in BoNT/A binding to mouse brain
synaptosomes (snps). In the 3-D structure,
the Ab-binding regions, except for one, and
the snps-binding regions either coincide or
overlap. Thus occupancy of these sites by the
Abs prevents the toxin from binding to nerve
synapse and block toxin entry into the neuron.
The ability of the Abs to inhibit toxin binding
to snps permitted us to develop an in vitro
assay for neutralizing Abs based on the ability
of the Abs to inhibit BoNT/A-snps binding. We
also determined the regions on BoNT/B that
bind neutralizing anti-BoNT/B Abs from
horse, mouse and human (BoNT/B-treated
CD patients) and found that some of the

Ab-binding sites are also involved in the
binding of BoNT/B to mouse and rat synapto-
tagmin II. Thus analysis of the locations of the
Ab-binding on BoNT/A and /B, the snps-
binding regions on BoNT/A and the synapto-
tagmin II binding regions on BoNT/B provides
a molecular rationalization for the ability of
protecting Abs to block BoNT/A and BoNT/B
actions in vivo.

Botulinum neurotoxins (BoNTs) are pro-
duced by Clostridium botulinum in seven
serotypes (A through G, with many subtypes
for each serotype). BoNTs are the most potent
toxins known. They act on the nervous system by
blocking the release of acetylcholine from nerve
terminals at the neuromuscular junction,
thereby causing paralysis. The action is initiated
by binding of BoNT to a receptor on the cell sur-
face at the presynaptic neuromuscular junction.
Then endocytosis of the toxin-receptor complex
ensues and the internalized toxin blocks
neurotransmitter release (see Chapter 1).
The binding of BoNTs A and B to cell surface
receptor is a function of the H chain,1-13

whereas the L chain, a zinc endopeptidase,14 is
required for intracellular activity. It is now well

Dr. Atassi is a NAC member of the NTI, and he also receives research support from Allergan, Inc. Dr. Aoki is an employee of Allergan,
Inc., the manufacturer and marketer of Botox(r), a botulinum toxin based product described in this chapter.
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established that the H chain binds to the recep-
tor,15,16 thereby allowing the L chain, or a
combination of H and L chains, to be interna-
lized and cause paralysis.

In recent studies, we mapped the regions on
BoNTs A and B that bind neutralizing Abs
against the correlate toxin from human,
mouse, and other species.17-21 These localiza-
tions were achieved by employing a panel
of 60 uniform-size synthetic overlapping
peptides that encompassed the entire H chain
of each toxin serotype and determining their
abilities to bind Abs against the correlate
toxin. We also used the BoNT/A H-chain
peptides to localize the regions on the H
chain that are involved in BoNT/A binding to
snps.11 Synaptotagmin (Syt-II) has been identi-
fied as a cell-surface receptor for BoNT/B. The
binding surfaces between BoNT/B and rat
synaptotagmin II (Syt-II)12 or mouse Syt-II13

were recently determined by x-ray crystallogra-
phy. A region that bound mouse Abs
overlapped21 with a recently defined site on
BoNT/B that binds to mouse and rat synapto-
tagmin II, thus providing a molecular explana-
tion for the neutralizing (protecting) activity of
these Abs.

Because intramuscular injection of BoNTs
produces a reversible local reduction of
motor neuron activity at the affected neuro-
muscular junctions, the toxins (mostly BoNT/
A and /B) are used to treat a variety of clinical
conditions associated with involuntary muscle
spasm and contractions, as well as in cosmetic
and other therapeutic applications.22-31

However, the therapeutic benefits are not
permanent, and therefore, the injections have
to be repeated every 3 to 6 months. After a few
treatments, some patients (less in the case
of BoNT/A than BoNT/B), the injections
elicit neutralizing Abs against the correlate
toxin, which reduce the benefit or render the
patient completely unresponsive to further
treatment.22,32-42

We have studied the molecular immune
responses to BoNT/A and /B in cervical
dystonia (CD) patients. CD is associated with
neck-muscle spasms that produce pain and
involuntary contractions, resulting in abnormal
neck movements and posture.37 Symptoms of
CD can be relieved by injecting the affected
muscle with a BoNT (usually type A or type
B). We will describe in the present article the
molecular specificity of neutralizing anti-
BoNT/A and anti-BoNT/B Abs from human
(CD patients who have become non-responsive

to BoNT treatment), mouse, and other species
and explain how these Abs thwart toxin action
by blocking the binding of each toxin to its
receptor.

METHOD FOR LOCALIZING
THE REGIONS OF IMMUNE
RECOGNITION ON THE H
CHAINS OF BoNT/A AND /B,
AND REGIONS THAT BIND
TO CELL RECEPTOR

This laboratory had previously introduced43 a
comprehensive synthetic method that was
designed to localize the entire profile of the
continuous regions on a protein that are
involved in immune (Ab and T-cell) recogni-
tion,17,22,43-52 as well as regions involved
in other binding activities.53 For example, it
has been used to localize the binding regions
on hemoglobin for haptoglobin54,55 on acetyl-
choline receptor for a-neurotoxins,56,57 the
subunit interacting surfaces in oligomeric
proteins58-60 and the extracellular topography
of membrane-bound receptors.61,62 The
approach employs consecutive synthetic over-
lapping peptides that encompass the entire
protein chain and have a uniform size and
fixed overlaps.

To localize the regions of immune recogni-
tion and receptor binding on the H chain of
BoNT/A and BoNT/B, we synthesized two
panels of 60 peptides each (29 HN and
31 HC) that encompassed entire H chain of
the respective toxin.17,19-22 The peptides were
19 residues each in size (except for peptide
C31, which was 22 and 24 residues in BoNT/
A and BoNT/B, respectively) and overlapped
consecutively by five residues (Table 5-1). We
determined the regions of T-cell recognition in
selected mouse strains63-65 and those recog-
nized by Abs from various species against the
correlate toxin.18,19,21 We also used these two
60-peptide panels to localize the regions recog-
nized by blocking Abs of mouse protection
assay (MPA)–positive sera from CD
patients20,21 who were treated with BoNT/A
or BoNT/B and had become resistant to further
treatment with the correlate toxin. To localize
the BoNT/A regions on the H chain that are
involved in the toxin’s binding to snps,
we employed the same panel of BoNT/A
peptides and determined their ability in
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TABLE 5-1 Synthetic Overlapping Peptides of the Heavy Chains of BoNT/A and /B

Peptide
Toxin

Residue
Number Numbers

Amino Acid
Sequence

BoNT/A N1 449–467 a l n d l c i k v n n w d l f f s p s

BoNT/B N1 442–460 a P G I C I D V D n E D L F f I A D K

BoNT/A N2 463–481 f f s p s e d n f t n d l n k g e e i

BoNT/B N2 456–474 f I A D K N S F S D D L S K N E R I E

BoNT/A N3 477–495 k g e e i t s d t n i e a a e e n I s

BoNT/B N3 470–488 N E R I E Y N T Q S N Y I E N D F P I

BoNT/A N4 491–509 e e n I s l d l i q q y y L t f n f d

BoNT/B N4 484–502 N D F P I N E l i L D T D L I S K I E

BoNT/A N5 505–523 t f n f d n e p e n i s I e n l s s d

BoNT/B N5 498–516 I S K I E L P S e n T E S L T D F N V

BoNT/A N6 519–537 n l s s d i i g q l e l m p n I e r f

BoNT/B N6 512–530 T D F N V D V P V Y e K Q p A I K K I

BoNT/A N7 533–551 n I e r f p n g k k y e l d k y t m f

BoNT/B N7 526–544 A I K K I F T D E N T I F Q Y L Y S Q

BoNT/A N8 547–565 k y t m f h y l r a q e f e h g k s r

BoNT/B N8 540–558 Y L Y S Q T F P L D I R D I S L T s S

BoNT/A N9 561–579 h g k s r i a l t n s v n e a l l n p

BoNT/B N9 554–572 S L T s S F D D A L L F S N K V Y S F

BoNT/A N10 575–593 a l l n p s r v y t f f s s d y v k k

BoNT/B N10 568–586 K V Y S F F S M D Y I K T A N K v V E

BoNT/A N11 589–607 d y v k k v n k a t e a a m f l g w v

BoNT/B N11 582–600 N K v V E A G L F A G W V K Q I V N D

BoNT/A N12 603–621 f l g w v e q l v y d f t d e t s e v

BoNT/B N12 596–614 Q I V N D F V I E A N K S N T M D K I

BoNT/A N13 617–635 e t s e v s t t d k i a d i t i i i p

BoNT/B N13 610–628 T M D K I A D I S L i V P Y I G L A L

BoNT/A N14 631–649 t i i i p y i g p a l n i g n m l y k

BoNT/B N14 624–642 I G L A L N V g N E T A K g n F E N A

BoNT/A N15 645–663 n m l y k d d f v g a l I f s g a v i

BoNT/B N15 638–656 n F E N A F E I A g a S I L L E F I P

BoNT/A N16 659–677 s g a v i l l e f i p e i a i p v l g

BoNT/B N16 652–670 L E F I P E l L I P V V G a F L L E S

BoNT/A N17 673–691 i p v l g t f a l v S Y i a n k v l t

BoNT/B N17 666–684 F L L E S Y I D N K N K i I K T I D N

BoNT/A N18 687–705 n k v l t v q t i d n a l s k r n e k

BoNT/B N18 680–698 K T I D N A L t K R n E K W S D M Y G

BoNT/A N19 701–719 k r n e k w d e v y k y i v t n w l a

BoNT/B N19 694–712 S D M Y G L I V A Q W L S T V n T Q F

BoNT/A N20 715–733 t n w l a k v n t q I d l i r k k m k

BoNT/B N20 708–726 V n T Q F Y T I K E G M Y K A L N Y Q

BoNT/A N21 729–747 r k k m k e a l e n q a e a t k a i i

BoNT/B N21 722–740 A L N Y Q A Q A L E E I I K Y R Y N i

BoNT/A N22 743–761 t k a i i n y q y n q y t e e e k n n

BoNT/B N22 736–754 Y R Y N i Y S E K E K S N I N I D F n

BoNT/A N23 757–775 e e k n n i n f n i d d l s s k l n e

BoNT/B N23 750–768 N I D F n D I N S K L N E G I N Q A I

Continued
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TABLE 5-1 Synthetic Overlapping Peptides of the Heavy Chains of BoNT/A and /B—Cont’d

Peptide
Toxin

Residue
Number Numbers

Amino Acid
Sequence

BoNT/A N24 771–789 s k l n e s i n k a m I n i n k f l n

BoNT/B N24 764–782 I N Q A I D N I N N F I n G C S V S Y

BoNT/A N25 785–803 n k f l n q c s v s y l m n s m i p y

BoNT/B N25 778–796 C S V S Y L M K K M I P L A V E K L L

BoNT/A N26 799–817 s m i p y g v k r l e d f d a s l k d

BoNT/B N26 792–810 V E K L L D F D N T L K K N L L N Y I

BoNT/A N27 813–831 a s l k d a l l k y i y d n r g t l i

BoNT/B N27 806–824 L L N Y I D E N k L Y L I G S A E Y E

BoNT/A N28 827–845 r g t l i g q v d r l k d k v n n t l

BoNT/B N28 820–838 S A E Y E K S K V N K Y L k T I M P F

BoNT/A N29 841–859 v n n t l s t d i p f q l s k y v d n

BoNT/B N29 834–852 T I M P F D L S i Y T N D T I L I E M

HC peptides

BoNT/A C1 855-873 K Y V D N Q R L L S T F T E Y I K N I

BoNT/B C1 848-866 I L I E M F N K Y N S E I L N N I I L

BoNT/A C2 869-887 Y I K N I I N T S I L N L R Y E S N H

BoNT/B C2 862-880 N N I I L N L R Y K D N N L I D L S G

BoNT/A C3 883-901 Y E S N H L I D L S R Y A S K I N I G

BoNT/B C3 876-894 I D L S G Y G A K V E V Y D G V E L N

BoNT/A C4 897-915 K I N I G S K V N F D P I D K N Q I Q

BoNT/B C4 890-908 G V E L N D K N Q F K L T S S A N S K

BoNT/A C5 911-929 K N Q I Q L F N L E S S K I E V I L K

BoNT/B C5 904-922 S A N S K I R V T Q N Q N I I F N S V

BoNT/A C6 925-943 E V I L K N A I V Y N S M Y E N F S T

BoNT/B C6 918-936 I F N S V F L D F S V S F W I R I P K

BoNT/A C7 939-957 E N F S T S F W I R I P K Y F N S I S

BoNT/B C7 932-950 I R I P K Y K N D G I Q N Y I H N E Y

BoNT/A C8 953-971 F N S I S L N N E Y T I I N C M E N N

BoNT/B C8 946-964 I H N E Y T I I N C M K N N S G W K I

BoNT/A C9 967-985 C M E N N S G W K V S L N Y G E I I W

BoNT/B C9 960-978 S G W K I S I R G N R I I W T L I D I

BoNT/A C10 981-999 G E I I W T L Q D T Q E I K Q R V V F

BoNT/B C10 974-992 T L I D I N G K T K S V F F E Y N I R

BoNT/A C11 995-1013 Q R V V F K Y S Q M I N I S D Y I N R

BoNT/B C11 988-1006 E Y N I R E D I S E Y I N R W F F V T

BoNT/A C12 1009-1027 D Y I N R W I F V T I T N N R L N N S

BoNT/B C12 1002-1020 W F F V T I T N N L N N A K I Y I N G

BoNT/A C13 1023-1041 R L N N S K I Y I N G R L I D Q K P I

BoNT/B C13 1016-1034 I Y I N G K L E S N T D I K D I R E V

BoNT/A C14 1037-1055 D Q K P I S N L G N I H A S N N I M F

BoNT/B C14 1030-1048 D I R E V I A N G E I I F K L D G D I

BoNT/A C15 1051-1069 N N I M F K L D G C R D T H R Y I W I

BoNT/B C15 1044-1062 L D G D I D R T Q F I W M K Y F S I F

BoNT/A C16 1065-1083 R Y I W I K Y F N L F D K E L N E K E

BoNT/B C16 1058-1076 Y F S I F N T E L S Q S N I E E R Y K

BoNT/A C17 1079-1097 L N E K E I K D L Y D N Q S N S G I L
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solution to inhibit the binding of BoNT/A to
mouse brain snps.11

This strategy is intended to localize the
regions within which binding sites reside43-47

but not to define the boundaries of the sites.
The approach has enabled mapping of the
continuous regions of molecular recognition

on the H chains of BoNT/A and /B but does
not ordinarily localize discontinuous recognition
sites, which might also play an important role
in the recognition of the two BoNTs by T cells,
Abs, and presynaptic cell surface receptor
(for definition of continuous and discontinuous
binding regions, see Atassi and Smith66).

TABLE 5-1 Synthetic Overlapping Peptides of the Heavy Chains of BoNT/A and /B—Cont’d

Peptide
Toxin

Residue
Number Numbers

Amino Acid
Sequence

BoNT/B C17 1072-1090 E E R Y K I Q S Y S E Y L K D F W G N

BoNT/A C18 1093-1111 N S G I L K D F W G D Y L Q Y D K P Y

BoNT/B C18 1086-1104 D F W G N P L M Y N K E Y Y M F N A G

BoNT/A C19 1107-1125 Y D K P Y Y M L N L Y D P N K Y V D V

BoNT/B C19 1100-1118 M F N A G N K N S Y I K L K K D S P V

BoNT/A C20 1121-1139 K Y V D V N N V G I R G Y M Y L K G P

BoNT/B C20 1114-1132 K D S P V G E I L T R S K Y N Q N S K

BoNT/A C21 1135-1153 Y L K G P R G S V M T T N I Y L N S S

BoNT/B C21 1128-1146 N Q N S K Y I N Y R D L Y I G E K F I

BoNT/A C22 1149-1167 Y L N S S L Y R G T K F I I K K Y A S

BoNT/B C22 1142-1160 G E K F I I R R K S N S Q S I N D D I

BoNT/A C23 1163-1181 K K Y A S G N K D N I V R N N D R V Y

BoNT/B C23 1156-1174 I N D D I V R K E D Y I Y L D F F N L

BoNT/A C24 1177-1195 N D R V Y I N V V V K N K E Y R L A T

BoNT/B C24 1170-1188 D F F N L N Q E W R V Y T Y K Y F K K

BoNT/A C25 1191-1209 Y R L A T N A S Q A G V E K I L S A L

BoNT/B C25 1184-1202 K Y F K K E E E K L F L A P I S D S D

BoNT/A C26 1205-1223 I L S A L E I P D V G N L S Q V V V M

BoNT/B C26 1198-1216 I S D S D E F Y N T I Q I K E Y D E Q

BoNT/A C27 1219-1237 Q V V V M K S K N D Q G I T N K C K M

BoNT/B C27 1212-1230 E Y D E Q P T Y S C Q L L F K K D E E

BoNT/A C28 1233-1251 N K C K M N L Q D N N G N D I G F I G

BoNT/B C28 1226-1244 K K D E E S T D E I G L I G I H R F Y

BoNT/A C29 1247-1265 I G F I G F H Q F N N I A K L V A S N

BoNT/B C29 1240-1258 I H R F Y E S G I V F E E Y K D Y F C

BoNT/A C30 1261-1279 L V A S N W Y N R Q I E R S S R T L G

BoNT/B C30 1254-1272 K D Y F C I S K W Y L K E V K R K P Y

BoNT/A C31 1275-1296 S R T L G C S W E F I P V D D G W G E
R P L

BoNT/B C31 1268-1291 K R K P Y N L K L G C N W Q F I P K D
E G W T E

BoNT/A, botulinum neurotoxin A; BoNT/B, botulinum neurotoxin B.

Synthetic overlapping peptides of the heavy (H) Chains of BoNT/A and /B, which we have prepared.17,19-22 The 60 peptides for

each toxin covered the entire sequence of the respective BoNT H Chain (residues 449-1296 of BoNT/A and 442–1291 of BoNT/B).

For a given toxin, each peptide overlapped by 5 residues with its consecutive neighbor. The peptides although displayed one

under the other are not intended to be aligned here for sequence homology. For sequence homology of toxin serotypes, see

Atassi and Oshima.22
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IMMUNE RECOGNITION
AND RECEPTOR

BINDING OF BoNT/A

REGIONS ON THE H CHAIN
OF BoNT/A THAT BIND
ANTITOXIN ANTIBODIES
FROM DIFFERENT HOST
SPECIES

We mapped the Ab and T-cell recognition
regions on the 848-residue H chain (residues
449–1296) of BoNT/A.17-19,22,63-65 Human,
horse, mouse, and chicken anti-BoNT/A Abs
recognized similar regions that exhibited
in some cases a frame shift of two to three
residues to the left or to the right.18 The shift
and the variability observed with different
antisera in the amounts of Abs bound to a
given peptide are consistent with what is
known about the immune recognition of
proteins.44,47,49,67

The Ab-recognition regions on the H chain
occupy surface areas in the BoNT/A three-
dimensional (3-D) structure, but the great
part of the surface is not immunogenic.
Regions recognized by the protective antisera
of the four different species are prime candi-
dates for inclusion in synthetic vaccine designs.

Although the work was designed to localize
the immunodominant regions, this is not to
imply in any way that the regions binding
lower amounts of Abs are of lesser immunolog-
ic significance. Protection by Abs is not only a
function of their levels in the antisera and the
regions to which they bind but also of their
affinity and often their immunoglobulin class
(see next section). The studies were designed to
localize the Ab-binding regions and the
amounts of Abs against each region but not
their affinity.17,18,63-65

MOLECULAR SPECIFICITY
OF NEUTRALIZING AND
NON-NEUTRALIZING
ANTI-BoNT/A ANTIBODIES

We have investigated in two high responder
(to BoNT/A) mouse strains (BALB/c, H2d, and
SJL, H2S), the H-chain regions recognized by

Abs in the last bleed of non-neutralizing anti-
BoNT/A antisera and of neutralizing antisera in
the bleed immediately following it in the
bleeding schedule.68 Although the neutralizing
antisera bound slightly higher amounts of total
(IgG + IgM) Abs, non-neutralizing and neutra-
lizing BALB/c Abs showed similar peptide-
binding profiles involving peptides N6/N7,
N25, C2/C3, C9/C10/C11, C15, C18, C24,
C30, and C31 and, at lower amounts of
bound Abs, peptides N19, C6/C7, and C28.
The total (IgG + IgM) Abs of the neutralizing
SJL antisera recognized peptides N5, N22, and
C21, and these peptides were only slightly
recognized (N22, C21) or unrecognized (N5)
by the non-neutralizing antisera. Additionally,
peptides N7/N8, N25, C11, C15, and less so
N27/N28 bound two-fold or more Abs
from the SJL neutralizing antisera than the
non-neutralizing antisera. The Abs bound to
peptides C4 and C29 were of relatively lower
affinity. Peptides C2/C3, C7, C18/C19, C24,
C30, and C31 bound higher amounts of Abs
in the SJL neutralizing versus the non-
neutralizing antisera, but the differences were
less than double. We also mapped the binding
profiles of the IgG Abs in these sera. BALB/c
and SJL had 13- to 36-fold higher levels of
IgG Abs that bound to BoNT/A in the neutra-
lizing antisera relative to non-neutralizing
antisera. The IgG Abs in the neutralizing
antisera of each mouse haplotype bound to
the same peptides that bound total Abs in the
correlate antiserum. But in both mouse strains,
the non-neutralizing Abs showed little or no
IgG Abs that bound to these peptides. In the
SJL haplotype, the IgG response to peptide
N5 was transient, appearing strongly in early
neutralizing Abs and disappearing by day 70.
It is not clear why the response to region
N5 plays a role in initiating and contributing
to the neutralizing activity of the toxin in the
SJL strain in the early stages but does not
appear to be needed in later hyperimmune
stages of the Ab response.

It was concluded68 that the switch in the
BALB/c and SJL mouse strains from non-
neutralizing to neutralizing Abs is not accom-
panied, in a given strain, with major changes in
the epitope-recognition profile. Although there
were some slight differences between non-
neutralizing and neutralizing antisera in the
levels of Abs bound by some peptides, these
differences were not sufficient to explain the
disparity in protection properties.68 Protection
was mostly linked to the immunoglobulin class
of the Abs. IgM Abs were non-neutralizing,
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whereas IgG Abs, which were produced after
the switch, were neutralizing.68

THE SYNAPTOSOME-
BINDING REGIONS ON THE
H CHAIN OF BoNT/A

In order for BoNTs to exert their toxic activity,
they need to bind to the neuron’s presynaptic
cell surface in the first step. The binding is a
function of the H subunit. We have
determined the regions on the H chain
that bind to snps.11 Inhibition of the binding
of 125I-labeled BoNT/A (50,000 cpm) to synap-
tosome (4 mL) was done with unlabeled toxin
or with the individual peptides. The snps, in
the absence or in the presence of different
amounts of unlabeled toxin, were incubated
with 125I-labeled toxin, (5 minutes, 378C) in
0.1 mL of Ringer’s solution. The experiments
were done in triplicates as described.11

The levels of binding of 125I-labeled toxin in
the presence of different amounts of unlabeled
toxin or peptide relative to the uninhibited
controls were used to determine the percent
of inhibition. The binding was completely
inhibited by unlabeled BoNT/A but not by
unrelated proteins, indicating that the binding
of 125I-labeled BoNT/A to snps was entirely
specific. The 50% inhibition value (IC50) was
obtained at an inhibitor concentration of 1.198
� 10�8 M. Inhibition studies with the individ-
ual peptides showed that, on the HN domain,
inhibitory activities greater than 10% were
displayed, in decreasing order, by peptides
799–817, 659–677, 729–747, 533–551,
701–719, and 757–775. Lower inhibitory activ-
ities (between 5.6% and 8.7%) were exhibited
by five other peptides, 463–481, 505–523,
519–537, 603–621, and 645–663. The remain-
ing 18 HN peptides had little or no inhibitory
activity. In the HC domain, peptides
1065–1083, 1163–1181, and 1275–1296 had
the highest inhibitory activities (between 25%
and 29%), followed (10%–12% inhibitory
activity) by peptides 1107–1125, 1191–1209,
and 1233–1251. Two other peptides,
1079–1097 and 1177–1195, had very low
(5.8% and 4.9%) inhibitory activities. The
remaining 23 HC peptides had no inhibitory
activity. Inhibition with mixtures of equimolar
quantities of the six most active peptides of HN,
5 of HC or all 11 of HN and HC revealed that
the peptides contain independent non-compet-
ing binding regions.11

The HC domain of BoNT/A has at least five
major snps-binding regions (Table 5-2 and
Fig. 5-1).11 Except for CS1, the snps-binding
regions within the HC domain mapped to
the C-terminal portion or HCC subdomain.
The finding that the HN carries significant
snps-binding regions was unexpected because
the domain itself does not bind to snps. It is
possible that the conformations of the binding
regions in the isolated HN domain are
disrupted by the proteolytic scission of the H
chain that is necessary to separate the HN and
HC domains. Furthermore, the free peptide in
solution displays conformational flexibility due
to equilibrium among conformational states
whose time average is random. When a confor-
mational state approaches the shape needed
for binding, it will do so and is removed thus

TABLE 5-2 Regions on the H Chain of
BoNT/A Corresponding to
Synaptosome-Inhibiting Peptides

From Maruta T, Dolimbek BZ, Aoki KR, Steward LE, Atassi

MZ. Mapping of the synaptosome-binding regions on the

heavy chain of botulinum neurotoxin A by synthetic

overlapping peptides encompassing the entire chain.

Protein J. 2004;23:539-552.
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shifting the equilibrium in its favor. No one
peptide completely inhibited BoNT/A binding
to snps, which suggested that the receptor has a
large binding area with multi-subsite attach-
ments. Of particular interest is snps-binding
region NS1 that is entirely contained within
the unique structural element that has been
termed the belt and surrounds the catalytic L
chain. The role that the belt plays in receptor
binding, translocation, and L chain delivery
through the membrane is currently unknown.

Five of the six snps-binding regions mapped
onto HN domain surfaces that display negative
electrostatic charges11 (Fig. 5-2). Two of these
regions, NS3 and NS4, occupy surfaces with
very strong electrostatic negative charges and
also correspond to regions that are largely

located at the interface of the L and H chains.
Unlike the snps-binding regions on the HN

domain, those on the HC domain exhibit no
particular pattern or surface potential charge
uniqueness but are a mix of electrostatic posi-
tive, negative, and neutral surface charges.

The peptides that bind protecting mouse
anti-BoNT/A Abs17,18,68 and those that bind
to mouse snps11 are compared in Figure 5-3.
In the HN domain, the major snps-binding
regions within peptides N16, N19, N21
and N23, as well as the minor regions within
peptides N2, N12, and N15, did not corre-
spond to binding regions of mouse Abs. But
the major snps-binding region within the over-
lap N6/N7 coincided with an Ab-binding
region, and the one within peptide N26

FIGURE 5-1. Space-filling images of botulinum neurotoxin A (BoNT/A) three-dimensional structure with the mouse brain

synaptosome (snps)–binding regions (A) front view, (B) back view (rotated 180 degrees on the Y-axis, relative to [A]), (C)

side view looking through the HC domain (rotated �90 degrees on the Y-axis, relative to [A]), (D) bottom view (rotated 90

degrees on the X-axis, relative to [B]), (E) side view looking through the L chain (rotated 90 degrees on the Y-axis, relative to

[A]), (F) same view as (E) but with the L chain removed. The snps-binding regions in the HN domain are labeled NS1–NS6, and

those in the HC domain are labeled CS1–CS5, corresponding to the designations in Table 5-2. The HN domain is shown in red,

the HC domain is shown in green, and the L chain is shown in yellow. The images were generated with the x-ray structure

coordinates of BoNT/A.76 (From Maruta T, Dolimbek BZ, Aoki KR, Steward LE, Atassi MZ. Mapping of the synaptosome-binding

regions on the heavy chain of botulinum neurotoxin A by synthetic overlapping peptides encompassing the entire chain.

Protein J. 2004;23:539-552.) See Color Plate
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FIGURE 5-2. Electrostatic potential surfaces of botulinum neurotoxin A (BoNT/A), with (right panel) and without (left panel)

mouse brain synaptosome (snps)–binding regions mapped on the surface (A) front view with and without snps-binding

regions mapped on the structure (right and left panels, respectively), (B) side view (rotated 90 degrees relative to [A] and

with the L chain removed), with and without snps-binding regions mapped on the surface (right and left panels, respectively).

The significant overlap of snps-binding regions NS3 and NS4 with negative electrostatic potential is highlighted with arrows.

Positive, negative, and neutral electrostatic potential surfaces are shown in blue, red, and white, respectively. The L chain is

shown in yellow stick form. The images were generated with the x-ray structure coordinates of BoNT/A from Lacy et al76 and the

electrostatic potential surfaces were calculated with DelPhi96-97 and mapped onto a solvent-accessible surface as computed by

INSIGHTII. (From Maruta T, Dolimbek BZ, Aoki KR, Steward LE, Atassi MZ. Mapping of the synaptosome-binding regions on the

heavy chain of botulinum neurotoxin A by synthetic overlapping peptides encompassing the entire chain. Protein J.

2004;23:539-552.) See Color Plate

FIGURE 5-3. Comparison of the H-chain peptides that bind mouse brain synaptosomes (snps) with those that bind blocking

(i.e., protecting) mouse anti–botulinum neurotoxin A (BoNT/A) antibodies. (From Maruta T, Dolimbek BZ, Aoki KR, Steward LE,

Atassi MZ. Mapping of the synaptosome-binding regions on the heavy chain of botulinum neurotoxin A by synthetic over-

lapping peptides encompassing the entire chain. Protein J. 2004;23:539-552.) See Color Plate
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shared an overlap with the Ab-binding region
within peptide N25. Therefore, Abs that bind
to the overlap N6/N7/N8 and to peptide N25
will be expected to block the ability of regions
N5/N6/N7 and N26, respectively, to bind to
snps. In the HC domain, the major snps-bind-
ing regions C16/C17, C19, C23/C24/C25, and
C31 either correspond to or overlap with
Ab-binding regions. Only the region within
peptide C28 was uniquely a snps-binding
region and did not bind mouse anti-BoNT/A
Abs. The limited set of snps-binding regions
that correspond to Ab-binding regions are
mapped onto the 3-D structure of BoNT/A in
Figure 5-4. The extensive correspondence
between the snps-binding and the Ab-binding

regions on the HC domain could explain the
high neutralizing capacity of anti-HC Abs.69-71

The initial step of receptor-mediated endo-
cytosis of BoNT involves binding to the cell
surface. In the endosomes, exposure of the
toxin to low pH causes it to undergo conforma-
tional changes that induce the H chain to form
a membrane channel that allows the light
chain to pass into the cytosol.72-75 The forma-
tion of the channel was proposed to involve, in
addition to initial the binding regions, other
contact regions on both the HC and HN

domains.11 Because Abs against a protein anti-
gen bind to surface locations on the 3-D struc-
ture of the correlate protein,18,47,53 neutralizing
Abs would for the most part block the initial

FIGURE 5-4. Space-filling images ([A]

front view, [B] back view rotated 180

degrees on the Y-axis, relative to [A])

showing the locations in the three-

dimensional structure of botulinum

neurotoxin A (BoNT/A) of the limited

set of major regions on the H chain

that bind to mouse brain synaptosomes

and which either coincide or overlap

with the regions that bind protective

(i.e., blocking) mouse anti-BoNT/A anti-

bodies. The HN domain is shown in red

and the HC domain is in green, whereas

the L chain is shown in yellow. The

antigenic regions were obtained

from Atassi and Dolimbek,18 and the

images were generated with the x-ray

structure coordinates of BoNT/A.76

(From Maruta T, Dolimbek BZ, Aoki KR,

Steward LE, Atassi MZ. Mapping of the

synaptosome-binding regions on the

heavy chain of botulinum neurotoxin A

by synthetic overlapping peptides

encompassing the entire chain. Protein

J. 2004;23:539-552.) See Color Plate
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binding regions. We deduced11 that the initial
binding areas on the 3-D structure of BoNT/A76

form the correspondence or overlap between
regions to which Abs bind and those that
bind to snps (see Fig. 5-4). The highest cluster-
ing of snps-binding regions resides on the
second half of the HC domain, a region of
BoNT/A that plays a critical role in receptor
binding. But there are also some binding
areas on the HN domain.

THE REGIONS ON THE
H-CHAIN OF BoNT/A
RECOGNIZED BY
ANTIBODIES OF CERVICAL
DYSTONIA PATIENTS WHO
BECAME UNRESPONSIVE TO
BoNT/A TREATMENT

CD is due to neck-muscle spasms that cause
pain and involuntary contractions, resulting
in abnormal neck movements and posture.
Symptoms can be relieved by injecting the
affected muscle with a BoNT (usually type A
or B). The therapeutic benefits are imperma-
nent, and toxin injections need to be repeated
every 3 to 6 months. In a very small percentage
of patients (less with BoNT/A than with BoNT/
B), the treatment elicits neutralizing antitoxin
antibodies, which reduce or terminate the
patient’s responsiveness to further treatment.
We have recently reported20 the localization
of the regions on the H chain of BoNT/A that
bind Abs in sera that have neutralizing anti-
BoNT/A Abs by the MPA from CD patients
who had been treated with BoNT/A (Botox,
Allergan, Irvine, CA). In previous studies,77

we found that human antitetanus neurotoxin
(TeNT) Abs cross-react with BoNT/A and
BoNT/B. So we devised an assay procedure
for measuring specific anti-BoNT/A Abs in
human sera by absorbing out or inhibiting
the anti-TeNT Abs with TeNT before analyzing
the sera for the anti-BoNT/A Abs. The sera were
obtained from 28 CD patients who had
become unresponsive to treatment with
BoNT/A and in an in vivo assay protected
mice against a lethal dose of BoNT/A. It
should be noted that the Ab-binding profiles
of the patients’ sera were more restricted
than the profile of the hyperimmune sera.20

The pattern of Ab recognition varied from
patient to patient (Fig. 5-5), but a very limited

set of peptides were recognized by most of the
patients. These were, in decreasing amounts of
Ab binding, peptide N25 (H chain residues
785–803), C9/C10 (967–985/981–999),
C31 (1275–1296), C15 (1051–1069),
C20 (1121–1139), N16 (659–677), N22
(743–761), and N4 (491–509). However, not
every serum recognized all of these peptides.
The finding that the binding profile was not
the same for all the patients is consistent with
previous observations that immune responses
to protein antigens are under genetic control
and that the response to each epitope within
a protein is under separate genetic control.47,78-

81 Except for the region within C9/C10 (967–
985/981–999), the other regions either coin-
cided (N16 [659–677] and C31 [1275–
1296]), or overlapped (N22, N25, C15, and
C20), with the snps-binding regions on the
H chain described in the preceding section
(Table 5-3 and Fig. 5-6).

We compared11 the spatial proximities in
the 3-D structure76 of the Ab-binding regions
to the snps-binding regions. The results
(Figs. 5-7 and 5-8) showed that, except for
one, the Ab-binding regions either coincide or
overlap with the snps regions. Thus, N16 on
the translocation domain is involved in both
Ab binding as well as snps binding. The Ab-
binding region N22 overlaps significantly
with the snps-binding regions on N21 and
N23. The Ab-binding region N25 is sand-
wiched between the snps-binding regions N16
(which also binds Abs) and N26. The Ab-bind-
ing region on C15 is immediately adjacent to
region C31 that binds both snps as well as Abs.
Region C31 is also adjacent to region C19 that
also binds snps. Furthermore, region C19 is
located between the Ab-binding regions N4
and C20. Therefore, it appears that only the
Ab-binding regions located on C9–C10 do
not coincide or overlap with, or are adjacent
to, any snps-binding region. Of course, it is
expected that snps-binding regions that coin-
cide or overlap with Ab-binding regions
would be prevented, in the presence of neutra-
lizing Abs, from binding to nerve synapse, and
therefore, toxin entry into the neuron would be
blocked. Thus, analysis of the locations of the
Ab-binding and the snps-binding regions in the
3-D structure provides a molecular rationaliza-
tion for the ability of protecting Abs to block
BoNT/A action in vivo.

Determination of the submolecular regions
on the BoNT/A H chain that bind anti-BoNT/A
Abs and the regions that bind snps has had
immediate applications. It has enabled us to
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develop a useful assay for neutralizing anti-
BoNT/A Abs based on their ability to interfere
with the toxin binding to snps82 and also a
peptide-based immunoassay for antibodies
against BoNt/A.83 These assays are outlined in
the next two sections.

A NEW ASSAY FOR
NEUTRALIZING AND NON-
NEUTRALIZING ANTI-BoNT/A
ABS BASED ON
INHIBITION OF BoNT/A
BINDING TO
SYNAPTOSOMES

The MPA, which is an in vivo assay, is currently
the most widely used method for monitoring
neutralizing Abs in BoNT-treated patients. In
the previous section, we showed20 that a
number of the BoNT/A regions on the H sub-
unit that bind blocking mouse Abs coincided,

or overlapped, with regions that bind to snps.
This indicated that blocking anti-BoNT/A Abs
would be predicted to inhibit BoNT/A binding
to snps.82 We analyzed sera from 58 CD
patients who had been treated with BoNT/A
(Botox) for neutralizing Abs by MPA and deter-
mined their abilities to inhibit in vitro the
binding of active BoNT/A or inactive toxin
(toxoid) to mouse brain snps.82 With active
125I-labeled BoNT/A-snps binding, the MPA-
positive sera (n = 30) showed distinctly
higher inhibition levels (mean = 21.1 ± 5.8)
than those obtained with MPA-negative sera
(n = 28) (mean = -1.3 ± 3.9; P < 0.0001) or
with control sera (n = 19) (mean = -3.4 ± 2.8;
P < 0.0001). Similarly, inhibition levels by
MPA-positive sera of 125I-labeled inactive
toxin (toxoid) binding to snps (mean = 48.6
± 8.7) were distinctly higher than inhibition
by MPA-negative sera (mean = 10.0 ± 7.6;
P < 0.0001) or control sera (mean = 1.8 ±
6.9; P < 0.0001). In Figure 5-9, we show a
comparison of the results of inhibition by
MPA-positive sera (n = 30), MPA-negative sera
(n = 28) and control sera (n = 19) of the
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binding of 125 I-labeled active BoNT/A and 125I-
labeled toxoid binding to snps. It is evident
that active toxin and the toxoid gave compara-
ble results that clearly distinguished the MPA-
positive sera from MPA-negative sera and con-
trols. Inhibitions by the sera of the latter two
groups were virtually undistinguishable.
Thus, using labeled active toxin or toxoid,
the inhibition assay correlated very well with
the MPA. The inhibitory activity of the non-
neutralizing sera generally correlated with
the length of survival after toxin challenge

(correlation coefficients of inhibition: active
toxin = 0.445; P = 0.0167; inactive toxoid =
0.774; P < 0.0001).82

It was concluded82 that the snps-inhibition
assay is reliable and reproducible, and corre-
lates very well with the MPA. It requires much
less serum (0.75% of the amount needed for
the MPA) and is considerably less costly than
the MPA. With either 125I-labeled active toxin
or toxoid, it is possible to distinguish CD sera
that have neutralizing Abs from those that lack
such Abs. Because the results with the toxoid

TABLE 5-3 Comparison of the Regions that Bind Abs in MPA-Positive Sera of BoNT/A-Treated
CD Patients and Regions that Bind to Mouse snps*

Peptide Residue MPA +ve CD Sera snps

HN Domain

N4 491-509 + -

N7 533-551 - +

N8 547-565 ± -

N16 659–677 + ++

N19 701–719 - +

N21 729–747 - ++

N22 743–761 + -

N23 757–775 - +

N25 785–803 +++ -

N26 799–817 - +++

HC Domain

C2 869–887 ± -

C3 883–901 ± -

C6 925–943 ± -

C7 939–957 + -

C9 967–985 + -

C10 981–999 ++ -

C15 1051–1069 ++ -

C16 1065–1083 - +++

C19 1107–1125 - +

C20 1121–1139 ++ -

C23 1163–1181 - ++

C24 1177–1195 + ±

C25 1191–1209 - +

C28 1233–1251 - +

C31 1275–1296 ++ ++

abs, antibodies; MPA, mouse protective assay; snps, mouse brain synaptosomes.

*The table shows only the peptides that bind either Abs in MPA-positive sera from CD patients and/or mouse snps. Peptides and/

or their overlap that possess both bindings are shaded. Please see the below listed reference for explanation on the number of +

signs for the binding peptides.

From Dolimbek BZ, Aoki KR, Steward LE, Jankovic J, Atassi MZ. Mapping of the regions on the heavy chain of botulinum

neurotoxin A (BoNT/A) recognized by antibodies of cervical dystonia patients with immunoresistance to BoNT/A. Mol Immunol.

2007;44:1029-1041.
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were as discriminating as those of the active
toxin, it would not even be necessary to use
active toxin in these assays.

A PEPTIDE-BASED
IMMUNOASSAY FOR
ANTI-BoNT/A ANTIBODIES

The aforementioned determination20 of the
Ab-binding profile of the CD sera showed
that Abs in CD sera bound to one or more of
the peptides N25 (785–803), C10 (981–999),
C15 (1051–1069), and C31 (1275–1296). This
suggested to us the possibility that binding to
these peptides could be used for assay of Abs in
CD sera. We recently found83 that Ab binding
to these regions showed very significant devia-
tions from the control responses. Of these four
peptides, C10 showed the most significant level
of separation between patient and control
groups (P = 5 � 10�7) and the theoretical res-
olution (i.e., ability to distinguish CD patients
from control), 84%, was about 4% higher than
the least resolved response, C31 (P = 6 � 10�6,
resolution 80%). Because the amounts of Abs
bound to a given peptide varied with the
patient and not all the patients necessarily
recognized all four peptides, there was the pos-
sibility that binding to combinations of two or
more peptides might give a better discrimina-
tory capability. Using two peptides, C10 plus
C31, the resolution improved to 87% (P = 4 �

10�8). These two peptides appeared to compli-
ment each other and negate the lower resolu-
tion of C31. A combination of three peptides

(Fig. 5-10) gave resolutions that ranged from
85 (N25 + C15 + C31; P = 2 � 10�7) to 88%
(C10 + C15 + C31; P = 1 � 10�8). Finally,
using the data of all four peptides, N25 +
C10 + C15 + C31, gave (see Fig. 5-10) a reso-
lution of 86% (P = 1 � 10�7). Although these
levels of resolution are somewhat lower than
that obtained with whole BoNT/A (resolution
97%; P = 6 � 10�12), it was concluded83 that
the two-peptide combination C10 + C31, or
the three-peptide combination C10 + C15 +
C31 (affording resolutions of 87% and 88%,
respectively) provide a good diagnostic, toxin-
free procedure for assay of total specific anti-
toxin Abs in BoNT/A-treated CD patients.

IMMUNE RECOGNITION
AND RECEPTOR

BINDING OF BoNT/B

ANTIBODY BINDING
REGIONS ON THE BoNT/B
H CHAIN AND THEIR
RELATIONSHIP TO
RECEPTOR BINDING

We have commenced studies aimed at elucidat-
ing the molecular and cellular immune
responses to BoNT/B and have recently
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localized the regions on the BoNT/B H
chain that are recognized by neutralizing
(neutralizing) human, horse, and outbred
mouse anti-BoNT/B Abs.21 Human antisera
were a pool of equal volumes from 10 CD
patients who had been treated with
Myobloc (a BoNT/B product from Solstice
Neurosciences, Inc., South San Francisco, CA)

and had become unresponsive to treatment.
We are currently determining the recognition
profiles of neutralizing Abs in individual
MPA-positive sera from a large number of
BoNT/B-treated CD patients.

Abs from the three host species recognized
similar, but not identical, peptides. There were
also peptides recognized by two or only by one
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host species. Where a peptide was recognized
by Abs of more than one host species, these Abs
were present at different levels in their antisera.
Human, horse, and mouse Abs bound,
although in different amounts, to regions
within peptides 736–754, 778–796, 848–866,
932–950, 974–992, 1058–1076, and 1128–
1146. Human and horse Abs bound to pep-
tides 890-908 and 1170-1188. Human, and
mouse Abs recognized peptides 470–488/
484–502 overlap, 638–656, 722–740, 862–
880, 1030–1048, 1072–1090, 1240–1258 and
1268–1291. We concluded that the antigenic
regions localized with the three antisera are
similar, in some cases exhibiting a small shift
to the left or to the right.21

Of the regions that are recognized by
human, mouse and horse anti-BoNT/B Abs
(see Table 5-3), regions 3 and 5 show 1–2 resi-
due shift in the relative positions by human and
mouse Abs, whereas regions 8 and 9 exhibit left
and right shifts of 5 and 6–7 residues, respec-
tively. The locations in the 3-D structure84-87

of the antigenic regions that bind human and
mouse Abs are shown in Figures 5-11 and 5-12.
The regions recognized by human and mouse
Abs occupy predominantly equivalent or com-
parable surface locations on the toxin molecule
(see Fig. 5-11) that either coincide completely
or display only minor shifts.

The aforementioned shift and variability
with different antisera are consistent with
what is known about the immune recognition
of proteins. Whereas locations of the immune
recognition regions on a protein are inherent in

their 3-D locations and depend on the covalent
structure of the protein,43,44,47,88 recognition is
under control of the major histocompatibility
complex (MHC), and the response to each site
is under separate genetic control.78-81

Therefore, immunodominance of Abs directed
against a given site varies with the host species
and even with individuals within a given spe-
cies. A given site can show a frame shift with
Abs of different host species and among indi-
viduals within the same species 43,44,47,67,88 The
MHC of the host is in all likelihood a major
cause of the frame shift and the level of the Ab
response.

Region 4, at the interface between the HC

and HN domains, seems to be partially inacces-
sible. However, the flexibility of the HC-HN

interface of the molecule would quite likely
allow region 4 to become accessible during
binding to the cell receptor and/or transloca-
tion. Examination of the 3-D locations of the
antigenic regions revealed that regions 1, 3, and
10 occupy discrete locations and most proba-
bly form independent antigenic sites.21

However, certain regions occupy immediately
contiguous locations and appear to constitute
a single patch on the surface (see Fig. 5-12).
Region combinations that seem to fall in this
category and were concluded to form quite
likely in each case a single antigenic site are:
regions 2–4; 5-8 and two residues of 4; 6–7; 9
and part of 11.21 The polyclonal Ab population
directed against a given site comprises Ab
molecules that may not necessarily perceive
the site in a uniformly identical manner.
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FIGURE 5-11. Three-dimensional images of botulinum neurotoxin B (BoNT/B) showing the locations of antigenic regions that

are recognized by human and mouse anti-BoNT/B antibodies (Abs) with overlaps of seven or more residues.21 The HC domain

of the heavy chain is in green and the translocation (HN) domain is in red. The L chain, displayed in wire style, is yellow. The right

image is obtained by 180 degrees rotation of the left image. The numbers labeling the regions refer to the numbers and

sequences.21 Regions that describe a distinct patch on the surface and may form in each case a single unique antigenic site that

binds the polyclonal Abs directed against that site. The three-dimensional coordinates used for these images were from the

RCSB Protein Data Bank (PDB), accession code 1EPW.84 (From Dolimbek BZ, Steward LE, Aoki KR, Atassi MZ. Immune recognition

of botulinum neurotoxin B: Antibody-binding regions on the heavy chain of the toxin. Mol Immunol. 2007, doi:10.1016/

j.molimm.2007.08.007) See Color Plate
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FIGURE 5-12. Contiguous regions that

describe distinct patches on the surface.

These combinations may each form a

single site. Three-dimensional surface-

mapped images of botulinum neurotoxin

B (BoNT/B) illustrating antigenic regions

on the surface that are recognized by

human and mouse anti-BoNT/B antibodies

(Abs) (see Table 5-3).21 The numbers corre-

spond with the peptide numbers and

sequences listed in Table 5-3.21 The orienta-

tions and close-ups in this figure highlight

contiguous surface regions that are formed

by discontinuous peptides. A, The left

panel is a view of the BoNT/B structure

with the HC domain removed. The image

is rotated 80 degrees around the y-axis

compared with the 0 degree image in

Figure 5-11 (see panel D for a similar dis-

play with the HC domain present). The right

panel is a close-up view and clearly illus-

trates that regions 2, 4, and 5 form a con-

tiguous surface patch. Although regions 2

and 5 are accessible when the HC domain is

present (see Fig. 5-11), the solution acces-

sibility of region 4 to antibodies is unknown

(see the discussion). B, The left panel is a

view of the structure rotated 40 degrees

around the y-axis compared with the 180-

degree structure in Figure 5-11. The right

panel shows a close-up view of regions 5

and 8, illustrating that these regions form a

contiguous surface. C, The left panel is a

view of the BoNT/B structure rotated 70

degrees around the x-axis compared with

the 0-degree structure in Figure 5-11. The

right panel is a close-up view of the contig-

uous surface between regions 6 and 7. D,

The left panel is a view of the structure

rotated 90 degrees around the y-axis rela-

tive to the 0-degree structure in Figure 5-

11. The right panel is a close-up of the con-

tiguous surface formed between regions 9

and 11. The three-dimensional coordinates

for these images were from the RCSB

Protein Data Bank (PDB), accession code

1EPW.84 (From Dolimbek BZ, Steward LE,

Aoki KR, Atassi MZ. Immune recognition

of botulinum neurotoxin B: Antibody-

binding regions on the heavy chain of

the toxin. Mol Immunol. 2007, doi:10.1016/

j.molimm.2007.08.007) See Color Plate
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FIGURE 5-13. Proximity of the mouse synaptotagmin II (Syt-II) binding site to mouse Ab-binding epitopes on botulinum

neurotoxin B (BoNT/B). A, The left panel is a view of the three-dimensional structure of BoNT/B showing the locations on the

molecule of the mouse anti-BoNT/B antibody (Ab)-binding epitopes within residues 1200–1214 and 1244–1256 relative to the

area to which mouse Syt-II binds. The boxed area is detailed in the right panels. Upper Panel, The antigenic sites and Syt-II

binding site are independently colored as follows: Magenta, Ab-binding region 1200–1214; blue, 1244–1256; dark red, Syt-II

binding pocket. Lower Panel, Colors signify the same but in addition the overlap of Syt-II binding site and 1200–1214 is shown

in silver-gray. B, Back view obtained by rotating the BoNT/B structure in A by 180 degrees. The labels and colors connote the

same information as described in A. Note that there are residues that actually overlap between region 1200-1214 and the Syt-II

binding site, whereas region 1244–1256 is immediately adjacent to the Syt-II binding site (see text for details). These images

make it clear why binding of Abs to either region 1200–1214 or 1244–1256 would be expected to block the binding of Syt-II

to BoNT/B. The three-dimensional coordinates used for these images were from the RCSB Protein Data Bank (PDB), accession

code 2NPO.13 Note that rat Syt-II binds to the same BoNT/B area.12 (From Dolimbek BZ, Steward LE, Aoki KR, Atassi MZ. Immune

recognition of botulinum neurotoxin B: Antibody-binding regions on the heavy chain of the toxin. Mol Immunol. 2007,

doi:10.1016/j.molimm.2007.08.007) See Color Plate
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The Ab response, in all likelihood, describes a
bell-shaped specificity curve whose apex is
directed against the middle of the site, but
each Ab molecule within that population per-
ceives the site somewhat differently, emphasiz-
ing different regions of the surface of the site.
This phenomenon was described for antigenic
sites of other proteins.47,67 Thus although the
overlapping peptide strategy was designed to
localize continuous binding regions of a protein,
it would appear that the method is also capable
of identifying some discontinuous antigenic
sites.21

The binding surfaces between BoNT/B
and rat synaptotagmin II (Syt-II)12 or mouse
Syt-II,13 a cell surface receptor for BoNT/
B,3,4,89-91 have been determined. Figure 5-13
shows the location of the Syt-II binding crevice
relative to regions involved in the binding of
mouse anti-BoNT/B Abs. Residues S1116,
P1117, and V1118 are located within the
horse anti-BoNT/B Abs binding region
1115–1129, whereas residue D1115 on one
ridge of the binding crevice is within 6.5 Å
from the Syt-II binding surface in the complex.
On the same ridge of the crevice and within
6.5 Å are residues Y1244, E1245, S1246, and
K1254 within region 1244–1256 of BoNT/B
that binds mouse anti-BoNT/B Abs. On the
other side of the crevice, the ridge has the
Syt-II contact residues S1201, E1203,
and F1204, which reside in the mouse
Ab-binding region 1200–1214. These overlaps
(see Fig. 5-13) would explain the blocking
activity of horse and mouse Abs, which by
competing for, and blocking, the Syt-II binding
region on BoNT/B prevent toxin binding to
Syt-II. However, the results indicated that
human neutralizing Abs may also be directed
against other BoNT/B regions that are not
involved in the toxin-Syt-II binding. These
may interact with other cell surface molecules
involved in BoNT/B binding.92-95 We have
recently analyzed the BoNT/B residues that
bind neutralizing human anti-BoNT/B
Abs and found that at least one epitope
(unpublished work) is very close to the trisac-
charide binding site.84 This work will be
published in detail soon.

CONCLUSIONS

BoNTs act at the presynaptic neuromuscular
junction by blocking acetylcholine release at
nerve terminals, thereby causing temporary
paralysis. The action is initiated by the binding

of BoNT, through its H chain, to a presynaptic
cell surface receptor, thereby allowing the L
chain, or a combination of H and L chains,
to be internalized and cause paralysis. Because
of these properties, BoNTs (particularly types A
and B) have been exploited in therapeutic con-
ditions associated with involuntary muscle
spasm and contractions, as well as in cosmetic
and other applications. However, periodic
injections are needed, and the immune
system responds (less to BoNT/A than to
BoNT/B) by mounting T-cell responses and
Abs that may block the initial binding of the
toxin to its receptor (i.e., neutralizing Abs).
We have determined on the H chains of
BoNT/A and /B the covalent and 3-D locations
of the regions recognized by blocking Abs. Not
all anti-BoNT Abs will block its action.
Blocking (and hence protection) by Abs is a
function of Ab affinity, class, and isotype. The
Ab-binding regions reside on the surface of the
respective toxin, and neutralizing Abs against a
given toxin bind to regions that the toxin uses
to bind to its correlate receptor. So when these
regions are occupied by Abs of sufficient affi-
nity, they are unable to bind to receptor. These
findings provide a molecular basis for how
neutralizing Abs obstruct toxin action and
are important for designing effective synthetic
peptide vaccines and devising, for certain
clinical needs, tolerization strategies against
preselected epitopes.
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FIGURE 5-1. Space-filling images of botulinum neurotoxin A (BoNT/A) three-dimensional structure with the mouse brain

synaptosome (snps)–binding regions (A) front view, (B) back view (rotated 180 degrees on the Y-axis, relative to [A]), (C)

side view looking through the HC domain (rotated �90 degrees on the Y-axis, relative to [A]), (D) bottom view (rotated 90

degrees on the X-axis, relative to [B]), (E) side view looking through the L chain (rotated 90 degrees on the Y-axis, relative to

[A]), (F) same view as (E) but with the L chain removed. The snps-binding regions in the HN domain are labeled NS1–NS6, and

those in the HC domain are labeled CS1–CS5, corresponding to the designations in Table 5-2. The HN domain is shown in red,

the HC domain is shown in green, and the L chain is shown in yellow. The images were generated with the x-ray structure

coordinates of BoNT/A.76 (From Maruta T, Dolimbek BZ, Aoki KR, Steward LE, Atassi MZ. Mapping of the synaptosome-binding

regions on the heavy chain of botulinum neurotoxin A by synthetic overlapping peptides encompassing the entire chain.

Protein J. 2004;23:539-552.)



FIGURE 5-2. Electrostatic potential surfaces of botulinum neurotoxin A (BoNT/A), with (right panel) and without (left panel)

mouse brain synaptosome (snps)–binding regions mapped on the surface (A) front view with and without snps-binding

regions mapped on the structure (right and left panels, respectively), (B) side view (rotated 90 degrees relative to [A] and

with the L chain removed), with and without snps-binding regions mapped on the surface (right and left panels, respectively).

The significant overlap of snps-binding regions NS3 and NS4 with negative electrostatic potential is highlighted with arrows.

Positive, negative, and neutral electrostatic potential surfaces are shown in blue, red, and white, respectively. The L chain is

shown in yellow stick form. The images were generated with the x-ray structure coordinates of BoNT/A from Lacy et al76 and the

electrostatic potential surfaces were calculated with DelPhi96-97 and mapped onto a solvent-accessible surface as computed by

INSIGHTII. (From Maruta T, Dolimbek BZ, Aoki KR, Steward LE, Atassi MZ. Mapping of the synaptosome-binding regions on the

heavy chain of botulinum neurotoxin A by synthetic overlapping peptides encompassing the entire chain. Protein J.

2004;23:539-552.)

FIGURE 5-3. Comparison of the H-chain peptides that bind mouse brain synaptosomes (snps) with those that bind blocking

(i.e., protecting) mouse anti–botulinum neurotoxin A (BoNT/A) antibodies. (From Maruta T, Dolimbek BZ, Aoki KR, Steward LE,

Atassi MZ. Mapping of the synaptosome-binding regions on the heavy chain of botulinum neurotoxin A by synthetic over-

lapping peptides encompassing the entire chain. Protein J. 2004;23:539-552.)



FIGURE 5-4. Space-filling images ([A] front view, [B] back view rotated 180 degrees on the Y-axis, relative to [A]) showing the

locations in the three-dimensional structure of botulinum neurotoxin A (BoNT/A) of the limited set of major regions on the H

chain that bind to mouse brain synaptosomes and which either coincide or overlap with the regions that bind protective (i.e.,

blocking) mouse anti-BoNT/A antibodies. The HN domain is shown in red and the HC domain is in green, whereas the L chain is

shown in yellow. The antigenic regions were obtained from Atassi and Dolimbek,18 and the images were generated with the x-

ray structure coordinates of BoNT/A.76 (FromMarutaT,DolimbekBZ,AokiKR,StewardLE,AtassiMZ.Mappingof thesynaptosome-

binding regions on the heavy chain of botulinum neurotoxin A by synthetic overlapping peptides encompassing the entire chain.

Protein J. 2004;23:539-552.)
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describe distinct patches on the surface.

These combinations may each form a single

site. Three-dimensional surface-mapped

images of botulinum neurotoxin B (BoNT/B)

illustrating antigenic regions on the surface

that are recognized by human and mouse

anti-BoNT/B antibodies (Abs) (see Table 5-

3).21 The numbers correspond with the pep-

tide numbers and sequences listed in Table 5-

3.21 The orientations and close-ups in this

figure highlight contiguous surface regions

that are formed by discontinuous peptides.

A, The left panel is a view of the BoNT/B struc-

ture with the HC domain removed. The image

is rotated 80 degrees around the y-axis com-

pared with the 0 degree image in Figure 5-11

(see panel D for a similar display with the HC

domain present). The right panel is a close-up

view and clearly illustrates that regions 2, 4,

and 5 form a contiguous surface patch.

Although regions 2 and 5 are accessible

when the HC domain is present (see Fig. 5-

11), the solution accessibility of region 4 to

antibodies is unknown (see the discussion).

B, The left panel is a view of the structure

rotated 40 degrees around the y-axis com-

pared with the 180-degree structure in

Figure 5-11. The right panel shows a close-

up view of regions 5 and 8, illustrating that

these regions form a contiguous surface. C,

The left panel is a view of the BoNT/B struc-

ture rotated 70 degrees around the x-axis

compared with the 0-degree structure in

Figure 5-11. The right panel is a close-up

view of the contiguous surface between

regions 6 and 7. D, The left panel is a view

of the structure rotated 90 degrees around the

y-axis relative to the 0-degree structure in

Figure 5-11. The right panel is a close-up of

the contiguous surface formed between

regions 9 and 11. The three-dimensional coor-

dinates for these images were from the RCSB

Protein Data Bank (PDB), accession code

1EPW.84 (From Dolimbek BZ, Steward LE,

Aoki KR, Atassi MZ. Immune recognition of

botulinum neurotoxin B: Antibody-

binding regions on the heavy chain of

the toxin. Mol Immunol. 2007, doi:10.1016/

j.molimm.2007.08.007)
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INTRODUCTION

The botulinum neurotoxin (BoNT) is one of
the most potent neurotoxins in human and
animals, and it exists in seven different sero-
types designated as type A, B, C, D, E, F, and G.

The large majority of outbreaks of human
botulism are caused by intoxication with
BoNT serotype A, serotype B, or serotype E.1

All seven serotypes are large proteins that act
on cholinergic neuromuscular junctions to
block transmission of synaptic vesicles.
The molecular basis of the inhibition of neuro-
transmitter release caused by these BoNT sero-
types have been recently unraveled.2-6 Research
on laboratory and animal preparations has
shown that the toxins produce this effect by
proceeding through a sequence of four steps:
(1) binding to receptors on the plasma
membrane, (2) penetration of the plasma
membrane by receptor-mediated endocytosis,
(3) penetration of the endosome membrane,
and (4) intracellular expression of an enzy-
matic action that culminates in blockade of
exocytosis.7-11

BoNTs are able to enter the neuronal cyto-
sol, where they display a zinc-dependent

proteinase activity specific for three proteins
of the neuroexocytosis apparatus. BoNT sero-
type B (BoNT/B), D (BoNT/D), F (BoNT/F)
and G (BoNT-G) cleave at single points.
Synaptobrevin (VAMP), BoNT serotype A
(BoNT/A), and BoNT serotype E (BoNT/E) act
specifically on synaptosome-associated protein
with Mr = 25 k (SNAP-25), whereas BoNT
serotype C (BoNT/C) cleaves both SNAP-25
and syntaxin, two proteins located on the cyto-
solic face of the nerve plasmalemma.3

In the past decade, a great deal of attention
has been focused on BoNTs, in part due to the
discovery that the various serotypes are zinc-
dependent endoproteases that cleave specific
synaptic proteins implicated in docking and
fusion of vesicles but also because the BoNT
serotype A and B are now drugs that have
been approved for medical use. They have var-
ious clinical applications and their use is now
extended to different human diseases character-
ized by cholinergic hyperactivity of the somatic
or autonomic nervous system. The therapeutic
use of BoNT/A in humans is well established is
rapidly expanding.12

The use of BoNT/A in humans has been
done in consequence of the epidemiologic
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findings on the occurrence of botulism, that
have been used as the basis for deciding
which serotypes should be tested as therapeutic
agents. Epidemiologic data suggest that sero-
types A, B, E, F, and G cause adult botulism,
whereas serotypes C only sporadic cases (infant
botulism) and D do not affect humans.13,14

In clinical practice, the use of non-BoNT/A
serotypes could be useful when a specific
immune response to BoNT/A is proved. There
are reports of some nonresponders to BoNT/
A,15-18 particularly when repetitive injections
are performed. These drawbacks can be over-
come by using a different BoNT serotypes
when a specific immune resistance to BoNT/A
is proved, even if its actions have never been
systematically studied in human tissues, such
as in the neuromuscular junction.

Actually, no extensive data exist in humans
on the comparative dose-response characteris-
tics of the seven toxin serotypes. Indeed, there
are no convincing data that demonstrate
whether the human neuromuscular junction
is actually sensitive to all seven serotypes.3,5

The biochemical and cellular events at the
basis of the different durations of action of
the various toxins are unknown, but several
factors may contribute to them: (a) the lifetime
of the L chain in the cytosol; (b) the turnover of
the truncated soluble SNARE protein; (c) sec-
ondary biochemical events triggered by the
production of truncated SNARE proteins or
the released peptides.5

Recent studies have advanced two schools of
thought as to why various species of botulinum
toxins differ in their time course. With respect
to BoNT/A, one theory is that the toxin
becomes compartmentalized and persists in
the nerve terminal, allowing it to remain pro-
teolytically active over a long period of time
and able to cleave any newly synthesized
SNAP-25.19-21 A second line of thought is
that truncated fragments (e.g., SNAP-25 when
cleaved by BoNT/A or BoNT/E), once
cleaved by the toxin, are unable to be de-
graded from the nerve terminal, preventing
insertion of new SNAP-25 molecules.21-23 At
present, there is no consensus implicating a
single, universal mechanism responsible for
the disparity in time course among the different
toxins.24

Therefore, the neurotoxin gene sequence
comparisons of all of the toxin serotypes (ser-
otypes A to G) suggest that the BoNT gene has
evolved separately in different genomic back-
grounds.25 The presence of these toxins in
different genetic backgrounds suggests their

movement both within species and among
other species. Most of these bacteria are distrib-
uted throughout the world, yet there is no
known geographic relationship to the genetic
diversity. Actually, no extensive data exist in
humans on the comparative dose-response
characteristics of the seven toxin serotypes.
Our experience in humans is related to the
electrophysiologic comparison of BoNT/A,
BoNT/E, BoNT/F, BoNT/B and BoNT/C injec-
tions in compound muscle action potential
(CMAP) percentage amplitude variation of the
abductor digitorum minimi (ADM) muscle of
the hand,26 and as shown in Figure 6-1,
the temporal profile of the neuromuscular
blockade induced is summarized for each
BoNT serotype as percentage variation over the.

In this chapter, we will summarize the
action and the effect of non-A/non-B BoNT ser-
otypes, particularly in relation to their applica-
tions for human diseases.

BOTULINUM NEUROTOXIN
SEROTYPE F

The BoNT/F is the first non-A serotype used in
humans as an alternative to BoNT/A, and its
choice has been related to the knowledge of
human botulism and the detection that the
seven BoNTs show different antigens with dis-
tinct immunogenic reactivity. BoNT/F demon-
strates specificity for the vesicle-associated
membrane protein (VAMP) synaptobrevin, a
protein in the membrane of synaptic vesicles
themselves. If the nerve terminal were to
replenish the number of synaptic vesicles at a
rate fast enough to compensate for those
affected by type F toxin, then the normal neu-
romuscular transmission could resume within
days.3,27 Moreover, antibodies to BoNT/A
toxoid (inactivated type A toxin) do not have
significant neutralizing effect against BoNT/F,28

suggesting that BoNT/F might be an alternative
therapy for subjects patients who have devel-
oped antibodies to BoNT/A. BoNT/F was less
lethal in animals than BoNT/A per unit pro-
tein,29 and in rats, BoNT/F causes less muscle
weakness and had a shorter duration of action
than an equivalent LD50 of BoNT/A.30

The first use of BoNT/F in patients with anti-
bodies to BoNT/A was reported in 1992;
the toxin was used in two patients with
torticollis, one patient with oromandibular
dystonia, and one patient with stuttering in
which the toxin has provided significant
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clinical improvement.31 However, BoNT/F
injection in nonresponders or in dystonic
patients treated for the first time relieved symp-
toms for a shorter time period24,32-37 and it
appears to be beneficial only if injected at
high doses when compared with BoNT/A.

Greene and Fahn32 proposed that BoNT/F
may be adequate for some clinical situations
in which its effect not needed over long peri-
ods. Patients with severe torticollis and radicu-
lopathy could need BoNT injections to relax
muscle spasm in the postlaminectomy period,
and in these cases, BoNT/F may be preferable
to BoNT/A. Moreover, a high BoNT/F dosage
can be used because excess neck weakness
will short lived and development of immunity
to BoNT/F does not preclude future treatment
of torticollis with BoNT/A. BoNT/F could
be also injected preoperatively to verify that
weakness of the target muscles will result in
functional improvement.

Recently, the injection of a mixture of differ-
ent BoNT serotypes has been proposed because
several sites of action could be targeted simul-
taneously. In fact, the mixture of different types
of toxin might have a different and unique
action, as compared with that of a single
serotype. Also, the mixture may also help
reduce the risk of eliciting antibodies.33

In 1999, Mezaki and colleagues33 treated
patients with blepharospasm by injecting
BoNT/A or BoNT/F into the orbicularis oculi
muscle on one side and 1:1 mixture of both

serotypes into the other side, and thereby
compared the peak effect and duration
of action in a double-blind controlled study.
They concluded that the peak effect of BoNTs
was comparable between the single use of type
A or F toxin and the combined use of both,
and that the duration of action by the mixture
was longer than that of BoNT/F but shorter
than by BoNT/A alone. Because the effect
of the toxin is dose dependent, the similarity
of the peak effect supports for the implication
that no clinically detectable augmentation or
inhibition occurred by the simultaneous
action of type A and F toxins on the nerve
endings.

In conclusion, different clinical data suggest
that BoNT/F is a valid alternative to BoNT/A
when a shorter effect is desirable in clinical
practice. A higher BoNT/F dosage may produce
a seemingly better and longer duration of ben-
efit, even if it is still substantially shorter than
the average duration of benefit obtained from
BoNT/A. The optimal dose of BoNT/F for an
individual patient should be determined by
the practitioner, but this study suggests that
adverse effects could be a potential problem
with doses of BNT-F exceeding 780 MU.37

The possibility of developing immunity to
BoNT/F after long-term treatment is still
unknown. Larger series using higher doses of
BoNT/F and studies evaluating higher and
more frequent dosing with regard to antibody
development are needed.
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FIGURE 6-1. The figure shows the mean and standard deviation of the compound muscle action potential amplitude (CMAP)

variations over time, elicited at the abductor digiti minimi of the hand after ulnar nerve stimulation in humans. Different BoNT

serotypes are injected. After baseline value, 10 IU of BoNT/A, 10 IU of BoNT/F, 10 IU of BoNT/E, 10 IU of BoNT/C, and 1000 IU of

BoNT/B were injected in 40 different muscles of 20 voluntary subjects. For each serotype, the mean and standard deviation of

the CMAP was calculated and the values are shown in percentages by comparing to the initial value.
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BOTULINUM NEUROTOXIN
SEROTYPE C

BoNT/C cleaves both SNAP-25 and syntaxin,
two proteins located on the cytosolic face of
the nerve plasmalemma. BoNT/C is unique
among botulinum neurotoxins because it
cleaves two rather than one protein. This
double-target specificity of BoNT/C suggested
that it could be a valuable alternative to the
use of BoNT/A and prompted us to evaluate
its therapeutic potential.

In 1997, Coffield and associates38 demon-
strated the action of BoNT/C in human mus-
cles by conducting the following experiment:
(1) isolation and testing of BoNT/C from two
different strains of clostridia, (2) neutralization
of toxicity with specific antibodies, (3) demon-
stration that the human nervous system
has high-affinity binding sites for BoNT/C,
(4) demonstration that the human nervous
system has a gene encoding syntaxin 1A, the
major substrate for BoNT/C, and (5) demon-
stration that serotype C cleaves the translation
product of the human syntaxin 1A gene. Taken
together, these results offer compelling evi-
dence that isolated human tissues are suscepti-
ble to the toxin.

The fact that BoNT/C does paralyze human
neuromuscular transmission raises the ques-
tion of why the toxin does not typically cause
human botulism. In fact, only one isolated case
of infant human botulism has been described
until now.39 Although there could be many
possible explanations, two are particularly
obvious: an apparent resistance may be
due to ‘‘ecologic factors’’ (i.e., lack of human
exposure) or to ‘‘physiologic factors’’ (i.e., poor
human absorption).5,19-23

Before the BoNT/C injection was used as a
therapeutic drug for dystonia, we compared the
BoNT/C activity with that of BoNT/A by using
the experiment performed with the isolated
mouse hemidiaphragm preparations. This
assay allowed us to define the range of doses
of BoNTs to be used in humans.2 Moreover, in
a preclinical study in human, we describe
the electrophysiologic results obtained with
low-dosage injection in the extensor digitorum
brevis (EDB) muscles of BoNT/C in compari-
son with BoNT/A40,41 and, later, in the ADM of
the hand of voluntary subjects,26 illustrating
that BoNT/C has an effect in human similar
to BoNT/A. In this latter study, we injected in
five ADMs 15 MU of BoNT/A, in five ADMs 15
MU of BoNT/C (prepared in 0.1 mL of

phosphate buffer solution [PBS], containing
2% human serum albumin), in five ADMs
BoNT/F (prepared in 0.1 mL of PBS, containing
2% human serum albumin), in five ADMs
1500 MU of BoNT/B (Neurobloc, Solstice
Neurosciences, Inc., Malvern, PA) and in five
ADMs 0.3 mL of saline solution (placebo)
alone. Each subjects was blinded for the
BoNT types or placebo injected. The neuromus-
cular blockade induced in the ADM injected
with the drugs was quantified by the electro-
physiologic evaluation of the CMAP amplitude,
elicited by supramaximal electrical stimulation
of the ulnar nerve at the wrist, before and after
the treatment (at the 2, 4, 6, and 8 weeks). The
electrical stimulation was done by using a
single shock of 0.5 ms of duration, delivered
in a random pattern at low frequency. The re-
cording electrodes placements were the same
for each patient, using similar environmental
conditions, at the same time of the day and
after checking the skin temperature. Before
the study, we checked the long-term stability
of the CMAP in 20 normal ADMs, by testing
in various subjects this technique in different
days and obtaining a CMAP percentage trend
variation (test-retest amplitude variability)
within 20% (our unpublished data).

Moreover, we also recorded the peak-to-peak
amplitude of the CMAP evoked by supramaxi-
mal electrical stimulation of the ulnar and
median nerves at the wrist and recorded with
surface electrodes at the 4 DI, at the FDI and at
the APB, before and after injection of BoNT at
the same time intervals described earlier, in
order to quantify the local diffusion of the
drug. The neuromuscular block induced 2
weeks after BoNT application was similar
among the different BoNTs. So, the following
BoNT’s temporal profile in recovery of function
is not related to different amounts of the drug
injected. In this study, the temporal profiles of
BoNT/C and BoNT/A have been similar. In
another study, BoNT/C injections have proved
to be safe in humans because they did not
affect the motor neuron counting after poison-
ing according to our previous study done by
the motor unit number estimation (MUNE)
technique.42

Following these preliminary data, few sub-
jects with focal dystonia who had never been
treated before with any BoNT were treated with
BoNT/C with subsequent good clinical
response.40 More recently, four patients
affected by facial dystonia (blepharospasm)
and 10 subjects with torticollis resistant to
BoNT/A underwent to BoNT/C therapy.43
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These preliminary studies (open-label) revealed
a good clinical improvement in all the subjects
treated with BoNT/C in the dystonic muscles.
The clinical benefit was maximal after 30 days
for blepharospasm and torticollis, with a slow
recovery afterward that extended for as long as
8 weeks, similar to that of BoNT/A. None of the
individuals treated reported any collateral effect
or adverse reaction in the muscles injected
with the BoNT/C. So, BoNT/C injections
appeared to be a valid therapy for dystonia
and an alternative to BoNT/A.

OTHER BOTULINUM
NEUROTOXIN SEROTYPES

BoNT/D was also studied on the human
pyramidalis preparation in comparison to
BoNT/C.38,44 In contrast to BoNT/C, which
appeared to block transmission in a similar to
that of serotype A, BoNT/D produced no
observable effect. Even when used at concentra-
tions 10-fold higher than those of the
other two serotypes, BoNT/D still produced
no measurable effect over a period of 4 to
5 hours. The BoNT/D does not poison
human preparations is in keeping with
epidemiologic data. There has never been a
confirmed case of type D human botulism.
So, BoNT/D is not considered an alternative
drug for treatment of dystonia in subjects resis-
tant to BoNT/A.

Another serotype, BoNT/E, acts specifically
on a protein called SNAP-25, in a manner sim-
ilar to the way BoNT/A. BoNT/A and BoNT/E
share their intracellular substrate. Both of them
cleave SNAP-25 and remove nine amino acid
residues (BoNT/A) or 26 amino acid residues
(BoNT/E) from the carboxyl-terminus of the
molecule, this leading to a substantial blockade
of neurotransmitter release.2,3 Hence, BoNT/E
is expected to cause an inhibition of acetylcho-
line release, followed by recovery of function
with a time course closely similar to that
caused by BoNT/A. Hence, BoNT/E is expected
to cause an inhibition of acetylcholine release,
followed by recovery of function with a
time course closely following that caused by
BoNT/A. Hence, BoNT/E is expected to cause
inhibition of acetylcholine release, followed
by recovery of function with a time course
closely similar to that caused by BoNT/A.
Hence, BoNT/E is expected to cause an inhibi-
tion of acetylcholine release, followed by recov-
ery of function with a time course closely

similar to that caused by BoNT/A. Hence,
BoNT/E is expected to cause an inhibition of
acetylcholine release, followed by recovery
of function over a time course closely similar
to that caused by BoNT/A. Hence, BoNT/E is
expected to cause an inhibition of acetylcholine
release, followed by recovery of function with a
time course closely similar to that of BoNT/A.
So, BoNT/E is expected to cause an inhibition
of acetylcholine release, followed by recovery
of function with a time course closely similar
to that caused by BoNT/A.22,44

In our preclinical study,22 we evaluated the
effects of a double poisoning of the neuromus-
cular junction with simultaneous injection of
both the serotypes (BoNT/A + BoNT/E) in
two different dose proportions. In this study,
11 volunteers affected by cranial dystonia
(idiopathic blepharospasm) with no previous
history of botulism and never treated before
with any kind of BoNT were examined.
In each subject, 3 IU of Botox Allergan,
Irvine, CA) (in 0.1 mL of saline solution)
were injected in the EDB muscle of one foot
and 3 IU of BoNT/E (prepared in 0.1 mL of
PBS, containing 2% human serum albumin)
in the EDB muscle of the contralateral side.
BoNT/E was obtained from WAKO (Japan),
trypsin activated, purified, and tested as
previously described by Montecucco et al.2

In the second part of the same study, seven
additional volunteers affected by idiopathic
facial hemispasm (IFH) with no history of bot-
ulism and never treated before with any kind of
BoNT were examined. Each subject was inject-
ed with 4 IU of Botox plus 2 IU of BoNT/E
(in 0.1 mL of saline solution) in the EDB
muscle of one foot and with 4 IU of BoNT/E
pluse 2 IU of Botox (in 0.1 mL of saline solu-
tion) in the EDB muscle of the contralateral
side.22 In both groups, the neuromuscular
blockade induced in the EDB muscles was cal-
culated quantitatively by the electrophysiologic
evaluation of the CMAP peak-to-peak ampli-
tude, elicited by the supramaximal electrical
stimulation of the peroneal nerve at the ankle
before and after 7, 15, 30, 45, 60 and 90 days
from injection. None of the individuals treated
reported any adverse reaction in the muscles
injected with the BoNTs. Muscles injected
with BoNT/E recovered their function much
faster than those injected with BoNT/A, and a
significant statistical difference (P < 0.001) has
been observed among all the EDB muscles
treated with the two neurotoxins from
30th day onward. Another group of volunteers
has been injected in the two EDB foot muscles
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with a mixture of the two toxins. The subjects
received 4 IU of BONT/A plus 2 IU of BoNT/E
in one foot and 2 IU of BoNT/A and 4 IU of
BoNT/E in the other one. In both cases, after
the injections, the EDB muscles recover
with within a period similar to that of BoNT/
E-treated muscles, clearly faster than that
observed with BoNT/A.

The shorter duration of the BoNT/E-induced
effects are not due to a shorter period inside the
neuronal cytosol because neuromuscular junc-
tion paralyzed with a mixture of the two neuro-
toxins recover with the same, shorter time
course found with BoNT/E. If the differential
effect was due to BoNT/A remaining active
longer in the cytosol and removing newly
synthesized SNAP-25 molecules, the neuromus-
cular junction with the combination of neuro-
toxins should have recovered in time similarly
to BoNT/A alone. Moreover, the time to recov-
ery from BoNT/E or BoNT/A cannot be related
to a different potency in the biologic activity of
the units used, because they cause a similar max-
imal neuromuscular block at the seventh day.
Although the difference in the time to recovery
between the two neurotoxins is clearly estab-
lished and highly reproducible, the present
lack of knowledge of the turnover of SNAP-25
at the terminals of motoneurons does not allow
one to explain at the molecular level the phe-
nomenon uncovered here.

It is conceivable that the BoNT/A-cleaved
SNAP-25, which preserves more than 95% of
its sequence, is nonfunctional in neuroexocyto-
sis but is not altered to such an extent as to be
removed from the terminal as much as the
BoNT/E-cleaved SNAP-25, which has lost
more than 13% of its sequence. These data
suggest that the strongly damaged BoNT/
E-cleaved SNAP-25 is altered to such an extent
as to be rapidly detected, removed, and
replaced by newly synthesized molecules,
resulting in a more rapid recovery of function.
The present data do not permit to dismiss the
alternative possibility that these toxins act on
other intracellular as yet unknown targets,
although there is no evidence that BoNTs act
on other cytosolic substrates. Also the finding
that the concurrent poisoning with the two
BoNTs together does not provide an additive
effect is in keeping with the proposal that all
of their effects are mediated by SNAP-25 cleav-
age. Unlike the other two toxins, the shortest
duration of action of BoNT/E dosage did not
influence recovery time.22,44

Recently, other papers reported cases of
wound or infantile botulism caused by

C. botulinum type E45,46 confirming as BoNT/E
has an effect on humans. Tests of combinations
of BoNT/A and /B and BoNT/A and /E were
reported in the literature and shown to exacer-
bate paralysis compared with individually
administered serotypes.6,22,38

Recovery from BoNT/A appeared to be
biphasic, with recovery from the initial phase
to be about two-fold faster than that of the
final phase. Over 4 weeks, muscle activity had
gradually improved following the highest dose
of BoNT/A. Lower BoNT/A doses led to incre-
mentally faster and more complete recovery.
Persistence of maximum paralysis was expo-
nentially related to the dosage of BoNT/A,
with a doubling of the duration of the paralysis
occurring with every 25% increase in the
concentration of the toxin. In contrast, the
rate of recovery from BoNT/B was monophasic
relative to toxin dosage and the duration
of maximum paralysis was linear relative
to dosage.

DISCUSSION

There currently exist a number of experimental
vaccines against botulinum toxin, including a
pentavalent vaccine (A, B, C, D, and E) distrib-
uted by the Centers for Disease Control and
Prevention. These vaccines were developed
and had been administered long before it was
realized that botulinum toxin has value as a
therapeutic agent. As a result, there are vacci-
nated persons who, should they develop dysto-
nia, would be unresponsive to botulinum toxin
therapy. This is a relevant matter because botu-
linum toxin is the only therapeutic inter-
vention that gives satisfactory results for
most patients with dystonia, and vaccination
can produce long-term resistance to toxin.
These facts argue strongly that one must be
cautious and thoughtful about administering
vaccine.

In the past, the epidemiologic literature on
naturally occurring botulism was used as a
guide in selecting toxin serotypes for testing
as medicinal agents. BoNT/A has long been
implicated in human illness; it was the first se-
rotype to be evaluated and used as a medicinal
agent, and it has been approved for clinical
use.12 Other serotypes implicated in human ill-
ness (B, E, and F) are approved. BoNT/B is now
commercially available, whereas BoNT/F and
BoNT/E were tested in humans obtaining dif-
ferent clinical profiles, shorter in time when
compared with BoNT/A.
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So, BoNT/A is now considered the best
BoNT serotype that could be used in humans
for the treatment of focal movement disorders,
even if some patients develop clinical resis-
tance.15-18 Subjects who are not sensitive to
BoNT/A from the first injection or that
become decreasingly sensitive to this therapy
after prolonged treatment as a result of a
specific immune response could be treated
with a different BoNT serotype.

In these cases, the use of different BoNT ser-
otypes could help in obtaining clinical
improvement. The alternative use of BoNT/F
has been proposed because experimental
study showed that autoantibodies to BoNT/A
do not affect BoNT/F, and because BoNT/F is
often detected in human botulism. Moreover,
BoNT/F is less lethal than BoNT/A in animal
models. Different clinical data suggest that
BoNT/F is a valid alternative to BoNT/A when
a shorter duration of drug activity is required.
Higher BoNT/F dosage may produce a subjec-
tively better and longer duration of benefit,
even if it is still substantially shorter than the
average duration of benefit obtained from
BoNT/A.

Similarly, in humans, muscles injected
with BoNT/E injections showed a much
faster recovery time than those injected with
BoNT/A. This difference in recovery time is
due to the strong intracytosol damage
caused by BoNT/E-cleaved SNAP-25, which
is altered to such an extent as to be rapidly
detected, removed, and replaced by newly
synthesized molecules, resulting in a rapid
recovery of function. Even if it is not possible
to exclude other alternative hypothesis about
this mechanism.

The finding that BoNT/C blocks human
neuromuscular transmission means that the
practice of relying solely on epidemiology as
a guide for choosing therapeutic agents is
flawed. Clearly, BoNT/C warrants investigation
for the treatment of neurologic disorders. Some
preclinical studies have been reported in the
literature regarding the therapeutic use of
BoNT/C in humans,26,40-42 revealing that
BoNT/C could be considered a novel effective
botulinum neurotoxin serotype for human use.
BoNT/C showed a general profile of action sim-
ilar to that of BoNT/A and is clearly longer
acting than BoNT/F. Also, in a few subjects
with focal dystonia treated with BoNT/C, a
clinical benefit was present.40 In addition,
BoNT/C injections are safe in humans because
they do not affect the motor neuron counting
after poisoning.42

Until now only one case of human infantile
botulism related to BoNT/C has been described
in the literature39 and the rare association
of human botulism secondary to exposure to
BoNT/C is probably related to the distribution
of the spores of BoNT/C-producing Clostridia or
the particular growth requirements of these
bacteria.

The possibility that BoNT/C is efficacious
carries a hidden benefit. If a situation were to
arise in which it was necessary to provide
immunization against naturally occurring
botulism, there would be no need to include
BoNT/C in the vaccine. This means that it
would be possible to protect patients against
food-borne botulism (e.g., BoNT/A, BoNT/E,
BoNT/F) while not depriving them of the
ability to respond to antidystonia medication
(e.g., BoNT/C).
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7Effects of Botulinum
Toxin on Central
Nervous System

Function

Carlo Trompetto, Giovanni Abbruzzese, Antonio Suppa, and
Alfredo Berardelli

INTRODUCTION

Botulinum toxin type A (BoNT/A) is a metallo-
proteinase that inhibits acetylcholine release
from the presynaptic terminals by cleaving
synaptosome-associated protein (SNAP-25), a
presynaptic membrane protein required for
fusion of neurotransmitter-containing vesicles.
The toxin produces its therapeutic effect
by inhibiting acetylcholine release from the
presynaptic terminals of the spinal motoneur-
ons, thus blocking neuromuscular transmis-
sion and weakening the hyperactive muscle
fibers that are involved in involuntary
movements.1,2

Studies in animals show that besides its
peripheral action, BoNT/A also acts on central
nervous system (CNS) structures. Evidence
shows that intramuscular injected BoNT/A
reaches the spinal cord through retrograde
axonal transport. Approximately 2 days after
radiolabeled BoNT/A was injected into gastroc-
nemius muscle of a cat, distal-proximal gradi-
ent of radioactivity developed first in the sciatic
nerve, then in the ipsilateral spinal ventral
roots, and ultimately in the spinal cord
segments innervating the injected muscle.3,4

A recent study performed in rats demonstrated
that BONT/A is retrogradely transported by cen-
tral neurons and motorneurones.5 The toxin
can also reach the CNS through the blood-
stream and the blood-brain barrier. Using
autoradiography of toxin marked with 125I
and indirect fluorescent labeling, Boroff and

Chen6 detected the toxin in the brain parenchy-
ma and blood vessels. Whether the toxin can be
diffused through the bloodstream and the
blood-brain barrier at low doses remains
unclear. Within the CNS, the toxin may inhibit
the release of acetylcholine and other neuro-
transmitters,7,8 but with systemic injection,
there is not likely to be sufficient CNS toxin
to have any effect.

Animal studies have demonstrated that
BoNT/A can also act on fusimotor synapses.
The toxin blocks the gamma motor endings
of jaw muscles in a rat, reducing the spindle
afferent discharge without altering muscle ten-
sion.9 In a morphologic study comparing the
effects of BoNT/A on extrafusal and intrafusal
fibers in a rat,10 the toxin caused fiber atrophy
and spread of Ach staining in the endplate,
indicating parallel denervation of extrafusal
and intrafusal fibers. Evidence of fusimotor de-
nervation suggests that the toxin alters activity
in muscle spindle afferents. The altered spindle
afferent input may be indirectly responsible for
functional changes in central neural networks
at both segmental and suprasegmental levels.

Therefore, animal studies suggest that
BoNT/A most likely exerts its effects within
the CNS indirectly through perturbation of
peripheral inputs bound to the CNS. Over
the past 15 years, several studies have
attempted to demonstrate the CNS effects of
botulinum toxin in humans. In this chapter,
we review those studies providing the most
convincing evidence.
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STUDIES OF SPINAL CORD
FUNCTION

Two studies investigating reciprocal inhibition
before and after BoNT/A injection in patients
with dystonia11 and essential tremor12 showed
that the toxin alters the excitability of the spinal
interneurons. Both studies tested reciprocal
inhibition with a simple technique by evoking
test H-reflexes in the flexor muscles of the wrist,
while low-intensity conditioning electric sti-
muli, designed to stimulate the Ia afferents,
are applied to the radial nerve in the spiral
groove.13 If the radial nerve stimulation is
given at the appropriate time, it suppresses
the test H-reflex in the flexor muscles. In
healthy subjects, reciprocal inhibition consists
of two phases. The first phase, which peaks at
an interval of 0 ms between the conditioning
(radial nerve) shock and the test (median
nerve) shock, is attributed to activation of a
disynaptic pathway inhibiting the flexor
spinal motoneurons (postsynaptic inhibition,
mediated by Ia inhibitory interneurons).

The second phase, which peaks at an interval
of 10 to 20 ms, is mediated by two interneur-
ons organized in a trisynaptic linkage acting at
the level of the flexor Ia afferents (presynaptic
inhibition) (Fig. 7-1A and B).14 Experiments
performed in cats have shown that the inter-
neurons responsible for presynaptic inhibition
are separate from the Ia interneurons involved
in disynaptic inhibition. Both groups of inter-
neurons receive diverse supraspinal projections
from the cortex and the brain stem.15

Before botulinum toxin injection, patients
with dystonia and essential tremor had a
decreased second phase of reciprocal inhibi-
tion, due to an impaired descending control
of the spinal interneurons responsible for
presynaptic inhibition.15 One month after
botulinum injections, the second presynaptic
phase of inhibition increased (see Fig. 7-1C).
Furthermore, through its action at the extrafu-
sal motor endplate, the toxin reduced the size
of the H reflex and the M wave to a similar
extent. The unchanged H/M ratio suggests
that the toxin had no effect on the excitability
of spinal motoneurons and, therefore, makes it
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FIGURE 7-1. Radial-induced reciprocal inhibition of the H-reflex elicited in the flexor carpi radialis muscle. A, Schematic

diagram showing presumed neuronal connections mediating reciprocal inhibition referred to in the text (black neurons are

inhibitory). B, Time course of the first (postsynaptic) and second (presynaptic) phases of flexor H-reflex inhibition produced by

radial nerve stimulation in a group of healthy subjects. Each point represents the mean, and the vertical bars show the standard

error. Negative timing indicates that the median nerve test shock (used to evoke the test H-reflex in the flexor carpi radialis

muscle) was given before the conditioning (radial nerve) shock. C, The recordings from one representative subject affected by

idiopathic segmental forearm dystonia are shown: (A) before toxin injection; (B) 1 month after toxin injection; 1, test H reflex

alone; 2, test H reflex conditioned by a shock delivered over the radial nerve (conditioning-test interval = 0 ms; postsynaptic

inhibition); 3, test H reflex conditioned by a shock delivered over the radial nerve (conditioning-test interval = 20 ms; pre-

synaptic inhibition). The toxin restored the presynaptic phase of reciprocal inhibition (B-3), which was absent before the

injection (A-3).
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unlikely that the toxin restored presynaptic
inhibition by acting directly on the spinal
cord. A more likely interpretation is that the
toxin altered the tonic sensory inflow coming
from the injected muscles, thus improving the
function of the spinal circuitry mediating recip-
rocal inhibition. A BoNT/A-induced change in
the spinal circuitry receives support first from
the known reorganization of the corticospinal
motor pathways induced by sensory inputs
(for a recent review, see reference 16) and
second from the observation that all the
descending motor pathways project to the
spinal interneurons mediating presynaptic
inhibition.17

STUDIES OF CORTICAL
MOTOR FUNCTION

Transcranial magnetic stimulation (TMS) of the
motor cortex activates, both directly and trans-
synaptically, the corticospinal cells, eliciting
electromygrapic (EMG) responses in contralat-
eral muscles, namely motor evoked potentials
(MEPs).18,19 TMS delivered by focal coils
can be used for noninvasive mapping of the
somatotopic representation of muscles within
the motor strip. Cortical maps are constructed
by stimulating different points on the scalp at a
constant intensity and analyzing the number of
sites from which MEPs can be elicited in the
target muscle. These sites outline the extension
of the cortical motor area.

Studies using TMS to construct cortical maps
before and after BoNT/A injection in patients
with writer’s cramp,20 cervical dystonia,21 pri-
mary writing tremor22 gave consistent results.
In the patients with writer’s cramp, the cortical
maps of the muscles selected for the injection
were displaced medially with respect to the
nondominant (unaffected) side. One month
after the injection, the maps had moved later-
ally, reaching a more normal position
compared with the nondominant side. Three
months after the injection, when the clinical
effect of the toxin had worn off, the maps
had moved medially, returning toward their
original positions.22 In the patients with cervi-
cal dystonia, before the toxin was injected into
neck muscles, the cortical hand map on the
side contralateral to the direction of the head
rotation was laterally and posteriorly displaced.
One month after the injection, the map moved
closer to the vertex, returning to a more normal
position.21 In the single subject studied by the

authors with writing tremor, hand motor maps
were displaced posteriorly on both sides
compared with those obtained in 40 healthy
volunteers. One month after BoNT/A injection
in the forearm muscles, the maps became
normal, moving closer to the vertex and to
the interaural line on both sides.22 In conclu-
sion, in patients affected by dystonia, before
treatment cortical maps were displayed from
their normal position, and after injection
became normal and when the toxin effects
wore off, the maps returned abnormal.

These studies suggest that BoNT/A injection
can cause changes in synaptic organization
within the motor cortex that extend beyond
the representation of the injected muscles.
Because a large body of evidence states that
sensory inputs can result in reorganization of
corticomotor output (see reference 23),
the investigators linked the transient reorgani-
zation of the motor cortex after the toxin
injection to the modulation of the afferent
inputs caused by the toxin’s action in the
periphery.

A sensitive way to measure changes in corti-
cal excitability is to use paired TMS with stimuli
in a conditioning-test paradigm. In healthy
subjects, a conditioning stimulus delivered
over the motor cortex and set to a low intensity
that elicits no MEP on its own inhibits the MEP
elicited by a subsequent suprathreshold test
stimulus given 1 to 5 ms later.24 This inhibitory
response is thought to originate from the cortex
and is termed short interval cortical inhibition
(SICI). Drawing analogies from the results
observed in animal experiments,25-27 some
investigators proposed that SICI reflects activa-
tion of the intracortical GABAergic neurons,
which might be involved in maintaining the
boundaries of the cortical motor maps and in
brain plasticity (for a review, see reference 19).
In this framework, the finding that afferent
inputs can modulate SICI23 assumes impor-
tance because motor cortical plasticity depends
on changes in feedback from the periphery.
Most importantly, reduced SICI in patients
with dystonia28 could explain the excessive
and inappropriate muscle contraction typically
seen in patients with dystonia.28 To investigate
the effects of BoNT/A at the level of the motor
cortex, SICI was studied in 11 normal subjects
and in 12 patients with dystonia involving the
upper limb.29 In the patients, SICI was assessed
before the toxin was injected into the affected
muscles, and 1 month and 3 months after.
Before the injection, SICI was reduced in the
affected muscles. One month after the
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injection, the level of SICI increased reaching
normal values. When the patients were tested
3 months after the injection, their SICI levels
had returned almost to the abnormally low
levels seen before BoNT/A treatment. This
study shows that BoNT/A can transiently
modify the excitability of intracortical circuits.
Given the physiology of SICI and in accordance
with the current view of dystonia, these
changes in cortical excitability have been attrib-
uted to the toxin’s peripheral action on the
muscle afferent input. The finding of changes
of cortical excitability after BoNT/A has been
confirmed by some authors30 but not by
others.31,32 The contrasting results are possibly
related to differences in the methodology used
by the authors and in the clinical features of the
patients studied.

STUDIES OF MUSCLE
AFFERENTS

The studies we have reviewed support that
BoNT/A in humans can alter the excitability
of central neural circuits both at spinal and at
cortical levels. Current evidence suggests that
BoNT/A might induce changes in the excitabil-
ity of CNS circuits by modulating peripheral
sensory inputs. In all of the studies, the chemo-
denervation of intrafusal fibers is suggested to
be the mechanism by which the toxin can
modify sensory inputs. However, it must be
stressed that also the toxin’s action at the
extrafusal endplates is likely to have a potent
influence on sensory afferents.

The reduction of involuntary muscle con-
tractions, caused by chemodenervation of
extrafusal fibers, could induce several changes
in muscle afferents. First, given the known
linear relation between extrafusal fiber firing
and the force produced by the homonymous
muscle,33 it should tone down the discharge
rate of Ib fibers. Second, it could lengthen the
muscle, in turn, increasing the firing rate in
muscle spindles. Third, it could alter the
firing of joint receptors, which are thought to
respond to joint angle.34 Finally, botulinum
toxin might relieve pain also by altering sen-
sory input.35

Whether the possible sensory changes in-
duced by chemodenervation of intrafusal
fibers can be distinguished from those induced
at the extrafusal end plates is unclear. The role
of intrafusal chemodenervation can be assessed
by using vibration of limb and neck

muscles.36,37 Muscle or tendon vibration
activates both primary and secondary spindle
endings,39 thus evoking a tonic vibration
reflex (TVR) in the vibrated muscles, which is
mediated by monosynaptic and polysynaptic
circuits.40 Besides this reflex activation of
spinal motoneurons, the spindle inflow
induced by muscle vibration facilitates the
MEPs elicited by TMS,41,42 acting at both
spinal and cortical levels.43 As spindle sensitiv-
ity to muscle vibration is increased by the fusi-
motor system,44 both the TVR and the
vibration induced MEP facilitation can be
used to assess the chemodenervation after
BoNT/A injection.

Urban and coworkers36 investigated the
vibration-induced facilitation of the MEPs
recorded in the sternocleidomastoid muscle
(SCM) in 20 healthy subjects and in 10 patients
affected by idiopathic rotational torticollis.
The patients were tested before (baseline
measurements), and 6 and 12 weeks after
BoNT-A injection in the affected SCM.
The main result was that the vibration-induced
facilitation in the treated SCM was lower 6 and
12 weeks after BoNT/A injection. This finding
suggests that the toxin not only acts on extra-
fusal fibers, as shown by the reduction of the
MEP elicited without vibration, but also on in-
trafusal fibers, as reflected by the extra and
long-standing reduction of the vibrated-MEP.36

We investigated the TVR in the affected mus-
cles of 10 patients with writer’s cramp before
and 3 weeks after BoNT/A injection.45 In this
study, we also measured the maximal M-wave
(Mmax) and the maximal voluntary contraction
(MVC), parameters, which are known to be
independent of muscle spindle afferents.
In all subjects, BoNT/A injection reduced the
TVR more than the Mmax and MVC. Long-
term evaluation of two patients disclosed that
7 months after the injection, Mmax and MVC
had fully recovered, whereas the TVR was still
depressed. Hence, the TVR was significantly
more depressed and remained depressed
longer than the Mmax and MVC. These findings
cannot be explained by the concomitant dener-
vation of extrafusal fibers, an event that should
increase muscle spindle afferent discharge
(because of reduced spindle unloading during
vibration) and decrease Ib discharge (because
of reduced muscle tension) mitigating the TVR
reduction owing to extrafusal fiber denerva-
tion. This special sensitivity of the TVR to
suppression by BoNT/A injection strongly
suggests that the toxin can denervate the intra-
fusal muscle fibers, thereby reducing spindle
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inflow to the CNS during vibration (Fig. 7-2A
and B).

Both studies investigating the intrafusal
chemodenervation after BoNT/A injection
gave consistent results about the action of the
toxin on g-efferents. It is undoubtedly easier to
test vibration-induced MEP facilitation than the
TVR, a parameter with a large inter- and
intraindividual variability, which is influenced
by many different factors.46 However, Urban’s
method cannot be used in subjects affected by
upper motor neuron syndrome (UMNS), in

whom it is not possible to have an appropriate
MEP test. This problem is not present using the
TVR, which can be elicited also in the affected
muscles of hemiplegic patients.47 Recently, we
were able to confirm the special sensitivity of
the TVR to suppression by BoNT/A injection
also in UMNS patients with spasticity, provided
they retained the capability of moving the
affected limb.37 On the contrary, in plegic
patients the extrareduction of the TVR was
not found, suggesting the role of movement
for the toxin action on g-efferents.
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FIGURE 7-2. Short- and long-term effects of BoNT/A injection in a representative subject affected by writer’s cramp. A, One

month after injection, the tonic vibration reflex (TVR) was almost completely suppressed, whereas the maximal voluntary
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regained their preinjection values.
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CONCLUSIONS

Studies in humans provide evidence that
BoNT/A alters sensory inputs to the CNS
through reversible chemodenervation of extra-
fusal and intrafusal fibers. This peripheral
action induces excitability changes in central
neural circuits.
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8Botulinum Neurotoxin
Treatment of Cranial-

Cervical Dystonia

Christopher Kenney and Joseph Jankovic

INTRODUCTION

Dystonia is a neurologic syndrome character-
ized by involuntary, sustained or spasmodic,
patterned, repetitive muscle contractions,
which causes twisting, flexing or extending,
and squeezing movements or abnormal
postures.1 Dystonia can involve skeletal
muscles in any part of the body; distribution
of symptoms may be focal, multifocal, segmen-
tal, or generalized. Characteristic features
include co-contraction of agonist/antagonist
muscles and involuntary overflow contraction
into adjacent muscle groups or in the opposite
limb, the so-called mirror dystonia.2,3 Dystonic
movements are typically action-induced,
although they may also occur at rest, particu-
larly when severe or after peripheral injury.

Blepharospasm, an involuntary closure of
the eye produced by spasmodic contractions
of the eyelids and eyebrows is an example of
focal dystonia. An increased frequency of blink-
ing, associated with a feeling of irritation or
dryness in the eyes, usually precedes sustained
closure of the eyes. Only about 20% of patients
with blepharospasm continue to have isolated
blepharospasm, sometimes still called benign
essential blepharospasm.4,5 Blepharospasm is
an increasingly recognized cause of disability
affecting about 32 per 100,000 people.6

Typically beginning in the 5th or 6th decade
of life, women are effected more frequently
than men in a ratio of 3:1.7,8 Blepharospasm
arises from excessive contractions of orbicularis
oculi (pretarsal, preseptal, and periorbital por-
tions), often involving adjacent muscles includ-
ing procerus and corrugator. Overactivity of

these muscles leads to excessive eye blinking
and potentially persistent eye closure related
to prolonged muscle spasms of the eyelids.
In severe cases, patients may be functionally
blind because of persistent eye closure.
Quality of life may be markedly impaired
with difficulty noted in reading, writing, and
driving.9 Bright light usually exacerbates
blepharospasm, so many patients wear
sunglasses both outside and inside. The
spasms may be transiently alleviated by pulling
on an upper eyelid, pinching the neck,
talking, humming, yawning, singing, reading,
looking down, and other maneuvers called
sensory tricks (‘‘geste antagonistique’’).10

Blepharospasm may be confused with tic dis-
orders manifested by frequent blinking or
ptosis, and may be initially misdiagnosed as
myasthenia gravis.11 The majority of patients
with blepharospasm display other involuntary
movements in the face such as paranasal con-
tractions, grimacing, or jaw opening/closing.4

Some patients with blepharospasm may have
associated inability to open eyes, the so-called
apraxia of eyelid opening. This disorder
may occur in isolation or in the setting of
parkinsonism.12,13 Often wrongly diagnosed
as blepharospasm, apraxia of eyelid opening
has been attributed to absence of contraction
or inhibition of the levator palpebrae.14

Oromandibular dystonia consists of invol-
untary spasms of jaw, mouth, and tongue mus-
cles that produce bruxism (tooth grinding);
involuntary tongue movements; and opening,
closure, or deviation of the jaw.15 These symp-
toms may interfere with chewing, speaking,
or swallowing. Secondary complications of
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oromandibular dystonia include dental wear
and the temporomandibular joint (TMJ)
syndrome. Involuntary contractions of the
mouth and jaw muscles can cause disabling
dysarthria and chewing difficulties, as well as
severe discomfort and social embarrassment.
Some patients with oromandibular dystonia
display involvement of the pharyngeal and
laryngeal musculature, resulting in dysphagia,
strained voice (spasmodic dysphonia), respira-
tory difficulties, and involuntary vocalizations.
As in other forms of dystonia, alleviation of
oromandibular dystonia may be attained by
various sensory tricks, including touching the
lips or chin, chewing gum, talking, or applying
pressure in the submental area.15

Cervical dystonia is characterized by sus-
tained, involuntary contractions of neck
muscles that result in abnormal movements
and postures of the head.16 Onset occurs
typically between the 3rd and 5th decades of
life.17 The term spasmodic torticollis is
commonly used to describe this form of dysto-
nia. However, because the movement is not
always spasmodic and may consist of abnor-
mal postures other than torticollis (e.g., turning
of the head), such as laterocollis (head tilt),
antercollis (neck flexion), and retrocollis
(neck extension), the term cervical dystonia is
preferred as a generic descriptor of dystonic
movements or postures involving the neck.18

Dystonic tremor, a component of the dystonia,
is most obvious when the patient attempts to
maintain primary position of the head by
resisting the dystonic ‘‘pulling.’’ About 25% of
patients with cervical dystonia have postural
tremor in their hands that is phenomenologi-
cally identical to essential tremor.19 A majority
of patients (2/3) note neck pain as a symptom
of cervical dystonia.20

The combination of blepharospasm, oro-
mandibular dystonia, and cervical dystonia is
sometimes referred to as Meige syndrome, but
the term cranial-cervical dystonia is more
appropriate to describe this form of segmental
dystonia. In most series of patients with
cranial-cervical dystonia, women outnumber
men at a ratio of 2:1, and the onset is usually
in the sixth decade of life.21 The disorder is
a lifelong condition, and spontaneous remis-
sions are rare.

ETIOLOGY

Because the muscle spasms of cranial-cervical
dystonia are typically exacerbated by stress

and relieved by relaxation, as well as by various
sensory ‘‘tricks,’’ the disorder is often incor-
rectly presumed to be psychological in nature.
This misconception is fostered by the lack of
diagnostic imaging or other laboratory tests
for abnormalities, because the vast majority of
these patients have ‘‘idiopathic’’ dystonia.
The second most common cause of cranial-
cervical dystonia is tardive dystonia, which is
similar to tardive dyskinesia because it is
caused by drugs that block dopamine receptors,
such as the major tranquilizers and certain
antiemetic drugs.22 In contrast to orofacial
and other stereotypic movements that are
typically present in tardive dyskinesia, the
movements in tardive dystonia are more sus-
tained. Patients treated for Parkinson disease
with levodopa may also experience cranial-
cervical dystonia.23 Structural lesions in the
upper brain stem, diencephalon, and basal
ganglia, resulting from stroke, multiple sclero-
sis, thalamotomy, hydrocephalus, and other
causes, have been reported to cause cranial-
cervical dystonia. In addition, cranial-cervical
dystonia can be seen in patients with Wilson
disease, and other metabolic and neurodegen-
erative disorders. Facial and jaw spasms, called
oculomasticatory myorhythmia, can be a com-
plication of central nervous system involve-
ment in Whipple disease.24 The rhythmic
contractions of the eyelids, face, and mouth
may be synchronous with convergent eye
oscillations. Finally, trauma to the eyelids, jaw,
or neck can trigger dystonic movements in the
injured area, peripherally induced dystonia.25

PATHOPHYSIOLOGY

Dystonia is characterized by impaired inhibi-
tion at multiple levels of the central nervous
system.2 Overflow movements in adjacent
muscles are thought to derive from a failure
to suppress neuronal excitability in surround-
ing neural circuits (surround inhibition).26

No specific abnormality or lesion has been
identified on brain imaging studies or at
autopsy of the brain of patients with cranial-
cervical dystonia. Electrophysiologic studies of
patients with cranial-cervical dystonia have
demonstrated abnormalities in the R2 compo-
nent of the blink reflex indicating increased
excitation of the brainstem interneuronal
pathway.2 Other neurophysiologic and func-
tional magnetic resonance imaging (fMRI)
studies suggest evidence of disinhibition of
the primary motor and premotor cortex,
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along with overactivity in the somatosensory
cortex and caudal supplementary motor
area.27 Interestingly, botulinum toxin (BoNT)
partially reverses the overactivity of the soma-
tosensory cortex and caudal supplementary
motor area after treatment.28 Although gener-
ally regarded as a motor disorder, overactivity
of the somatosensory cortex implicates the
sensory system as well.29 Existing clinical and
experimental data lend support to the notion
that sensorimotor integration is impaired in
dystonia.

Clinical, pharmacologic, and biochemical
studies have suggested dopaminergic and nor-
adrenergic preponderance in some cases. This
biochemical abnormality may be genetically
determined, because family history of a move-
ment disorder is present in at least one third of
patients with cranial dystonia. A familial form
of young-onset cervical dystonia with a dra-
matic response to levodopa has been reported,
but the genetic mutation remains undiscov-
ered.30 Adult-onset cervical dystonia may
occur in families with the DYT7 locus localized
to the short arm of chromosome 18p by link-
age analysis; however, the molecular basis is
poorly understood.31

TREATMENT

While the cause of cranial-cervical dystonia is
still poorly understood, the treatment has
markedly improved in the last decade.32,33

About one third of patients benefit from
pharmacologic therapy with agents such as
anticholinergics, benzodiazepines, or muscle
relaxants (baclofen).34 Dystonic patients
usually require high doses of anticholinergic
treatment (trihexyphenidyl 6–80 mg/day)
for noticeable improvement. The pediatric
population tolerates these doses more
readily than adults.35 Side effects, such as dry
mouth, blurred vision, and confusion, may
limit aggressive titration. Baclofen reduces
spinal cord interneuron firing by activation
of presynaptic GABA receptors.35 As with
trihexyphenidyl, slowly titrated doses may be
required for amelioration of dystonia. Side
effects include sedation, dizziness, and dry
mouth. Tizanidine, a centrally acting muscle
relaxant, improves dystonia and spasticity
by stimulating noradrenergic a-2 receptors.36

Longer acting benzodiazepines such as clonaz-
epam provide symptomatic relief with less
concern of addiction. In some patients, tardive
dystonia responds well to tetrabenazine,

a dopamine-depleting drug.37 Dose-limiting
side effects include sedation, akathisia, depres-
sion, and parkinsonism.38

Clostridium botulinum produces toxin in
seven structurally and immunologically distinct
forms (A–G). These neurotoxins block the
release of acetylcholine at the neuromuscular
junction by cleaving peptides required for
vesicular membrane fusion. Scott began using
isolated botulinum type A (BoNT/A) to treat
blepharospasm more than 20 years ago.39

At present, two of seven serotypes are available
commercially: type A (Botox [Allergan, Irvine,
CA], Dysport [Ipsen, Milforrd, MA], Xeomin
[Merz Pharma, Greensboro, NC], Prosigne
[Lanzhou Institute of Biologic Products,
Shanghai, China) and type B (Myobloc/
NeuroBloc [Solstice Neurosciences, Malvern,
PA]). Botulinum toxin has revolutionized the
treatment of dystonia and a variety of other
neurologic (spasticity, tics, migraine), ophthal-
mologic (strabismus, lacrimation, protective
ptosis), urologic (overactive bladder, benign
prostatic hyperplasia, pelvic floor dyssynergia),
gastrointestinal (achalasia, sphincter of
Oddi dysfunction, anal fissures), and dermato-
logic (hyperhidrosis, wrinkles, pruritus)
conditions.40

Treatment of cranial-cervical dystonia with
botulinum toxin requires a detailed knowledge
of the local anatomy and the individual’s con-
dition. The potential side effects are related to
the site of injection: an injection in the eyelids
may cause ptosis, blurred vision, diplopia,
tearing, or eyelid hematoma; an injection into
the oromandibular muscles may cause chew-
ing, speaking, and swallowing difficulties; and
an injection into the cervical muscles can pro-
duce neck weakness and swallowing pro-
blems.41,42 Complications usually improve
spontaneously within 3 weeks.

For patients unresponsive to conventional
pharmacologic intervention, options include
intrathecal baclofen, selective peripheral dener-
vation, and deep brain stimulation (DBS).33

DBS is most appropriate for patients with
disabling generalized dystonia rather than
focal dystonia. To date, most investigators
advocate targeting the globus pallidus interna
(GPi) for the treatment of medically refractory
dystonia.43 Patients with DYT1 dystonia appear
to have the most robust response. Case reports
and case series of cervical dystonia and cranial-
cervical dystonia look promising.44-46 In con-
trast to essential tremor, the postoperative
improvement of GPi-DBS may be delayed sev-
eral months.47 Phasic dystonic movements
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tend to improve more rapidly than tonic move-
ments. DBS-related complications when target-
ing the GPi are infrequent but include
intracerebral hemorrhage, infection, dysarthria,
weakness, and numbness.48

BOTULINUM TOXIN FOR
BLEPHAROSPASM

Although most physicians consider BoNT to be
the most effective treatment for blepharos-
pasm, few double-blind, placebo-controlled
studies exist.49 A Cochrane review on BoNT/A
did not find any ‘‘suitable’’ studies that met
their criteria for inclusion.50 Nevertheless,
many studies report that patients with blepha-
rospasm improve dramatically using proper
dosages and technique.

In 1985, Fahn reported results of eight
blepharospasm patients injected with 10
units of BoNT/A in one eye and saline in the
other.51 Patients improved to a greater degree
with active treatment based on electrophysio-
logic measurements, but a scale-to-measure
clinical benefit was not used. Jankovic
confirmed these findings 2 years later in a
more conventional double-blind study in
12 blepharospasm patients, the majority of
whom had dystonia of adjacent musculature
(cranial-cervical dystonia).52 Placebo-treated
patients did not improve. Treatment with
BoNT-A (25 units/eye) improved the severity
rating score by 72% and the self-assessment
score by 61%. The treatment effect started
a mean of 3.7 days after injection and
lasted 12.5 weeks. Adverse events included
blurred vision, lacrimation, eccymosis, ptosis,
and diplopia.

The Jankovic Rating Scale (JRS), used in the
aforementioned study, has been used to deter-
mine therapeutic efficacy by assessing the
typical symptoms of blepharospasm, such as
increased blinking, eyelid fluttering, and
eyelid spasm.53,54 The JRS total score ranges
from 0 to 8 points and is calculated from the
two items ‘‘Severity’’ and ‘‘Frequency,’’ with five
rating categories (0 to 4 points) each.
The Blepharospasm Disability Index (BSDI) is
a self-rating scale (0 to 4 points) for assessment
of impairment of specific activities of daily
living caused by blepharospasm, ranging from
‘‘no impairment, ‘‘slight/moderate/severe
impairment’’ to ‘‘no longer possible due to
my illness.’’ The BSDI rates 6 domains that
affect quality of life, such as ‘‘driving a vehicle,’’

‘‘reading,’’ ‘‘watching TV,’’ ‘‘shopping,’’
‘‘walking’’ and ‘‘doing everyday activities.’’

Following the initial placebo-controlled
trial, several other studies provided evidence
for the efficacy and safety of BoNT in the treat-
ment of blepharospasm. Based on the findings
of a randomized, double-blind study of 26
blepharospasm patients, Frueh and collea-
gues55 recommended to avoid toxin injection
in the ‘‘medial two thirds of the lower eyelid’’
to prevent diplopia from inferior oblique
weakness. In a combined population of bleph-
arospasm and hemifacial spasm (N = 112),
Park and associates treated 11 blepharospasm
patients in an open-label fashion, finding that
98.6% experienced ‘‘excellent’’ results lasting a
mean of 16.5 weeks.56 Side effects included dry
eyes, ptosis, lid edema, and diplopia. Several
studies have concluded that reduction in
eyelid spasms from BoNT/A translates into
improved quality of life.9,57,58

Several studies have compared different
formulations of BoNT in the treatment of
blepharospasm. Sampaio and coworkers59

found no difference between Botox� and
Dysport� with regard to duration of effect
(primary end point) or adverse events in a
single-blind, randomized comparison. A ratio
of 4:1 was used to compare the two BoNT/A
formulations. The duration of effect was 13.3 ±
5.9 for Dysport and 11.2 ± 5.8 weeks for Botox,
but this difference was not statistically
significant. Adverse events were noted in 50%
of the Dysport group and 47% of the Botox
group. Based on this study, the authors recom-
mend a 4:1 conversion ratio in clinical practice.
Using a double-blind crossover design,
Nussgens studied 212 consecutive blepharo-
spasm patients comparing Dysport and Botox.
Duration of effect was identical in the two
groups. Unfortunately, no attempt was made
to measure the extent of spasm relief.
Botox caused a significantly lower rate of side
effects, particularly ptosis. The German
formulation of BoNT/A (NT201/Xeomin),
promoted as ‘‘free of complexing proteins,’’
was compared with Botox in a 1:1 dose ratio
in a randomized, double-blind parallel study
of 300 patients with blepharospasm, 256 of
whom completed the study; no difference
in efficacy or adverse effects was found between
the two products 3 weeks after injection.53 The
adjusted mean change in the JRS was �2.90 for
the NT201 and �2.67 for the Botox group; the
frequency of ptosis, the most common adverse
effect, was 6.08% and 4.52% respectively.
CBTX-A (Prosigne�) has not been widely
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investigated. In a small crossover study with
eight blepharospasm and 18 hemifacial spasm
patients Chinese BoNT/A appeared to provide
equivalent global improvement, onset to
response, and duration of efficacy with a simi-
lar side effect profile to Botox.60

Common reasons for lack of BoNT efficacy
in patients with blepharospasm include under-
dosing, improper injection technique, presence
of eyelid opening apraxia, and resistance from
the development of antibody formation,
especially in patients exposed to large doses
and frequent injections. Levy and associates61

investigated ‘‘supramaximal’’ doses of BoNT/A
(>100 units) in patients with refractory
blepharospasm in a prospective, open-label
series of eight patients. Half of the cohort
opted to continue high-dose BoNT/A. The
authors concluded that in select cases, supra-
maximal doses of BoNT/A (maximum = 82.5
units/eye) may be well tolerated and effective
in refractory blepharospasm. Based on a
retrospective study, Pang and O’Day62 also
confirmed that higher doses than the recom-
mended 50 units/eye may be needed
for some patients. This is especially true for
patients who have involvement of facial
muscles other than orbicularis oculi.

Various injection techniques have been
advocated to optimize the response to BoNT.
In our experience and that of others, targeting
the pretarsal rather than preseptal portion of
orbicularis oculi yields the best results.12

In 2002, Cakmur and coworkers63 reported a
retrospective comparison study of 25 blepharo-
spasm patients using both techniques. Pretarsal
BoNT/A produced a better response rate
(97% vs. 90%) for a longer duration (11.4
weeks vs. 8.2 weeks). The most common side
effect, ptosis, was less common in the pretarsal
group (13% vs. 16%). The authors stated ‘‘that
pretarsal injections of BoNT/A alone are suffi-
cient to obtain optimum results and there is no
reason or need to additionally inject the
preseptal or orbital portion of the orbicularis
oculi in patients with blepharospasm.’’63

Several other investigators confirmed these
findings.12,64-66 As many as 50% of blepharo-
spasm patients who are unresponsive to BoNT
may fail because of the presence of apraxia of
eyelid opening.4 Surgical intervention may be
required in these patients with suspension of
frontalis or removal of the pretarsal orbicularis
oculi. Maureillo and colleagues67 suggest that
upper eyelid surgery may increase the average
duration of BoNT. After surgery, 14 patients
experience a prolongation of effect from

122 days to 210 days. Finally, antibody produc-
tion may render BoNT ineffective, but this is
extremely unlikely because of relatively
low dosages used and because the risk of
blocking antibodies with new formation of
Botox is rare.68 In a retrospective chart review
of 16 patients resistant to BoNT/A and then
treated with BoNT/B, the mean effect duration
equaled 7.3 weeks and rated as fair to excellent
in the majority.69 Side effects were, however,
very common including pain at the site of
injection (100%), ptosis (32.3%), and dry
mouth (17.2%). Switching to an alternative
botulinum toxin formulation may benefit
refractory patients.

BOTULINUM TOXIN FOR
OROMANDIBULAR
DYSTONIA (See Chapter 16)

BOTULINUM TOXIN FOR
CERVICAL DYSTONIA

Cervical dystonia consists of jerky or sustained,
but nearly always patterned (same muscles
involved) movements of the head and neck.
The goal of treatment of cervical dystonia
is not only to treat the abnormal postures
and associated neck pain but also to prevent
secondary complications such as contractures,
cervical radiculopathy and myelopathy.70

Several muscles are involved in neck move-
ment, particularly the sternocleidomastoid,
splenius capitus, scalenus complex, and semi-
spinalis capitis.71 One of the challenges in
BoNT treatment of cervical dystonia is to deter-
mine which muscles to inject.18 This difficulty
is compounded by the fact that multiple
muscle combinations can produce the same
movements, the particular pattern of abnormal
muscle activity is highly individualized,
and antagonist muscles may contract more
intensely and may be more hypertrophic than
agonist muscles. Only the latter group of
muscles should be targeted for BoNT injection.
Although some investigators have suggested
that after injection of BoNT, the pattern of
muscle activity may change,72 this is rare in
our experience. Some investigators have
also shown that although there are no further
changes in the electromyographic activity of
the injected sternocleidomastoid subsequent
to the first dose of BoNT, there may be a
progressive change in the contralateral
(i.e., antagonist) muscle.73
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Selection methods (clinical inspection
versus electromyographic analysis) to target
and inject muscles remains controversial.
Electromyography (EMG) can be used to
confirm localization of the needle to a muscle
or confirm and possibly quantify the occur-
rence of specific muscular activity during
ongoing dystonic movements.74-77 In compar-
ison to an EMG mapping study, the clinical
predictions of individual muscle involvement
by four movement disorder specialists were
only 59% sensitive and 75% specific.78 One
study showed that patients did better with
EMG guidance compared with clinically
guided injections.79 The difference in the over-
all magnitude of this effect was, however, small
and there was no difference between groups in
the number of patients returning for booster
injections. Although patients with retrocollis,
head tilt, and shoulder elevation in particular
demonstrated additional benefit with EMG-
guided injections, the patients that did not
have EMG-assistance received higher doses of
BoNT, suggesting more severe disease.

The efficacy of BoNT in cervical dystonia has
been demonstrated in both controlled and
open-label trials80-83 and in an evidence-
based medicine criteria analysis.84,85 In one
double-blind, placebo-controlled trial, 61% of
patients injected with BoNT/A improved; 74%
of patients subsequently improved during a
later open phase at a higher dose.86 In general,
improvement rates run from as low as 65%, to
as high as 92%, and near-complete improve-
ment in 83%, with further improvement after
repeated treatments has been seen up to
5 years. A retrospective analysis of 616 patients
treated with BoNT/A showed sustained signifi-
cant benefit as measured by a disease severity
score, independent of the type of cervical dys-
tonia.87 Pronounced individual differences
were found in response to this treatment,
even in patients with similar initial clinical
scores and doses of BoNT/A. Although second-
ary nonresponse was seen in about 5% of
patients, antibody tests revealed neutralizing
serum antibodies in only 2%. Lew and associ-
ates reviewed studies88 with BoNT/B, which
taken together, showed about a 25% reduction
in the Toronto Western Spasmodic Torticollis
Scale (TWSTRS) and duration of action of 12 to
16 weeks.89-91 The two pivotal studies, one
using BoNT/A (Botox) and the other BoNT/B
(Myobloc), that led to the approval of BoNT by
the Food and Drug Administration (FDA) for
cervical dystonia have not been published but
have been previously reviewed.81

The most common complication of BoNT
for cervical dystonia is pharyngeal weakness
manifested by dysphagia. Although usually
mild and rarely disabling, it may require a
change to a soft diet to prevent aspiration.92

In one study, 33% of patients receiving their
first dose of BoNT experienced dysphagia and
a greater number displayed radiographic
swallowing abnormalities.79 Dysphagia has
been reported to occur on average 9.7 days
after injection and last on average 3.5
weeks.87 Dysphagia most commonly occurs
with bilateral injections of the sternocleido-
mastoid or scalenus muscles, presumably
because of local spread of the toxin from
these muscles to posterior pharyngeal muscles.
This complication may occur less frequently if
the biologic activity of the toxin is contained
within the target muscle by using multiple
small injections rather than a single large
bolus.93 Neck weakness is the second most
common local complication following BoNT
treatment of cervical dystonia. In addition,
BoNT/B has a relatively high incidence of
injection site pain and dry mouth.88-91

Although BoNT has been considered the
treatment of choice for cervical dystonia, it
has been formally compared with medical ther-
apy in only one study. Brans and coworkers94

compared the effectiveness of BoNT/A
with that of trihexyphenidyl in a prospective,
randomized, double-blind design. Sixty-six
consecutive patients with idiopathic cervical
dystonia were randomized to treatment with
trihexyphenidyl tablets plus placebo injection
or placebo tablets plus BoNT/A injections.
BoNT/A (Dysport) or saline was injected
under electromyographic guidance at study
entry and again after 8 weeks. Patients were
assessed for efficacy at baseline and after
12 weeks by different clinical rating scales.
Sixty-four patients completed the study, 32
in each group. The mean dose of BoNT/A
was 292 U (first session) and 262 U
(second session). The mean dose of trihexyphe-
nidyl was 16.2 mg/day. The changes on the
Disability section of the TWSTRS (primary out-
come), Tsui Scale, and the General Health
Perception Subscale were significantly
improved in favor of BoNT/A. Furthermore,
adverse effects were significantly less frequent
in the BoNT/A group.

Several studies have attempted to determine
optimum dosing in patients with cervical
dystonia. Poewe and associates95 performed a
prospective, multicenter, placebo-controlled,
double-blind, dose-ranging study in a group
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of previously untreated patients with rotational
torticollis to obtain objective data on dose-
response relations. Seventy-five patients were
randomly assigned to receive treatment with
placebo or total doses of 250, 500, and
1000 BoNT/A (Dysport) units divided between
one splenius capitis and the contralateral ster-
nocleidomastoid; 79% reported subjective
improvement at one or more follow-up visits.
Decreases in the modified Tsui score were sig-
nificant at week 4 for the 500 and 1000 unit
groups versus placebo. There was a positive
relation between dose injected and the dura-
tion of clinical benefit. Ninety-four percent
of patients treated with placebo and about
50% of patients receiving 200 and 500 units
requested reinjection by 8 weeks. whereas
only 39% of those having received 1000 units
asked for a second treatment by this time.
A dose relationship was also established for
the number of adverse events overall and
for the incidence of neck muscle weakness
and voice changes. They concluded that
although magnitude and duration of improve-
ment was greatest after injections of 1000 units,
it was at the cost of significantly more adverse
events. They suggested a starting dose of 500
units, with upward titration if clinically
necessary.

Another double-blind, randomized study,
involving 31 patients with cervical dystonia
who had previously received at least two previ-
ous injections, examined low-dose therapy.96

The patients received either a mean total
target dose of 547 ± 113 mouse units (MU)
at a concentration of 500 MU Dysport/mL or
a 4-times-diluted preparation of 130 ± 32 MU
at a concentration of 125 MU Dysport/mL).
TWSTRS and a self-rating rating before and
after injection revealed comparable clinical
improvement in both groups; however,
three patients in the low-dose group received
reinjections due to insufficient effects from
the previous injection. These findings again
suggest that low-dose treatment of cervical
dystonia with Dysport may be clinically effec-
tive during maintenance therapy, at least for a
limited period of time. The authors suggest that
the low-dose Dysport effects may have
been potentiated by the long-lasting effects of
previous Dysport treatments at conventional
doses.

Several factors can influence failure to
respond to BoNT. Primary nonresponse is
very rare and may be explained by the presence
of blocking antibodies produced by prior
vaccination, as required in some military

personnel, contractures, insufficient dosage of
BoNT, or injection of the incorrect muscles. In
cervical dystonia, about half of these patients
who initial fail to respond will subsequently
benefit from BoNT. More recently, in a long-
term study (median 5.5 years, range 1.5-10) in
78 patients with idiopathic cervical dystonia,
treatment with BoNT-A was assessed using
patient and treating neurologist scores, as well
as global burden of disease, as expressed on
Visual Analog Scales (VAS, 0–10).97 By
combining these outcome measures, 67% of
the patients were characterized as having a
good effect, and 33% an unsatisfactory effect.
This outcome (good or unsatisfactory effect)
was independent of the severity of head devia-
tion or complexity pattern of cervical dystonia
before treatment, the delay from onset to start
of botulinum toxin treatment, or the number
of treatments.

Cervical dystonia is due to a number of dif-
ferent etiologies including genetic predisposi-
tion, local trauma, and certain drugs, which
may affect the responsiveness to BoNT. In
one study, the response of patients with tardive
cervical dystonia was similar to that of patients
with idiopathic cervical dystonia, although the
patients with tardive cervical dystonia required
higher BoNT/A doses by about 30%, partly
because of greater pain, larger muscles, and
more complicated movements.98 Acute-onset
cervical dystonia (occurring within 4 weeks of
trauma) is characterized by markedly reduced
cervical mobility, prominent shoulder eleva-
tion with trapezius hypertrophy, isometric con-
traction of the affected muscles without
involuntary movements, lack of effect of sen-
sory tricks, or activation maneuvers. Although
patients with post-traumatic cervical dystonia
do not generally respond to BoNT injections
as well as patients with idiopathic dystonia,
this is usually the most effective treatment, par-
ticularly for pain relief. By contrast, delayed-
onset cervical dystonia (between 3 months
and 1 year after trauma) is clinically indistin-
guishable from nontraumatic idiopathic cervi-
cal dystonia with respect to BoNT.99

In a multicenter study of 100 patients with
cervical dystonia, we examined the immunoge-
nicity of BoNT/B and correlated the clinical
response with the presence of blocking antibo-
dies using a novel mouse protection assay.100

A third of the patients who were negative for
BoNT/B Antibodies at baseline became positive
for BoNT/B antibodies at last visit. Thus,
the high antigenicity of BoNT/B limits its
long-term efficacy.
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In patients who appear to lose their response
to BoNT treatment, detection of blocking
antibodies should be sought by the mouse
protection assay (MPA), which is considered
the ‘‘gold standard’’ for detecting blocking anti-
bodies.68 If MPA is not readily available and
the unilateral brow injection test is equivocal,
then extensor digitorum brevis test may need to
be performed, and if negative, it should be
followed by carefully placed injections under
electromygraphic guidance before switching to
an immunologically alternative preparation of
BoNT to improve results.101,102

CONCLUSION

A large body of data supports the conclusion
that focal and segmental dystonias respond
favorably to BoNT, particularly blepharospasm,
oromandibular dystonia, cervical dystonia, and
the combination of all three, cranial-cervical
dystonia. Although earlier formulations of
BoNT caused antibody production and loss of
effect, this phenomenon has become exceed-
ingly rare as long as the interval in between
injections remains at 3 months or more.
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9Botulinum Neurotoxin
Treatment of Limb
and Occupational

Dystonias

Barbara Illowsky Karp

INTRODUCTION

Dystonia can affect either the upper or lower
extremities, both as an isolated focal dystonia
and as part of generalized or segmental
dystonia. In primary dystonias, the leg is
more likely to be involved in childhood-onset
generalized dystonia and dopa-responsive dys-
tonia, whereas the hand and arm are more
commonly affected in adult-onset focal dysto-
nia. Both upper and lower extremity dystonia
are amenable to treatment with botulinum
neurotoxin (BoNT).

FOCAL HAND DYSTONIA

The most common primary limb dystonia is
focal hand dystonia. Reported as early as the
18th century, Ramazzini1 described ‘‘the
morbid affections’’ of scribes and notaries,
who developed ‘‘intense fatigue of the hand
and whole arm because of the continuous
almost tonic strain on the muscles and
tendons, which in the course of time results
in failure of power . . .’’ Similar hand dysfunc-
tion afflicted those engaged in a variety of occu-
pations, especially workers who performed
tasks requiring repetitive, finely coordinated
movements of the hands. As described by
Aitken in 18822:

‘‘The disease is not entirely limited to the
operation of writing. Shoemakers, milkmaids
(or milkers of cows, goats, and ewes),
nailsmiths, musicians, compositors, saddlers,
sempstresses, and men who handle small

hard articles with considerable muscular
grasp, are subject to similar cramps. Hence
the disease is known under a variety of
names—as cobbler’s spasm, milker’s spasm,
nailer’s spasm, writer’s cramp.’’

It is still true that focal hand dystonia tends
to arise in those whose occupations or pastimes
involve frequent repetitive movement of the
hand and fingers. Writer’s cramp, musician’s
cramp, and typist/keyboarder’s cramp are
among the more common types currently
seen. Hand dystonia may be more functionally
disabling than dystonia affecting other body
areas, interfering with writing and skilled
hand use.

SIGNS AND SYMPTOMS

‘‘Every attempt to write calls forth uncontrolla-
ble movements in the thumb, the index finger,
and middle finger so that the pen starts up and
down on the paper. The handwriting ceases to
be legible—a mere scrawl results, or grotesque
interrupted scribbling. The more the patient
persists in the attempt to write, the more does
the difficulty of steadying the hand and using
the pen increase. The visible and sensible
contractions of the muscles of the thumb and
fingers are soon followed by similar contrac-
tions of the forearms, even extending in some
cases to the upper arm.’’3

The symptoms of focal hand dystonia
begin insidiously, often heralded by vague,
poorly localized feelings of discomfort or
tension. Difficulty using the hand arises,
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along with muscle tightness, usually accompa-
nied by abnormal hand posture (Fig. 9-1).
Motor control is impaired, leading to difficulty
writing or performing desired tasks. Although
forearm aching and fatigue are common, overt
pain is not.

Dystonia improves when the provoking
activity ceases but returns quickly with resump-
tion of the eliciting task, and worsens during
attempts to continue with the activity.
Focal hand dystonia can be remarkably task

specific, leaving other tasks unaffected even if
the same muscles are used or similar move-
ments required. For example, musicians may
have dystonic hand movements when playing
one instrument but not another related instru-
ment.4 Some patients go through a progres-
sion, with initial symptoms being entirely
task specific (‘‘simple’’ cramp), followed by a
later loss of specificity (‘‘dystonic’’ cramp) so
that dystonia is present during almost any
hand use. When severe, dystonic posturing is

FIGURE 9-1. Wrist flexion in wri-

ter’s cramp.

FIGURE 9-2. Dystonia at rest in a

patient with writer’s cramp.
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elicited by thinking about a provoking task or
even at rest (Fig. 9-2).

The motor symptoms of focal hand dystonia
often progress over several months and then
stabilize. Further progression, either to more
proximal muscles of the arm or to the other
hand, sometimes occurs.5-7

Strength and deep tendon reflexes are normal
in primary focal hand dystonia. Mild rigidity or
diminished arm swing may be present on the
affected side.5,6 Postural tremor, similar to
essential tremor, is present in about 45%
of patients with writer’s cramp.6,8 Routine sen-
sory examination is normal in those with focal
hand dystonia, although there may be subtle
impairment of sensory discrimination.9-11

The combination of muscles involved in
focal hand dystonia varies with the individual,
and involvement of any combination of hand
and arm flexors and extensors is possible.
Certain patterns are, however, more common
than others and may be characteristic of the
provoking activity. In writer’s cramp, the
dominant hand is more commonly affected
than the nondominant hand. In musicians,
the pattern varies with the particular instru-
ment being played.12,13 Pianists tend to have
dystonic flexion of the 4th and 5th fingers of
the right hand, which often has more intricate
passages to play than the left hand. In violi-
nists, hyperflexion of the 4th and 5th fingers
tends to affect the left, fingering hand rather
than the right, bowing hand. Dystonic flexion
of the 3rd finger of the right hand is a common
pattern in guitar and banjo players, whereas

extension of the 3rd finger of the right hand
is more common in clarinetists (Fig. 9-3).

EPIDEMIOLOGY AND
GENETICS

The prevalence of focal hand dystonia has been
reported at 7 to 69 per million population.14,15

Musician’s dystonia is estimated to affect 0.2%
to 0.5% of the general population.16 Usually
developing in middle age,6 writer’s cramp and
musician’s cramp are both more common in
men, as opposed to other focal dystonias
such as cervical dystonia or blepharospasm,
which are more common in women.

A genetic component to focal hand dystonia
is likely, with 5% to 20% of those with writer’s
cramp or musician’s cramp reporting a family
member with dystonia.4,5,17 The DYT1 muta-
tion is not common in either writer’s cramp
or musician’s cramp,18-21 however, focal hand
dystonia has been reported in some members
of families with DYT6, DYT7, DYT13, and
DYT15 dystonias.22-25

DIFFERENTIAL DIAGNOSIS

Repetitive stress injury (RSI), also known as
occupational overuse syndrome, is an impor-
tant cause of hand disability that can be
mistaken for focal hand dystonia. Similar to
focal hand dystonia, RSI arises in those with

FIGURE 9-3. Finger flexion in

musician’s cramp.
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repetitive movement or overuse of joints or
muscles. Unlike focal hand dystonia, the pre-
dominant symptom of RSI is pain in the affected
body part that worsens with continued use.
There is no significant functional disability in
RSI except as limited by pain. Repetitive stress
injury is due to microtears and inflammation in
the overused muscles and connective tissue,
and is thus amenable to treatment with better
ergonomic design, heat, massage, rest, and anti-
inflammatory agents.26,27 Even so, prognosis
for this disorder has not been good.

Dystonic hand symptoms can arise in
complex regional pain syndrome (CRPS), for-
merly known as reflex sympathetic dystrophy.
In CRPS, dystonia may be accompanied by
pain, allodynia, autonomic dysfunction, and
skin changes.28,29

Mononeuropathies such as ulnar neuropa-
thy or carpal tunnel syndrome may occasion-
ally be mistaken for focal hand dystonia.
Carpal tunnel syndrome causes pain as well
as median nerve-distribution sensory loss and
weakness, which are not present in focal hand
dystonia. Focal hand dystonia and carpal
tunnel syndrome can rarely coexist. When
they do, the carpal tunnel symptoms may
respond to carpal tunnel–specific treatment
or surgery, whereas the focal hand dystonia
symptoms do not.

Ulnar neuropathy can be similarly differen-
tiated from focal hand dystonia by the presence
of sensory loss and weakness in ulnar-
innervated muscles. However, there have been
reports of symptoms similar to focal hand dys-
tonia in some patients with ulnar neuropathy,
especially when the 4th and 5th fingers are
involved, as is common in pianists. In such
cases, near nerve recording may be able to
detect a subtle ulnar neuropathy, and the
dystonic as well as neuropathic symptoms
may respond to ulnar nerve transposition.30,31

The frequency of ulnar neuropathy leading to
focal hand dystonia is uncertain.

Dystonia is common in psychogenic move-
ment disorders.32 Psychogenic dystonia should
be suspected if the symptom onset is abrupt
and if there are other somatizations or psycho-
genic neurologic symptoms.33

TREATMENT

With the onset of dystonic symptoms, most
people first try resting the hand or performing
their usual activities in a way that does not
evoke dystonic symptoms. Those with writer’s

cramp try different grips or new pens.
Switching to the nondominant hand for writ-
ing may be successful initially, but approxi-
mately 25% of those who switch develop
dystonia in the second hand.5,6 Musicians
often try to change their technique and pattern
of practice or to modify their instruments.

Nonpharmacologic approaches to focal
hand dystonia, including massage therapy,
chiropractic manipulation, splinting, limb
immobilization, physical therapy, occupational
therapy, biofeedback, hypnosis, and acupunc-
ture, lead to little, if any, sustained improve-
ment in focal hand dystonia. They may help,
however, with some of the forearm discomfort
and can be combined with medications.

Recent physiologic studies of focal hand dys-
tonia have demonstrated distorted cortical
sensory representation for individual fingers.
Therapeutic strategies focused on trying to
reverse these changes, including prolonged
practice with sensory discrimination tasks,34

limb immobilization,35 and ‘‘sensory retun-
ing’’36,37 have had some limited success. The
initial success of limb immobilization has not
been reproduced and cannot be recommended.
Furthermore, limb immobilization has been
reported to trigger the onset of ‘‘peripherally
induced dystonia.’’38 The use of repetitive
transcranial magnetic stimulation to decrease
cortical excitability in those with focal hand
dystonia is also being explored.39 A role for
neurosurgical procedures, such as lesioning
surgery (thalamotomy or pallidotomy) and
deep brain stimulation, has not been estab-
lished for focal hand dystonia. Few patients
with idiopathic focal hand dystonia have
undergone such procedures40-42 and no con-
trolled trials have been conducted.

Oral medications for focal hand dystonia
include anticholinergics, dopaminergic agents,
antidopaminergic drugs, benzodiazepines, and
baclofen and other muscle relaxants.
Anticholinergic drugs, such as trihexyphenidyl,
which are the most successful oral medications
for dystonia, usually bring little benefit in focal
hand dystonia and often produce intolerable
side effects.

Botulinum Toxin Treatment of
Focal Hand Dystonia

The application of BoNT therapy to focal hand
dystonia followed its use in blepharospasm,
hemifacial spasm, and cervical dystonia in the
late 1980s. Its efficacy and safety have been
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established over the past 25 years of use.
In treating focal hand dystonia, the goals
need to be clearly identified and realistic.
Restoration of normal, full-time functional
use of the hand is rarely achieved; better use
of the hand for several weeks or months
following injection is more likely. Muscle tight-
ness and abnormal posture are more likely to
respond than the loss of fine motor control.

Muscles are selected for injection on the
basis of observation, clinical evaluation,
patient report, or electromyographic evidence
of excessive muscle activation. Because the pat-
tern of dystonia varies widely among indivi-
duals, the selection of muscles must be
tailored to the individual subject. Selection of
muscles for injection may not be easy. Some
patients have subjective muscles tightness with-
out observable distortion of hand posture.
Different muscles may contribute to similar
patterns of movement in different individuals.
In addition, the observed movement or posture
is often a combination of dystonic and
compensatory elements.

Separating dystonic from compensatory
movements is often difficult, because compen-
satory actions may not be made consciously.
It is crucially important to do so, however,
in order to identify the correct muscles for
injection. Several strategies may help. The
person should be examined initially at rest
and again while performing whatever actions
elicit the dystonia, such as writing, typing, or
playing an instrument, with an instruction to
avoid making compensatory movements if pos-
sible. The patient should be further observed
performing a variety of other motor tasks to
see if dystonia can be brought out by
actions that do not evoke compensatory
movements. In one study, 45% of subjects
with writer’s cramp developed dystonic postur-
ing in the affected hand when stressed by
writing with the unaffected, usually nondomi-
nant hand.43 Such ‘‘mirror dystonia’’ may be
seen after a brief latency and may worsen
with continued writing. If present, mirror
dystonia may allow the examiner to appreciate
dystonic elements or movements that are
obscured during the performance of a task
with the affected hand. Mirror dystonia may
be helpful as a guide to determining which
muscles to inject.43,44

Electromyography (EMG) of focal hand
dystonia demonstrates muscle overcontraction
and overflow into muscles not normally
involved in the provoking activity.45 In some
cases, EMG recording through wire electrodes

left in place during performance of the eliciting
task can help clarify the involvement of small
or deep muscles that are not obvious on simple
observation.

As with the selection of muscles for injec-
tion, the dose of toxin must be individualized.
The initial dose should be based on the size of
the muscle to be injected, the number of mus-
cles involved, and their proximity to each
other. Because the degree of weakness from
injection cannot be predicted, the initial dose
should be one likely to produce benefit but low
enough to make severe weakness unlikely.

The dilution of BoNT type A for limb injec-
tion can be adjusted by varying the volume of
normal saline added to the vial. Dilution
to low concentrations may allow accurate injec-
tion of very small doses, such as those required
for intrinsic hand muscles. Preparation of the
toxin in a higher concentration allows for
a smaller injection volume, which may help
limit the spread of toxin to contiguous muscles
and thus decrease the likelihood of weakness in
other than the desired muscles. Type B toxin
can be similarly diluted to a lower concentra-
tion than the commercially available prepara-
tion, but cannot be concentrated.

After selection of the muscles for injection
and determination of the dose and dilution,
the toxin is injected intramuscularly into the
belly of the chosen muscle, in the area of the
innervation zone. EMG or ultrasound may be
used to guide injections into specific muscles or
muscle fascicles. For patients who cannot
voluntarily activate or isolate the desired
muscle, the location of the needle tip can be
ascertained by eliciting muscle contraction via
stimulation through the injection needle.
Injection based on surface anatomy alone is
inaccurate. In limb injections, the desired
muscle or fascicle is entered in only 37% of
attempts.46 However, it has not been proven
that careful localization enhances benefit or
minimizes weakness in focal hand dystonia.

The effects of toxin injection are usually first
apparent about 1 week after injection. Benefit
peaks about 4 weeks after injection, then
slowly abates over approximately 3 months,
after which reinjection is needed. At each
return visit, the patient should be questioned
about the extent of maximal weakness and ben-
efit experienced with the last injection and
examined for residual effects. Toxin dose and
selection of muscles may need to be adjusted
in response to the previous injection. Over
the course of several injection sessions, an opti-
mal pattern of muscles and of doses for the
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individual subject can usually be determined.
The benefit of injections can be maintained
over years with repeated injection, often with -
relatively stable choice of muscles and
doses.47,48

The most common adverse effect of upper
extremity injection of BoNT is weakness in in-
jected muscles and those nearby. Weakness was
seen in 53-100% of those participating in con-
trolled clinical trials of boNT injection for limb
dystonia.49-52 Thus, some degree of weakness
accompanies most limb injections but is
rarely impairing.49,50,53,54

Overt weakness typically lasts 1 to 2 months,
briefer than the period of benefit. Other
reported adverse effects include the pain and
discomfort of injection, bruising, and mild
malaise for a few days after injection. Treated
muscles may atrophy over time.

There are no widely accepted, validated
rating scales for the assessment of writer’s
cramp or musician’s dystonia. For writer’s
cramp, measures used include subjective
estimate of the quality of handwriting, the
time required to write a standard passage, phy-
sician rating of the extent of abnormal posture,
and computerized writing analysis, as in the
Writer’s Cramp Rating Scale proposed by
Wissel.55 Validated rating tools are similarly

lacking for musician’s dystonia, although a
Musical Instrument Digital Interface (MIDI)–
based scale may be useful in pianists.56

Assessment of musician’s cramp is especially
difficult because of the variation in instruments
and individual technique among those
affected, as well as the difficulty physicians
have in judging professional musician perfor-
mance. In most types of focal hand dystonia, a
simple visual analog scale or 5-point scale
rating benefit as none, minimal, mild, moder-
ate, or excellent may suffice for clinical evalua-
tion. It is important to have patients similarly
report their subjective sense of weakness
from injection, because physical examination
does not reflect the degree to which weakness
interferes with function. Ultimately, it is
an individual decision as to whether injections
continue over time, usually based on consider-
ation of whether the extent of benefit attained
outweighs any weakness incurred and the cost
and inconvenience of repeated injections.

Controlled clinical trials and open-label
studies have established the efficacy of BoNT
treatment for focal hand dystonia.49-54,57-60

In randomized, placebo-controlled trials,
muscles were selected for injection based on
clinical examination, as were doses that
ranged from 10 to 120 U Botox (Allergan,

TABLE 9-1 Controlled Trials of BoNT for Limb Dystonia

Reference
Study
Population

BoNT Type and
Trade Name Outcome

Percentage of
BoNT-Treated
Subjects with
Weakness

Kruisdijk et al50 39 with writer’s
cramp

A-Dysport Significant subjective
and objective
improvement in
writing

90

Yoshimura49 14 with upper
extremity
dystonia

3 with lower
extremity
dystonia

A (brand not
specified)

Significant subjective
improvement in
writing; no
objective
improvement

53

Tsui59 20 with writer’s
cramp

A-Botox Significant objective
improvement in
writing; no
subjective
improvement

100

Cole51 10 with focal
hand dystonia

A-Botox Significant subjective
and objective
improvement in
writing

80

BoNT, botulinum neurotoxin.
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Irvine, CA) per muscles and 10 to 300 U per
treatment sessions (Table 9-1). Reinjection
intervals ranged from 2 weeks to 9 months.
In these studies, 67% to 93% of patients
with focal hand dystonia benefited from injec-
tion. Benefit was first noted 5 to 28 days after
injection and lasted 60 to 77 days. About 15%
of patients did not improve with injection.
Almost all patients with benefit had at least
some noticeable weakness, which was severe
in about 5% of injection sessions.

Despite the benefits of Botox injection,
only about 1/3 of patients with focal hand
dystonia continue injections longer than 2 to
3 years.47,61 Musicians, especially professional
musicians, are often dissatisfied with the extent
of benefit. Performance can rarely be restored
to the previous consistently high-level function.

Patients with Parkinson’s disease and other
parkinsonian disorders occasionally develop
secondary fixed dystonia of the hand
(‘‘dystonic clenched fist’’), which may benefit
in terms of pain and hygiene from local
BoNT injections.64,65

BOTULINUM TOXIN
TREATMENT OF UPPER
EXTREMITY SEGMENTAL
DYSTONIA

Dystonia is termed segmental when it involves
an extremity and proximal limb girdle muscu-
lature. Segmental dystonia is often unilateral
and is more likely than focal hand dystonia
to be symptomatic of a contralateral cerebral
lesion. The BoNT treatment of arm segmental
dystonia requires the injection of proximal
shoulder muscles, often combined with distal
injections of the arm or forearm. Therefore,
higher doses are needed for segmental dystonia
than for focal hand dystonia. In the upper
extremity, arm adduction and internal
rotation are common patterns, which may
require the injection of muscles such as
pectoralis major, latissimus dorsi, and teres
major (Fig. 9-4).

Botulinum Toxin Treatment of
Lower Extremity Dystonia

Although a common presentation of primary,
generalized dystonia in children and of
Parkinson’s disease in adults, isolated idiopath-
ic focal dystonia of the lower extremity is rare.

Singer and Papapetropoulos reported on four
adults with primary focal foot dystonia and
summarized three other cases from the litera-
ture, noting a mean age of onset of 53 years,
mild to moderate impairment of gait, and pain
in 50% of subjects.62 The most common
pattern of dystonia was foot inversion and toe
flexion (Fig. 9-5). Foot position varied; both
dorsiflexion and plantar flexion were seen.
Similarly, toe extension rather than flexion
was present in some subjects.

Physical therapy, surgery (including tendon
transfer or lengthening), and oral medications
have been tried for leg dystonia, but these
therapeutic interventions are rarely effective.63

Most patients with leg dystonia are given a trial
of L-dopa, which can successfully treat dopa-
responsive dystonia or leg dystonia associated
with Parkinson’s disease.

Leg dystonia can be treated by BoNT. Four of
the patients reported by Singer received BoNT
injection, with a marked response in three
patients. Patients with leg dystonia have been
included in larger trials on the efficacy of BoNT
with reported benefit.57 The large muscles of
the leg require high doses of toxin. Despite

FIGURE 9-4. Upper extremity segmental dystonia.
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the use of high doses, overt weakness is rare
with leg injections of BoNT for dystonia.
Similar to its use for dystonic clenched fists,
BoNT injections have also been reported to
improve ‘‘spastic toe clawing.’’66

SUMMARY

The most common limb dystonia, focal hand
dystonia, commonly presents as a task-specific
disorder such as writer’s cramp or musician’s
cramp. Leg dystonia is much less common
but can similarly be functionally disabling.
BoNT injection is currently the most effective
treatment available for both upper and lower
extremity dystonia. Its use requires careful
selection of muscles for injection and titration
of dose. For patients responsive to the toxin,
the benefit can be maintained for years with
regular, repeated injection.
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10Botulinum Neurotoxin
in Tremors, Tics,

Hemifacial Spasm,
Spasmodic Dysphonia,

and Stuttering

Anna Rita Bentivoglio, Alfonso Fasano, and Alberto Albanese

INTRODUCTION

Therapeutic indications for the use of botuli-
num neurotoxins (BoNT) in movement disor-
ders have steadily expanded since the first
introduction in patients with dystonia in the
1980s.1 The possibility of treating patients
with hemifacial spasm (HFS) was identified
early,2 whereas the indications for tremors3

and spasmodic dysphonia (SD)4 were pro-
posed later. BoNT treatment was also later
proposed for the treatment of eyelid tics, usu-
ally manifested by bursts of blinking but, in
some cases, becoming more sustained, resem-
bling blepharospasm.5 With the exception of
HFS, the indications reviewed in the present
chapter have remained outside the mainstream
of BoNT use, partly because of the limited
number of patients affected, difficulty and risk
in performing the treatment (as in the case of
SD, particularly of the abductor type), and
uncertain outcomes (as in the case of tremors).

HEMIFACIAL SPASM

HFS typically presents with unilateral, involun-
tary, intermittent and irregular clonic or tonic
contractions of the cranial muscles supplied by
the facial nerve.6 HFS is a sporadic disorder in
most cases, but it can occasionally occur as a
familial disorder. The twitching movements
usually start in the orbicularis oculi, initially

involving the lower eyelid, gradually spreading
to other ipsilateral facial muscles, frequently
involving also the frontalis muscle, producing
the ‘‘other Babinski sign’’ manifested by ipsilat-
eral eye brow elevation.7 HFS spasm may also
spread to involve the platysma. HFS is a
chronic disorder, affecting women more
than men.8 It is frequently attributed to the
compression of the facial nerve at the root
exit zone by an ectopic anatomic or pathologic
structure. resulting in axono-axonal ‘‘ephaptic’’
transmission and increased excitability of the
facial motor nucleus.8 Peripheral facial nerve
injury or antecedent Bell palsy can also precede
HFS; in such cases, the HFS often coexist with a
mild ipsilateral facial weakness and synkine-
sis.9 Patients without an history of Bell palsy
may still have abnormal electromyographic
(EMG) findings suggesting a preceding facial
nerve damage and subsequent pathologic
regeneration.8 HFS is unilateral in most cases
but may rarely occur bilaterally.10 In our
experience, of 296 patients with HFS, two
presented with a bilateral form, in which the
two sides contracted asynchronously, but
otherwise the HFS was typical without evidence
of blepharospasm.

Treatment Options

HFS may have a severe impact on the patient’s
appearance and causes social embarrassment.
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Because it persists during sleep, it may lead to
insomnia. Because spontaneous remissions are
infrequent,11 most patients need to be treated
for many years, if not over their entire lifetime.
Treatment options aim at reducing or stopping
muscular twitches, and include BoNT injec-
tions, medications, neurosurgery and more
recently, doxorubicin chemomyectomy.

Medications are often ineffective in the long-
term management of HFS, although they may
provide transient relief. Many drugs have been
used, usually without substantial benefit. These
include carbamazepine, a membrane-stabiliz-
ing drug that has been reported to alleviate
HFS in approximately 50% of patients.12 In
addition, baclofen, clonazepam, phenytoin,
orphenadrine, felbamate, gabapentin, latano-
prost (a prostaglandin derivative), and leveti-
racetam have been reported to provide at least
transient or mild symptom relief.

Surgical approach, using microvascular
decompression, consists of placing surgical
gauze or some other barrier, such as surgical
or fibrin glue, between the facial nerve and
the compressing vessel.13,14 The success rate
of microvascular decompression is high
(from 88% to 97%), but symptoms recur in
as many as 25% of patients within 2 years
after the surgery.15 Furthermore, complications
occur in more than 20% of the patients, and
sometimes are severe (e.g., permanent deafness
or facial palsy).16 In the majority of cases, there
is a durable resolution of HFS for up to
17 years, supporting the indication for surgery
in younger patients.17-20

Chemical myectomy or facial nerve block
with doxorubicin is a possible alternative; the
results reported so far are promising, and the
most frequent adverse events consist in skin
inflammation.21,22

During the last 2 decades, BoNT treatment
has emerged as the first-choice option for
HFS.23,24 Two randomized controlled
trials25,26 and more than 30 open-label studies,
encompassing more than 2200 patients, have
been published. The majority of these studies
report on small series of patients, but several
long-term observations of large cohorts con-
firm the safety and efficacy of this treat-
ment.11,23,27-32 A recent evidence-based review
by the Therapeutics and Technology
Assessment Subcommittee of the American
Academy of Neurology concluded that ‘‘BoNT
is possibly effective with minimal side effects
for the treatment of HFS (one Class II and
one Class III study). Botox� and Dysport�,
after dosage adjustment, are possibly

equivalent in efficacy (one Class II study)’’
and recommended BoNT injection as a treat-
ment option for HFS (Level C).33

Botulinum Neurotoxin Treatment

BoNT injections are performed with the patient
lying supine. The toxin is diluted to a mini-
mum concentration of 10 to 25 Botox U/mL
(Allergan, Irvine, CA), 50 to 100 U/mL
Dysport (Ipsen, Milford, MA), or 5000 to
10,000 U/mL Neurobloc/Myobloc (Solstice
Neurosciences, Malvern, PA) to minimize dif-
fusion. The injections are performed using a 1-
mL syringe with a 30-gauge needle. BoNT injec-
tions are placed subcutaneously because the
orbicularis oculi, which is a superficial
muscle, is easily reached by the local diffusion.
EMG guidance is not necessary. The injections
are placed in proximity of the pretarsal portion
of the orbicularis oculi muscle, divided in two
to three sites; most commonly the injection
sites are close to the medial and lateral epi-
canthi in the upper and lower eyelids, close
to the orbital rim. The orbicularis oculi has
two anatomic-functional divisions (Fig. 10-1):
the palpebral portion that closes the eyelids
and the orbital portion that squeezes the eyes
shut. The palpebral portion is further subdi-
vided in two parts: the preseptal and the pre-
tarsal regions. It has been reported that ptosis is
less frequent when BoNT is injected into the
lateral portion of the pretarsal orbicularis
oculi, and occurs more frequently when injec-
tions are performed into the preseptal or orbi-
tal divisions.29,34

The sites of injection are determined by the
observation of the involuntary twitches, which
can be triggered by instructing the patient to
contract their muscles while smiling or pursing
their lips. Usually, in the first treatment session,
only the periocular regions are injected. Later, if
required, additional sites are treated to control
the spread of contractions: the medial eyebrow,
the procerus, the corrugator, the frontalis
muscle, or the paranasal portion of the zygo-
maticus major muscle. When HFS involves the
lower face, at least in the first treatment session,
BoNT injections are placed only in the upper
face, because it has been recognized that this
may be sufficient to control lower facial
spasms.11,23 However, if lower facial muscles
are particularly active or if there is residual
mouth contraction following periocular treat-
ment, targeting the orbicularis oris, the levator
angularis, risorius, buccinator, or depressor

113BOTULINUM NEUROTOXIN IN TREMORS, T ICS , HEMIFACIAL SPASM, SPASMODIC DYSPHONIA



anguli oris may be considered, but only very
small dosages should be used because injec-
tions into these areas can markedly distort
facial expression, particularly when BoNT dif-
fuses into the lips. The platysma muscles may
also need to be injected if the HFS involves that
part of the neck. The unaffected side of the face,
mostly around the eye, may also require low
doses of BoNT in order to avoid the appearance
of asymmetric expressive facial lines.

The average dose used varies from 10 to 46
Botox U,23,35 from 53 to 160 Dysport U,36 or
from 1250 to 9000 Myobloc/NeuroBloc U37,38

(Table 10-1). Several reports indicate a lack of

correlation between the total dose injected
and clinical outcome: the doses used in the
‘‘low-dose’’ Dysport protocol did not differ
from standard dosages39; furthermore, no sig-
nificant difference in the response rate and
duration of improvement were found in
patients receiving 15 or 25 Botox U.40 Similar
discrepancies were reported also by others.41

In another paradigm, Botox doses were
increased to provide a sustained effect with
subsequent treatments.31,32 Alternatively, a
slight, albeit not significant (from 17.5 to
15.9 Botox U) dose reduction was reported
after 10 years.30 In two studies using Dysport,

Frontalis
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naris

Levator labii superioris
alaque nasi

Levator labii
superioris

Levator anguli
oris

Zygomaticus major

Depressor anguli oris

Body of mandible Mentalis

Depressor labii
inferioris

Platysma

Risorius

Orbicularis oris

Orbicularis oculi
orbital portion

Auricularis
anterior

Auricularis
superior

Orbicularis oculi
palpebral portion

Medial palpebral
ligament

Occipitofrontalis

Procerus

Zygomaticus minor

FIGURE 10-1. A number of facial

muscles can be targeted with

BoNT injections to reduce involun-

tary facial movements. Usually the

muscles involved in the predomi-

nant involuntary movement are

targeted during the first treatment

session. The treatment can be

refined and expanded in further

sessions.

TABLE 10-1 Suggested Doses for the Treatment of Hemifacial Spasm36

Drug
Name

Orbicularis
Oculi Frontalis Corrugator

Zygomaticus
Major Buccinator

Depressor
Angolaris
Oris

Botox U 15–20 10 1 1 2 1

Dysport U 45–60 30 3 3 6 3

Myobloc/
NeuroBloc
U

1000 500 50 50 100 50
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a dose reduction was observed after the seventh
consecutive treatment29 and a 25% reduction
was reported after 5 years.39

In patients with HFS, improvement occurs
soon after the first treatment,39 with a latency
varying from 2.642 to 5.4 days.8 The clinical
benefit generally lasts longer than in patients
treated with BoNT for focal dystonia despite
the use of smaller doses.31,35,42-44 This longer
lasting improvement may be due to a subclin-
ical denervation present in HFS.

The success rate of BoNT treatment has been
estimatedto be between 75%28 and 100%,23,45

with a truly reliable estimate around 95%, as
reported in two long-term studies.30,31 Patients
with HFS have the lowest incidence of resis-
tance to treatment, probably due to the low
dosages used.46 No secondary failures were
reported in one series,47 and an incidence
of 0.9% per year was reported in another
series31; furthermore, no evidence of immu-
noresistance was reported in a series of
110 patients.8 Primary failures were estimated
to be 0.02%29 or 1.4% per year,31 the lowest
among different movement disorders treated
with BoNT.

The mean duration of benefit was estimated
between 7548 and 196 days,49 with a mean
duration of approximately 90 days; this may
increase,30,32,50 decrease41 or remain
unchanged27,29,43,47,51 with repeated treat-
ments. It has been hypothesized that disuse
atrophy may occur in the facial muscles with
repeated BoNT injections; but histologic stu-
dies failed to provide evidence to support this
possibility.52

Spontaneous prolonged remissions (up to
10 years) have been reported in a small
number of patients treated with BoNT: 3% of
patients in two series,30,40 4% in another.11

These remissions occurred after a variable
number of treatment sessions (from 1 to 6).

Side effects occur in approximately 30% of
patients and consist of erythema or ecchymosis
of the injected region, dry eyes, mouth droop,
ptosis, edema, or facial weakness. These com-
plications are transient and usually resolve
within 1 to 4 weeks. Earlier studies reported a
high frequency of ptosis (up to 53%) with an
overall mean of approximately 12%,43,51,53

likely due to diffusion of the toxin to the leva-
tor palpebrae superioris muscle. Mild symp-
toms of exposure keratitis (lacrimation and
irritation of conjunctiva, occurring respectively
in 3.6% and 2.3% of all treatments) are pre-
sumably an aftermath of decreased blink rate
and incomplete eye closure from a partial

paralysis of the orbicularis oculi muscles. In
several series, the most frequently reported
side effect was facial weakness, involving
75%,48 95%,40 or 97% of cases.26 Facial weak-
ness is more common when BoNT injections
are placed in mid and low fcial sites.54 In a
published series on blepharospasm,43 11.6%
of the patients with facial weakness had
received injections in the lower face, whereas
a negligible portion of patients treated in the
orbicularis oculi muscle had this complication.
Because most patients report marked improve-
ment of peribuccal spasms even when lower
facial muscles are not directly injected,44,47

which is probably due to local diffusion of
the drug, caution must be taken before inject-
ing these sites. A positive correlation between
dose and occurrence of side effects has been
reported.30,39,40

In our series of 665 BoNT treatments in 108
patients with HFS over the past 10 years, an
average of 6.2 ± 5.5 (1–30) injections were per-
formed in each patient. Botox was injected in
492 occasions and Dysport in 173 (unpub-
lished data). The patients had a mean disease
duration of 7.9 ± 5.4 years (1–26 years) with a
mean follow up of 4.7 ± 3.0 years (0–11 years).
At the last medical evaluation, the mean age of
patients was 65.4 ± 14 years (29–92 years).
The mean dose used per session was 11.2 ±
4.9 Botox U (1–50 U) and 46.5 ± 18.9
Dysport U (8–130 U). The analysis of repeated
consecutive treatment revealed an increase of
dose for either Botox (b = 0.35, P < 0. 001)
or Dysport (b = 0.16, not significant [n.s.]).
Mean latency of clinical effect after the injec-
tion was 5.4 ±5.3 days (0–40 days) for Botox
and 4.9 ± 4.6 days (0–30 days) for Dysport,
with no between-treatment differences. The
duration of effect was longer for Dysport than
for Botox: 105.9 ± 54.2 days (0–480 days)
compared with 85.4 ± 41.6 days (0–330 days;
P< 0.001). With repeated treatments, the
duration of clinical benefit slightly increased
with Botox (b = 0.12; P < 0.01), but remained
constant for Dysport (Fig. 10-2).

A successful outcome was reported in 94%
of treatment sessions (93.5% with Botox,
95.4% with Dysport, n.s.). There were no
cases of primary or secondary resistance to
BoNT. Side effects occurred in 116 of 665 ses-
sions (17.4%), with comparable incidence with
the two toxins. The most common side
effects were palpebral ptosis and lacrimation.
No correlation was found between the dose in-
jected and the occurrence of side effects, either
with Botox or with Dysport. No patient
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discontinued treatment because of side effects,
suggesting that the treatment was well
tolerated.

New Botulinum Toxins

A new BoNT/A has been recently introduced in
China (Prosigne, Lanzhou Institute of
Biological Products, Shanghai, China), but the
experience with this product is still limited. Its
equivalency in terms of efficacy and safety with
Botox has been suggested by a retrospective
clinical study55 and in a double-blind crossover
trial in which 18 patients with HFS were
randomized to Botox or Prosigne at a ratio of
1:1.56 No data is currently available on the
efficacy of Xeomin in HFS, but a controlled
study is currently ongoing. BoNT/B has also
been used for the treatment of HFS: clinical
effects lasted about 8.5 weeks in the
two patients treated with Myobloc over six
sessions.37 BoNT/C has also proven efficacious
in two patients with HFS.57

SPASMODIC DYSPHONIA

SD is a focal laryngeal dystonia characterized
by action-induced spasms of the vocal folds,
which are normal at rest, but during phonation
develop contractions that cause abnormal
movements and muscle spasms and typically
result in dysphonia while speaking.58

Historically SD was wrongly called ‘‘spastic dys-
phonia’’ and considered a disorder of uncertain

origin, often classified as psychogenic in
nature. The dystonic nature of SD is suggested
by its frequent occurrence in patients with cra-
nial-cervical dystonia and by the improvement
with ‘‘sensory tricks’’ such as yawn, laugh,
cough, whisper, hum, or use of falsetto when
starting to speak or while singing. Patients
commonly report that their symptoms are
worse when they are under emotional stress
and are often better upon waking in the morn-
ing or after an alcoholic drink. Many can laugh
and sing normally and, if able to speak differ-
ent idioms, they find that their voice is better
when speaking one language versus another.
Symptoms usually worsen when the patients
speak on the telephone.

The categorization of SD as a form of focal,
laryngeal dystonia, was suggested by Marsden
and Sheehy, who noted that ‘‘all evidence
points to the conclusion that blepharospasm
and oromandibular dystonia seen in Meige dis-
ease is another manifestation of adult-onset
torsion dystonia, [and] since dysphonia may
occur in the same syndrome, it is quite likely
that dysphonia itself may be the sole manifes-
tation of dystonia.’’59 Later it was recognized
that the characteristics of ‘‘spastic dysphonia’’
were similar to the dysphonia found in some
patients with generalized and multifocal dysto-
nia, and the clinical and EMG features of these
patients revealed that most cases of dysphonia
clinically diagnosed as ‘‘spastic dysphonia’’
were in fact focal forms of cranial dystonia.60

Later, it became accepted that laryngeal dysto-
nia may occur as a focal form of dystonia or
in association with other affected sites in the
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context of a segmental or more widespread
dystonia.

Different types of SD have been recognized.
1. The adductor type is the most common

(more than 80% of cases published in
large series) and presents spasms of the
vocal muscle (thyroarytenoid muscle)
(Fig. 10-3). This causes a strain-strangled
voice that is harsh, often tremulous, with
inappropriate pitch or pitch breaks,
breathiness, and glottal fry. The intermit-
tent voice stoppage or breaks (phonatory
breaks) is due to overadduction of the
vocal folds, which results in a staccato-
like voice.

2. The abductor type is less common and is
due to involuntary spasms of the posterior
cricoarytenoid muscles (see Fig. 10-3),
causing a prolonged abduction of vocal
folds during voiceless consonants. This
produces a breathy, effortful, hypophonic
voice with abrupt termination of voicing,
or whispered speech.

3. The mixed adductor-abductor type pre-
sents with an admixture of breathy breaks
and tight harsh sounds.

It has been proposed that adductor and
abductor features coexist in all patients and
that the symptoms depend on whether there
is more adductor or abductor activity.61 Three
other clinical variants have been reported62:

1. The compensatory abductor dysphonia
is occasionally present in patients with
the adductor form of SD that produces
a breathy voice by whispering or not con-
tracting the vocal folds to prevent spasms
and broken speech patterns.

2. The compensatory adductor dysphonia
is much rarer, seen in patients with
abductor SD who try to prevent breathi-
ness by attempting to speak with their
vocal folds tightly contracted.

3. In adductor breathing dystonia, the
patients develop adductor spasms
during breathing, producing paradoxical
vocal fold motion.

Cricothyroid
Ligament

Cricothyroid
Muscles

Cricoid
Cartilage

Trachea

Thyroid
Cartilage Transverse

Arytenoid

Cuneiform
Tubercle

Aryepiglottic
Fold

Epiglottis

Hyoid bone

Thyrohyoid
Membrane

Thyroid
Cartilage

Corniculate
Tubercle

Oblique
Arytenoid

Cricoarytenoid
Muscle

Cricoarytenoid
Muscle

Thyroarytenoid
Muscle

Muscular
Process

Vocal
Process

Glottis

Thyroid
Cartilage

Arytenoid
Cartilage

Vocal
Ligament

FRONT

Trachea

Thyrohyoid
Membrane

Hyoid bone Epiglottis
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Symptoms of SD develop gradually over
several months to years. SD typically affects
patients in their mid-40s and is more
common in women.63,64

Clinical and Instrumental
Evaluation

All patients with SD should undergo a detailed
head and neck examination, particularly focus-
ing on any presence of dystonia in the head or
neck.

The Unified Spasmodic Dysphonia Rating
Scale is a standardized, validated, vocal rating
scale that includes two sections, one for reading
and conversational speech and the other for
voice and speech tasks.65 Another scale,
the Global Rating Scale, has also been used to
evaluate voice function, scored as a percentage
of normal from 0 (maximum degree of impair-
ment) to 100% (normal voice).66

Fiber optic laryngoscopy and stroboscopy
allow to observe glottal function during
phonation and to look for disruptions,
spasms, breathy breaks, and tremor while the
patient speaks. These movements can be video
recorded and analyzed with slow speed and
stop-action. Such examination cannot be reli-
ably performed with indirect laryngoscopy,
because anterior tongue traction limits speak-
ing ability. Laryngostroboscopic examination
of vocal function during speech segments is
important for the diagnosis. The stroboscope
can help define the nature of the associated
tremor. Sometimes, a speech pathologist also
makes acoustic and aerodynamic measures to
evaluate for tremor, fundamental frequency,
pitch and amplitude perturbation, harshness,
fluency breaks, and breathiness. In patients
with abductor dysphonia, laryngostroboscopic
examination reveals a synchronous abduction
of the true vocal fold that causes an extremely
wide open glottic chink. Abductor spasms are
triggered by consonant sounds, particularly
when they are in the initial position in words.
Having a patient say ‘‘taxi’’ or ‘‘Harry’s hat’’ will
often lead to an abnormal breathy break in
speech. Laryngeal EMG helps evaluate tremor
and areas of hyperactivity.

Treatment Options

Speech therapy has limited benefit and does
not yield marked improvement in voice qual-
ity. When combined with BoNT, speech

therapy may be useful in developing coping
strategies treat the compensatory behaviors
superimposed on SD.67 Psychotherapy may
help patients manage the associated problems
with social interactions and other activities
requiring voice, which can be considerable,
and thereby minimize the stress-related deteri-
oration of voice. There is no evidence, however,
that psychotherapy or psychological interven-
tion can relieve the symptoms of SD.

Occasionally, the patients may improve with
benzodiazepines (i.e., clonazepam, lorazepam),
or with baclofen and those with superimposed
voice tremor may benefit from anticonvulsants
(i.e., gabapentin, primidone), or beta-
adrenergic antagonists (i.e., propranolol).

Until the introduction of BoNT, surgical
interventions have been the only truly effica-
cious options, but side effects and disappoint-
ing long-term results limited its applicability.68

Surgical interventions included unilateral
recurrent nerve resection, unilateral superior
laryngeal nerve resection, and anterior laryngo-
plasty. EMG and clinical evidence suggests that
recurrence of symptoms is due to reinnervation
following these surgical ablations. Recurrent
laryngeal nerve avulsion is a technique intro-
duced as a modification of standard nerve
section to prevent neural regrowth to the hemi-
paralyzed larynx and subsequent recurrence of
SD.69 An alternative surgical approach aimed at
preventing reinnervation is the selective section
of the distal branches of the recurrent nerve,
leading to the thyroarytenoid and sometimes
the lateral cricoarytenoid muscle, followed by
immediate reinnervation using a non laryngeal
nerve, generally the sternohyoid branch of the
ansa cervicalis.70,71 There are other variants of
these surgical procedures, including the use
of transoral bilateral laser myoneurectomy of
thyroarytenoid muscles.72

Notwithstanding all these surgical options,
BoNT is currently recognized as the first-
choice treatment for SD,73 and surgery is
recommended in cases in which BoNT is not
efficacious. There are also reports of patients
treated with both BoNT and surgery, in order
to obtain maximal benefit.74,75 A recent report,
however, suggests caution on the use of this
combined treatment.76

Botulinum Neurotoxin Treatment
The first BoNT treatment for SD was performed
in 1984 on a patient with adductor SD77;
patients with abductor SD were treated
starting from 1988.74 These observations were
later confirmed by a double-blind study.78
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A meta-analysis of 30 series (uncontrolled trials
in most cases) indicated a moderate overall
improvement of adductor dysphonia following
BoNT treatment.79 The Cochrane
Collaboration concluded that, although only
one double-blind trial was available, most stu-
dies reported comparable successful outcome
on the length of treatment effect, degree of
improvement, patient satisfaction, and
observed side effects.80 Furthermore, a system-
atic review on the diagnosis and treatment of
dystonia concluded that BoNT/A (or BoNT/B if
there is resistance to type A) are the first-line
treatment for SD.81 A recent evidence-based
review recommended BoNT as a treatment
option for adductor-type SD with a level B evi-
dence, whereas the data was considered to be
insufficient to evaluate the efficacy and safety
of BoNT in the other variants of SD.33

Adductor Spasmodic Dysphonia
The most commonly used technique is the per-
cutaneous injection of the laryngeal adductor
muscles. The patient lies in the supine position
with the neck extended. The needle is curved
slightly to allow for a more anterior placement,
and is inserted through the space between the
cricoid and thyroid cartilages, pointing toward
the thyroarytenoid muscle (Fig. 10-4). BoNT is
injected using an insulated needle connected to
an EMG recorder. The patient is asked to
phonate, and EMG activity is recorded; the
toxin is injected when the needle tip is located
in an active area of the muscle. The patient is
instructed to try not to cough or swallow when
the needle is in the airway or in the thyroary-
tenoid muscle. Patients with uncontrollable
cough can be treated with 0.3 mL of 1%
lidocaine injected through the cricothyroid
membrane into the subglottic space or into
the underneath airway. The anesthetic is not
given routinely because it diminishes
the EMG interference pattern, reducing the
precision of muscle targeting.

Other approaches have also been proposed.

� The indirect laryngoscopic technique uses
the transoral approach, which is more
familiar to the otolaryngologists and
requires no EMG equipment. The vocal
folds are visualized directly and the injec-
tions are performed using an L-shaped
syringe, a device originally designed for
collagen injections. The advantage of the
this approach is the visual individuation
of the target area that reduces soft tissue
traumas; a drawback is the waste of the

toxin due to the large dead volume in
the long L-shaped needle.82

� The injection can be performed using a
needle placed into the operative channel
of a flexible fiber optic laryngoscope
(transnasal approach).83

� The point-touch injection uses a needle
inserted through the surface of the thyroid
cartilage halfway between the thyroid

A

Thyroid
Cartilage

Cricothyroid
Membrane

Cricoid
CartilageB

FIGURE 10-4. Percutaneous injection of the laryngeal

adductor muscles: schematic view from above (A) and lateral

view (B).
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notch and inferior edge of the thyroid
cartilage. The toxin is then given once
the needle is passed into the thyroaryte-
noid muscle.84

There are no comparative data on the effi-
cacy and tolerability of these different techni-
ques; however, EMG-guided percutaneous
injections are considered the method of
preference.

Unilateral or bilateral protocols have been
proposed for BoNT injections into the thyroar-
ytenoid muscle. Some authors have proposed
to treat patients with relatively large doses
(20–30 Botox U) given unilaterally, to simulate
the effects of the recurrent nerve section, avoid-
ing adverse events, such as breathiness or
hoarseness.85,86 A comparison of outcome
between 16 patients treated with unilateral
injections and 33 patients who received
bilateral injections concluded that unilateral
injections have a better efficacy/tolerability
profile87: patients receiving unilateral
injections had a significantly longer benefit
and an higher rate of successful sessions.
Others found that bilateral injections signifi-
cantly prolonged the duration of benefit in
men but not in women,88 whereas others did
not find substantial differences between the
two techniques.89 Blitzer and colleagues75 sug-
gested to use from 2.5 U to 7.5 Botox U in just
one vocal fold. This would cause a vocal fold
paresis, a period of breathy dysphonia, and
eventually a 90% improvement in vocal
function. Thereafter, the same authors consid-
ered that dystonia would exacerbate in the
untreated vocal fold after unilateral paresis
and shifted toward a bilateral injection proto-
col. They considered that such technique per-
mits the use of smaller doses and produces
better voicing. Yet another paradigm has been
proposed for those patients who are exquisitely

sensitive to BoNT injections and do not have
benefit from small bilateral doses but whohave
unacceptable breathiness at larger doses.
In such patients, it has been proposed to stag-
ger larger BoNT doses, by performing a unilat-
eral injection, and then give a contralateral
injection 2 weeks apart. Finally, some patients
prefer more frequent, smaller (0.1–0.5 Botox U)
unilateral doses. Although the duration of
benefit in these patients is only from 6 to 8
weeks, it avoids the risk of breathiness.
Frequent injections, however, increase the
expose to the immune system and potentially
increase the risk of formation of blocking
antibodies. Although this is much more of a
concern in patients receiving higher doses for
other indications, such as cervical dystonia,
nevertheless frequent, ‘‘booster,’’ injections
should be avoided whenever possible. It has
been estimated that up to 20% of patients
obtain no benefit from injection nor its side
effects, suggesting the possibility that BoNT
does not reach the appropriate vocal muscles
in these cases.90

BoNT injections can be placed just into the
thyroarytenoid muscles or also in the lateral
cricoarytenoid and interarytenoid muscles.91

It has been reported that simultaneous unilat-
eral injections into both the thyroarytenoid
and the lateral cricoarytenoid muscles gives
the best overall improvement, the longest
lasting benefit, and the shortest duration for
undesirable breathiness.92

The BoNT doses used in SD vary depending
on the toxin brand and the technique used
(Table 10-2). In the earlier series, the total
doses varied from 3.75 to 7.5 Botox U for bilat-
eral injections,78,93-95 and up to 15 U for uni-
lateral injections.85,86 Remarkably, much larger
doses (up to 50 Botox U in each vocal cord)
have also been used.35 More recent data,

TABLE 10-2 Suggested Doses in the Treatment of Adductor-Type Spasmodic Dysphonia

Drug Name

Muscle
Vocal Cord (Thyroarytenoid

Muscle)
Lateral

Cricoarytenoid

Injection type Unilateral Bilateral Bilateral

Botox Starting dose (U)
Dilution

5–10
50 U/mL

1.25–2.5
25 U/mL

2.5–5
50 U/mL

Dysport Starting dose (U)
Dilution

20
200 U/mL

5
100 U/mL

10-20
100 U/mL

Myobloc/
Neurobloc

Starting dose (U) 200–500 50–100 100-200
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however, recommended the use of lower
doses.96 In the 12-year experience reported by
Blitzer and colleagues,75 the dose range was
between 0.005 and 30 Botox U (average: 3.09
U ±3.1). The average starting dose was 1 Botox
U in each thyroarytenoid muscle. Others
injected between 0.6 and 2.5 Botox U bilater-
ally and then adjusted the dose according to
the clinical improvement; alternatively, 5 o
Botox U were injected unilaterally. Truong
and colleagues68 suggested to start with 0.5
Botox U or 1.5 Dysport U when injecting bilat-
erally; then to adjust the dose as needed
(the estimated average dose being 0.75–1
Botox U or 2–3 Dysport U).

The clinical effects become visible from
1 hour to 3 days after the injection, and the
patients may then experience transient breathi-
ness for up to 2 weeks. On average, patients
treated with BoNT experience a 97% improve-
ment of voice.95 After few months, as the
clinical effect of BoNT wears off, SD slowly
recurs. The duration of improvement is dose
related. In a long-term series of 747 patients,
the average latency of effect was 2.4 days, with
the peak effect at 9.0 days and a duration of
benefit of 15.1 weeks.75

The treatment is generally well tolerated.
In a double-blind controlled trial, it was
reported that breathiness has higher incidence
in the active drug-treated group.78 A retrospec-
tive study reported mild breathiness in 35%
and choking in 15% of the patients treated.93

Compared with bilateral injections, alternating
unilateral injections cause a significantly less
breathy voice87,97 and stronger voice intervals.
A slightly higher incidence of aspiration, dys-
phagia, and breathiness was reported in the
bilaterally injected group of patients, who
required significantly lower doses of toxin to
attain benefit.88

Abductor Spasmodic Dysphonia
Abductor SD is less frequent and more difficult
to treat than the adductor form of SD. The pos-
terior cricoarytenoid muscles, the cricothyroid
muscles, or both, are usually injected in these
patients. Using the EMG-guided percutaneous
technique, the injections are performed by
manually rotating the larynx away from the
side of the intended injection. The posterior
cricoarytenoid muscle is identified by EMG
recording, using a needle inserted posterior to
the posterior edge of the thyroid lamina. The
needle is advanced through the inferior con-
strictor muscle to the cricoid cartilage and
then moved out under EMG guidance to find

the posterior cricoarytenoid muscle (postero-
lateral approach) (Fig. 10-5). The patient is
asked to sniff in order to activate this muscle
and to swallow to stop its activity.74

An alternative technique includes the ante-
rior approach, consisting of the supracricoid
placement of the EMG needle under flexible
transnasal laryngoscopic surveillance.98 The
needle is directed along the superior border
of the posterior cricoid lamina and between
the arytenoids. For anatomic reasons, the
toxin is injected at the area above, to allow dif-
fusion down into the muscle.

A refined simpler technique has the advan-
tage of directing the injection into the muscle,
and is particularly indicated in young indivi-
duals with soft cartilage. A small amount of
1% lidocaine is instilled in the subglottis
before placing the EMG needle through the cri-
cothyroid membrane just above the cricoid car-
tilage anteriorly. The needle is advanced along
this plane and then directed laterally, until it
hits the rostrum of the cricoid cartilage. The
cartilage is impaled and, as the needle exits,
there is often an appreciable burst of muscle
activity from the posterior cricoarytenoid
muscle (anterior transcricoid approach). In
older patients, this approach is made difficult
by the calcification of the cartilage.99

FIGURE 10-5. Percutaneous injection of the laryngeal

abductor muscles (posterolateral approach) seen from a lat-

eral view.
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Bilateral injections are dangerous, because
side effects include stridor and airway obstruc-
tion. Therefore, unilateral injections with 2.5 to
25 U of Botox are performed initially, by
choosing the most active side of contraction,
as determined by fiber optic laryngoscopy. A
common technique is to inject 5 U Botox
into the more active posterior cricoarytenoid
muscle. If there is no subjective improvement
in voice quality after 2 weeks, and if no airway
symptoms have occurred, then the opposite
muscle is injected with an additional Botox 5
U.100,101 Another suggestion is: 2 to 4 U of
Botox or 12 U of Dysport, with 1 U of Botox
or 3 U of Dysport on the opposite side.68 A
lower dose protocol proposes 1.25 to 1.75 U
of Botox in one muscle and 0.9 U on the oppo-
site side (Table 10-3).99 Generally, if a high
dose is required on both sides, the second
side can be injected with a delay of 2 weeks
to avoid compromising the airway.

A review of the safety of simultaneous bilat-
eral posterior cricoarytenoid muscle injections
in 21 patients treated over 6 years demon-
strated that this treatment is safe. The total
BoNT dose injected bilaterally in each session
was between 2.5 and 7.5 U of Botox, with an
average total dose per session of 4.7 U. There
were no life-threatening complications (intuba-
tions, tracheotomies, or admissions for airway
observation); minor complications were self
limited and included a 5% incidence of signif-
icant dyspnea and a 2% incidence of
dysphagia.102

In a 12-year experience on 154 patients,
the overall improvement was around 70%,
the average onset of improvement was
4.1 days, and the benefit lasted for 10.5
weeks.75 In approximately 20% of patients,
weakening or paralyzing just one posterior
cricoarytenoid muscle produced significant

voice improvement; 80% needed a dose of
0.625 to 2.5 U of Botox into the contralateral
posterior cricoarytenoid. The highest percent
improvement was in the group with focal
laryngeal involvement without tremor.75 Of
154 treated patients, adverse effects included
exertional wheezing in four patients and dys-
phagia in 10 patients, none of them requiring
being intubated or tracheotomized related to
treatment.75

One additional issue to be considered in
patients with abductor dysphonia is that spas-
modic activity may also take place in the ad-
ductor muscle, explaining some cases of poor
treatment outcome.103

The cricothyroid muscle can also be injected,
under EMG guidance, by percutaneous access.
This muscle bends the vocal fold,antagonizing
the posterior cricoarytenoid muscle.100 In one
series of SD patients, nine received bilateral
injections (2.5 U of Botox on each side) in
the cricothyroid muscles in addition to the pos-
terior cricoarytenoid.75 These patients still had
breathy breaks or tremor despite significant
limitation of abduction. Five of the nine inject-
ed patients had benefit consisting in a louder
voice with fewer breaks. One patient got worse
after the additional injection.

Mixed-Type Spasmodic Dysphonia
In the mixed adductor-abductor type of SD
there is an admixture of breathy breaks and
tight harsh sounds. The treatment aims at
improving the most disturbing features, which
in most patients, is the adductor component; in
such cases, the treatment is directed at weaken-
ing the thyroarytenoid muscles. Sometimes in
the mixed type, there are compensatory con-
tractions that do not require treatment.
However, in the truly mixed type both compo-
nents occur, and if isolated adductor or

TABLE 10-3 Suggested Doses in the Treatment of Abductor-Type Spasmodic Dysphonia

Drug Name

Muscle
Posterior

Cricoarytenoid Posterior Cricoarytenoid
Lateral

Cricoarytenoid

Injection Unilateral
Bilateral (Lower Dose on
the Less Active Side) Bilateral

Botox Starting dose (U)
Dilution

1.25–5 U
25 U/mL

1.5–3.0 and 1 U
20 U/mL

2.5–5
50 U/mL

Dysport Starting dose (U)
Dilution

20 U
200/mL

10 and 5
100/mL

10–20
100 U/mL

Myobloc/
Neurobloc

Starting dose (U) 50–200 50–150 and 50 100–200
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abductor type of treatment is performed, the
untreated component gets much worse. In
such cases, adductor and abductor muscles
both require treatment.

Botulinum Neurotoxin Type B
Resistance to BoNT injections for SD is uncom-
mon, and there are no reported cases of sec-
ondary resistance to BoNT/A in a large series
(901 patients treated with 6300 injections for
more than ten years).75 Secondary resistance
has been reported in 2 patients after several
years of regular treatments for SD, who failed
to have the expected voice improvement after
receiving their standard treatment.104 In one of
them, antibodies to BoNT/A were detected by
mouse neutralization bioassay. It is conceivable
that repeating injections at close intervals, as in
the case of shortly spaced unilateral injections,
may favor the development of immune
response to BoNT.

BoNT/B stands as an alternative to BoNT/A
in immunologically resistant patients. The
experience with BoNT/B in SD is limited to
the treatment of adductor type SD. In two
patients who failed to respond to BoNT/A,
250 to 1000 U of Myobloc were injected in
each vocal fold, with beneficial effects lasting
for 4 months.105 It has been reported that eight
out of 10 treated patients who received 200 U
of Myobloc on each side had a clinical
improvement lasting for 8 weeks.106 Three
patients, who failed to respond to BoNT/A
and subsequently received BoNT/B (up to
1000 U Myobloc on each side), were reported
to improve for approximately 2 months.68

A direct comparison of BoNT/A and BoNT/B
was performed on 32 patients with adductor
SD who had been treated with stable doses of
BoNT/A and were followed for 1 year with
BoNT/B.107 The conversion rate for laryngeal
injections was 52.3:1 (B:A). BoNT-B was asso-
ciated with more rapid onset of action (2.09 vs.
3.2 days) and a shorter duration of benefit
(10.8 vs. 17 weeks) but no difference in safety
profile.

SPASMODIC LARYNGEAL
DYSPNEA

Spasmodic laryngeal dyspnea (SLD), or adduc-
tor breathing dystonia, causes a dystonic stri-
dor. SLD has been typically described in the
context of neurodegenerative disorders, such
as multiple system atrophy, but it also occurs

as a primary disorder in some patients. In SLD,
the spasmodic vocal fold contraction is acti-
vated by breathing (primarily inspiration)
rather than by speaking (as in the case of
SD). SLD causes dyspnea by intermittently
obstructing the glottic and supraglottic airway
due to laryngeal and supralaryngeal pharyngeal
muscle spasms. The patients present with stri-
dor and tirage and, albeit rarely, may develop
hypoxia. SLD abates during sleep and may
improve with speaking.108,109 Some of these
patients may also have dystonic movements
in other body districts or respiratory or breath-
ing incoordination, with paradoxical move-
ments of the diaphragm or of the chest wall.110

The treatment is generally similar to that of
adductor SD. Localized unilateral injections
are placed into the thyroarytenoid muscle
and, if necessary, into the ventricular folds.
The clinical improvement lasts from 9 weeks
to 6 months.111

In a series of 12 patients a dose of 0.625 to
3.75 U, Botox was injected into each thyroary-
tenoid muscle, depending on the severity of the
spasms.75 The average preinjection function
was 27% of normal, and pulmonary function
tests showed abnormal flow volume loops with
intermittent interruptions of airflow during
inspiration or expiration in 20 of 24 patients.
The average best postinjection function was
82% of normal. The mean duration of relief
from the stridor was 14 weeks. A breathy
voice lasting for 1 to 2 weeks was reported in
50% of the patients. Mild choking on fluids
also occurred in five patients and lasted for
1 week. In 3 of 4 patients with severe stridor
and multiple system atrophy (MSA), treated
with 10 U of Botox injected into the right tyr-
oarythenoid muscle, an improvement was
documented one month after the injection.76

STUTTERING

Stuttering is an action-induced speech disorder
with involuntary, audible, or silent repetitions
or prolongations in the utterance of short
speech elements (sounds, syllables) and
words. Symptomatic treatment programs
frequently have initial success; persistent bene-
fit is variable and many patients remain
disabled. Stuttering has many characteristics
similar to SD, often including the presence of
adductor laryngeal spasms that obstruct airflow
(glottal block).

On this basis, it has been proposed that
relief of the spasmodic dysphonic glottal
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blocks in stutterers would modify the stuttering
phenomenon and increase fluency. Unilateral
BoNT injections (doses ranging from 10 to
78 U of Botox) into the vocal fold improved
fluency and speech in seven stuttering
patients.112 Fourteen adult patients were
treated with 1.25 U of Botox injected into
each thyroarytenoid muscle.113 Improvement
in fluency was documented at 2 and 6 weeks,
with a functional relapse around 12 weeks.
BoNT injections could be useful in the manage-
ment of stuttering with glottal block after
failure of speech interventional therapy.

VOCAL TREMORS

Patients with vocal tremor have a tremulous
sound of their voice, which is especially audi-
ble while they pronounce prolonged vocals.
There are different types of vocal tremors. SD
may be associated with a tremor of the vocal
folds: EMG studies found that almost 25% of
patients with SD have an irregular 4- to 8-Hz
tremor on phonation, whereas another 6% has
a regular tremor similar to that of essential
tremor (ET).60 Vocal tremor in SD may be sim-
ilar to that found in patients with ET, being
synchronous with pharyngeal, lingual, velar,
mandibular, facial, thoracic, and diaphrag-
matic tremor.114

The involvement of the thyroarytenoid
muscle is predominant in SD cases without
tremor, whereas the lateral cricoarytenoid
muscle is equally involved when tremor is a
relevant feature. It has been shown that the in-
terarytenoid muscle may be involved in rare
cases of tremulous SD.91 In the majority of
patients, the thyroarytenoid muscle alone has
been injected and this may explain the poorer
response rate to BoNT treatment of patients
with SD and associated vocal tremor compared
with patients with isolated SD. In a series of 81
patients with tremulous SD, the best outcome
was achieved when the lateral cricoarytenoid
muscle was also injected.115

Some patients with ET affecting the head
and hands also present with voice tremor.
Rarely, patients with Parkinson’s disease may
also display low-frequency (4–6 Hz) voice
tremor. Many of these patients benefit from
beta-adrenergic antagonists or other drugs
used to treat ET, but sometimes this benefit is
partial, particularly when high doses cannot be
used. Objective acoustic measures have shown
efficacy of BoNT in only a small number of
treated patients, although the majority of

them reported a subjective reduction in vocal
effort.116 Subjective evaluations reported a ben-
efit in 67% of patients with essential voice
tremor treated with BoNT/A, whereas acoustic
analysis showed a nonsignificant decrease in
the fundamental frequency and a decrease in
the fundamental frequency during sustained
vowel phonation.117 An improvement in voice
tremor was reported in another study following
BoNT/A injection into the vocal cord.118

The average doses used in each vocal muscle
are 1.25 to 3.75 U of Botox or 4 to 12 of U
Dysport. No experience with BoNT/B has been
reported in the treatment of essential voice
tremor.

TREMOR

Tremor is defined as a rhythmic, involuntary
oscillatory movement of a body part; it is
etiologically and physiologically heteroge-
neous.119 BoNT/has been tested on various
tremor disorders in open-label and small
controlled studies,and it has been proposed
as a treatment for essential hand tremor.3,20

Intramuscular BoNT injections may reduce
tremor by weakening the muscles or by block-
ing gamma motor efferents and muscle spindle
afferents.

In open-label trials of BoNT-A for ET affect-
ing the hands, an improvement was reported in
6 of 10 patients and unwanted hand weakness
was reported.3 In a study of 16 patients fol-
lowed for more than 6 weeks, a significant
improvement occurred on the Webster tremor
scale and on a global disability scale.120

However, tremor amplitude decreased by no
more than 25% and weakness of the digit
extensors was a common side effect. A single-
masked placebo-controlled study found that
the treatment was better than placebo
in more than half the patients; many had
clinically significant weakness of the hands,
which resolved over time.121

In a controlled study, 25 patients were ran-
domized to receive 50 U of Botox or placebo
into wrist extensors and flexors.123 If patients
did not respond, they were eligible to receive
another injection of 100 U 4 weeks later. A sig-
nificant improvement was observed after 4 to
16 weeks in the tremor severity rating scale.
However, there were no significant changes in
the functional rating scales. Patients treated with
the active drug reported finger weakness.

Evidence of efficacy was observed in a multi-
center, randomized, controlled study in which
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133 ET patients were randomized to a low-dose
(50 U of Botox) or a high-dose (100 U of
Botox) regimen or to placebo treatment.124

Injections were made under EMG guidance
into the wrist flexors (flexor carpi radialis
and ulnaris) and extensors (extensor carpi radi-
alis and ulnaris). The study showed improve-
ment of postural, but not kinetic, hand tremor,
providing an explanation for limited functional
improvement, since it is accepted that kinetic
rather than postural tremor causes disability.
A dose-dependent hand weakness was the
most reported side effect. As a result of the ex-
tensor muscle weakness, which was observed in
both controlled trials, injections into the wrist
extensor muscles are now only rarely
employed, and as a result, the frequency of
extensor hand or finger weakness has disap-
peared without a compromise in the efficacy.
BoNT should be considered as a treatment
option for essential hand tremor in those
patients in whom treatment with oral agents
(Level B) has failed.33

A recent open-label trial enrolled five
patients with primary writing tremor, a form
of dystonic hand tremor. Four patients had sig-
nificant improvement of symptoms after receiv-
ing low doses of BoNT/A for at least 1 year. The
treatment schedule was flexible and involved
the flexor carpi ulnaris, the extensor carpi ulna-
ris or radialis, the extensor digitorum commu-
nis, and the abductor pollicis longus. Each
muscle was injected with a dose ranging from
10 to 12.5 U of Botox.125

Jaw tremor in Parkinson disease does not
respond well to conventional antiparkinsonian
medication and causes social embarrassment.

It has been reported that BoNT injections
may improve jaw tremor without relevant
side effects. Three patients received injections
into both masseter muscles with a mean dose
of 53 U of Dysport (range: 30–100 U).126

Palatal tremor with associated ear click may
also be treated with BoNT.127 A recent review
concluded that BoNT should not be reserved
for refractory cases but should be considered
a safe and effective first-line therapy.128 The
tensor veli palatini, levator veli palatine, or
both have been injected with doses ranging
from 5 to 20 U of Botox or from 5 to 60 U of
Dysport. The treatment is generally safe; rarely
have velopharyngeal insufficiency or nasal
speech been recorded. In the rare cases of
hereditary chin tremor and isolated high-
frequenc jaw tremor, BoNT/A can be injected
into the active muscles with marked reduction
in the amplitude of the tremor.129,130

The evidence collected is insufficient to
indicate a primary role of BoNT in the symp-
tomatic treatment of tremors; however, there
may be an indication for some specific
forms or individual patients that cannot be
adequately treated with systemic drugs or
accepted surgical procedures, such as deep
brain stimulation. BoNT can be helpful partic-
ularly with atypical presentations or when the
tremor is confined to few muscles (Table 10-4).
In the authors’ experience head tremors are par-
ticularly suitable for BoNT treatment, which
usually results in a satisfying outcome. The
treatment paradigms follow the wide experi-
ence collected for cervical dystonia. Finally,
very scanty data are available on BoNT-B
treatment of tremors.37

TABLE 10-4 Suggested Doses in the Treatment of Upper Limb Tremor

Injection Site Botox Dose (U) Dysport Dose (U)
Myobloc/Neurobloc
Dose (U)

Pronator teres 25–75 80–100 1000–2500

Pronator quadratus 10–50 80–100 1000–2500

Flexor carpi radialis 25–100 150 1000–3000

Flexor carpi ulnaris 20–70 100–150 1000–3000

Flexor digitorum
superficialis

20–60 150–300 1000–3000

Flexor digitorum
profundus

20–60 150–200 1000–3000

Flexor pollicis longus 10–30 30–60 1000–2500

Modified from Albanese A, Bentivoglio AR. Botulinum toxin in movement disorders. In: Jankovic J, Tolosa E, eds. Parkinson’s Disease

and Movement Disorders. 5th ed. Philadelphia: Lippincott Williams & Wilkins; 2007:605-619.

125BOTULINUM NEUROTOXIN IN TREMORS, T ICS , HEMIFACIAL SPASM, SPASMODIC DYSPHONIA



TICS

BoNT/A has been used to treat motor or vocal
tics in patients with chronic tic disorders.
The first anecdotal observations were per-
formed in patients with Tourette syndrome
and dystonic tics affecting the eyelids and the
neck.5 BoNT treatment reduced the frequency
and the intensity of tics and ameliorated the
associated premonitory sensory urge; the
benefit lasted for several weeks.

In another series, 35 patients (30 men,
5 women) were treated with BoNT in the sites
of their most problematic tics131: cervical or
upper thoracic area (17 patients), upper face
(14), lower face (7), vocal cords (4), upper
back and/or shoulder (3), scalp (1), forearm
(1), leg (1), and rectus abdominis
(1). The response to BoNT was scored on a 0
to 4 clinical rating scale (0, no improvement, to
4, marked improvement in both severity and
function). The mean peak effect recorded in
115 sessions was 2.8; the mean duration of
benefit was 14.4 weeks; and the mean latency
of benefit onset was 3.8 days. Twenty-one
(84%) of 25 patients who reported premoni-
tory sensations reported a marked relief.

A controlled trial has confirmed the efficacy
of BoNT/A for the treatment of simple motor
tics, yielding a 39% reduction in their number
(compared with a 6% increase in the placebo
group) and a significant reduction of the urge
score.132 The patients, however, did not report
a consistent subjective benefit.

BoNT can also be indicated for vocal tics
thereby ameliorating quality of life.133,134

A series of 30 patients received 2.5 U of Botox
in both vocal cords and were followed up for
12 months.135 Vocal tics improved after
treatment in 93% patients, with 50% being tic
free. The mean response time was 5.8 days, and
the mean duration of response was 102 days.
Quality of life improved, and premonitory
experiences dropped from 53% to 20%.
Hypophonia was the only side effect of note
(80% of patients).

In summary, it is worth trying BoNT/A in
patients who have simple and repetitive
motor or vocal tics, particularly if systemic
medication is contraindicated or inefficacious.
However, the long-term outcome in patients
with tic disorders remains to be established.
According to the evidence-based evaluation
criteria the clinical studies available so far
allow to state that BoNT is possibly effective
for the treatment of motor tics, with a level
C evidence, wheras there are insufficient

data to determine the effectiveness of BoNT
in phonic tics.33
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11Upper Limb Skin and
Musculoskeletal

Consequences of the
Upper Motor Neuron

Syndrome

Nathaniel H. Mayer and Alberto Esquenazi

INTRODUCTION

This chapter discusses the upper motor neuron
(UMN) phenomena in the upper limb and
how they lead to maladaptive skin and mus-
culoskeletal consequences that affect health
and function. The chapter begins with a clinical
discussion of UMN phenomena, followed by a
description of six problematic skin and muscu-
loskeletal consequences. Treatment strategies
with an emphasis on neurotoxin therapy will
be identified where appropriate.

COMBINED EFFECTS OF
POSITIVE AND NEGATIVE
SIGNS: THE NET TORQUE
IMBALANCE CONCEPT

Classically, UMN findings have included nega-
tive and positive signs including paresis,
impaired dexterity, associated reactions,
released flexor reflexes, hyperactive stretch
reflexes, spastic co-contraction, and spastic dys-
tonia.1 Negative signs such as weakness are
phenomena of muscle underactivity.2 Positive
signs take on a general characteristic of muscle
overactivity3 and are often untimely in their
occurrence and problematic in their manifesta-
tions, although impairment of voluntary move-
ment may be more disabling.4

In response to efferent neural activity from
the central nervous system (CNS), skeletal
muscle develops torque, a force acting through
a bony lever arm about a joint’s axis of rota-
tion, For any given degree of freedom of joint
motion, voluntary movement in everyday life
is bidirectional, meaning that agonist and antag-
onist torques are freely intermixed. A task that
starts with elbow flexion may soon generate
elbow extension. An abducted shoulder
may soon adduct, a supinated forearm may
soon pronate. Fixed positions are not main-
tained for extended periods of time. A UMN
lesion impairs voluntary control over individ-
ual degrees of freedom. As a consequence,
positive sign activity promotes unidirectional
movements that often persist as postures
because voluntary two-way motion is impaired
(Fig. 11-1). The combined effects of recurring
chronically recurring positive and negative
signs leads to a persistent net balance of
muscle torques around individual joints
with chronic effects on soft tissue and
bone (Fig. 11-2). By forcing joints into unde-
sired static positions or into uncontrolled
dynamic movements, the combined effects of
voluntary muscle underactivity and involuntary
muscle overactivity may lead to maladaptive
skin and musculoskeletal consequences.
From this perspective, individual muscles
may be considered units of structure and
function in the production of limb segment
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torques—a concept that can be exploited ther-
apeutically with neurotoxins.

ASSOCIATED REACTIONS

Walshe5 first described associated reactions as
‘‘released postural reactions deprived of volun-
tary control.’’ Synkinesis is a term used by
Bourbonnais more recently.6 An associated
reaction is linked (or associated) with a volun-
tary movement made in another limb. It may
be due to disinhibited spread of voluntary
motor activity into the affected UMN limb,
and its intensity may depend on the intensity
of the voluntary effort. Dewald and Rymer7

thought that impaired descending supraspinal
commands generated associated reactions.
They hypothesized that unaffected bulbospinal
motor pathways may have taken over the role
of damaged UMN tracts when descending
voluntary commands were transmitted.

Figure 11-3A and B reveal the everyday
circumstances that can trigger associated reac-
tions. The patient, a woman who sustained a
hemorrhagic stroke involving the internal
capsule and thalamus 5 months earlier, had

limited upper limb recovery with a Fugl-
Meyer score of 29%. She reported that her
right arm pulled in toward her chest sponta-
neously and that her elbow flexed upward.
These annoying episodes occurred many times
during an ordinary day, yet she was unable to
identify any noteworthy triggers that made
them happen. Examination revealed tight
shoulder adductors and internal rotators, tight
elbow flexors and forearm pronators. Dynamic
surface electromyography (EMG) of pectoralis
major, teres major and latissimus dorsi
revealed activity during a variety of common
motor behaviors such as standing up from a
chair, coughing, laughing, waving or throwing
a ball with the left hand, flexing the left elbow
against resistance and weightbearing on her
cane with the left hand. Associated reactions,
as illustrated by this patient, occur in a variety
of commonplace circumstances. Everyday
voluntary efforts required for transfers, gait,
and activities of daily living might be expected
to provide many opportunities for associated
reactions to develop in a UMN affected limb.
The directionality of associated reaction behav-
ior appears to be stereotyped, that is, different
volitional efforts and contexts seem to recruit
similar associated behaviors (as illustrated in
Fig. 11-3A and B). Recurrent stereotypic move-
ments, not reversed by voluntary contraction,
may be a precursor to increased muscle
stiffness and contracture. Severe impairment
of voluntary movement yields a lack of move-
ment production in directions opposite that of
the motor behaviors of associated reactions.
The net effect over time is the development of
unidirectional limb attitudes that can lead to
skin and musculoskeletal consequences.

FIGURE 11-1. This patient with upper motor neuron syn-

drome has an adducted/internally rotated shoulder, flexed

elbow, pronated forearm, flexed wrist and clenched fist.

Positive signs promote unidirectional movements that

often persist as postures when voluntary two-way motion

of limb segments is impaired.

 A Net Balance of Torque  

AGONIST & ANTAGONIST MUSCLES: 
THE FINAL COMMON TORQUE GENERATORS 

Associated 
reactions 

Spastic 
dystonia 

Rheologic 
changes 

Weak- 
ness 

Spastic 
co-con- 
traction Spasticity 

Flexor 
reflexes 

FIGURE 11-2. The combined effects of chronically recurring

positive and negative signs leads to a net balance of muscle

torque across individual joints that promotes chronic effects

on muscle, other soft tissues and bone.
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FLEXOR AND EXTENSOR
REFLEXES

The flexor reflex is a polysynaptic reflex that
results in flexor muscle contraction.8-10 It is
elicited by afferent stimuli collectively known
as flexor reflex afferents (FRAs). These afferents
include cutaneous receptors (touch, tempera-
ture, pressure), nociceptors, group II afferents
from muscle spindles, and free nerve endings
that are scattered ubiquitously in and around
skeletal muscles.11 After entering the spinal
cord, FRA activity ascends and descends a
number of cord levels, making synapses in
the internuncial pool, a system of spinal

interneurons that is influenced by peripheral
and central inputs including the brain stem.12

The time course of polysynaptic flexor reflexes
is slower than stretch reflexes and represents
coordinated activity of motoneuron pools
spanning many cord segments. By recruiting
flexor muscles across several joints, the flexor
reflex is an example of an interjoint reflex that
has tissue protective value such as generating
quick withdrawal from a noxious stimulus.
Extensor reflexes are similarly polysynaptic
and interjoint, and may subserve support
functions. Flexor and extensor reflexes may
play a role in complex coordinated patterns
such as locomotor stepping generators and
forward reach.

LAUGHING 

PEC MAJ(1x) 

TERES MAJ(1x) 

LAT DORSI(1x) 

ELBOW-flex up(1x) 

SHOULDER-flex up(-2x) 

SHOULDER-abd up(2x) 

1.60 sec. 
A 

Lean on a cane in left hand 

PEC MAJ(1x) 

TERES MAJ(1x) 

LAT DORSI(1x) 

ELBOW-flex up(1x) 

SHOULDER-flex up(-2x) 

SHOULDER-abd up(2x) 

1.60 sec. B 
FIGURE 11-3. A and B, Five months after a stroke, this right hemiparetic patient reported that her right arm involuntarily

pulled in toward her chest and her elbow flexed up. Dynamic surface electromyographic recordings revealed activity in

pectoralis major, teres major, and latissimus dorsi during laughing (A) and left hand weight bearing on a cane (B).

Associated reactions occur in a variety of commonplace everyday circumstances and contribute to chronically recurrent

muscle activations that lead to unidirectional postures with persistent features.
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After a UMN lesion, FRA activity is
enhanced.13 When patients report spasm, it
likely represents increased FRA activity.14

Flexor spasms are more common in patients
with spinal cord lesions including spinal
forms of multiple sclerosis.15 Herman16 found
reduced reciprocal inhibition in patients with
spinal lesions. The manner in which afferent
activity was transmitted within the spinal cord
also differed in paraplegic and hemiplegic
patients.16 Flexor and extensor spasms may be
triggered by overt stimuli or ‘‘spontaneously’’
by covert stimuli such as a full bladder, a
stool-distended bowel, unnoticed skin ische-
mia from being in one position too long and
many others. Clinically, flexor reflexes can
range from the familiar Babinski sign to mass
interjoint flexion movements that interrupt a
wheelchair-to-bed transfer. Mass flexor move-
ments involving many proximal and distal
muscles are less suitable for treatment with
focal agents such as botulinum toxin (BoNT).
Oral agents and newer intrathecal pump tech-
nologies may be more apt.17,18

STRETCH-SENSITIVE
SPASTICITY

The defining characteristic of clinical spasticity
is excessive resistance of muscle to passive
stretch, a resistance that increases as the exam-
iner increases the rate of stretch.1,19 In routine
practice, however, clinicians also include
tendon jerk hyperreflexia and clonus under
spasticity.20 The term spastic has been a
popular adjective for describing clinical attri-
butes, for example, spastic hemiparesis, spastic
hand, spastic gait. The term spastic may be
phenomenologic but it is not explanatory.
The term spastic gait does not describe what
is problematic about a patient’s gait, and
treatment of the phenomenon of spasticity
may contribute little or nothing toward
improving gait function.21

Spasticity is primarily a segmental reflex,
afferent activity, elicited by muscle stretch,
being abnormally processed in related cord seg-
ments, ultimately generating excessive drive on
segmental alpha motor neurons innervating
the very muscles being stretched.1 Increased
resistance correlates with increased EMG activ-
ity in the stretched muscle. Figure 11-4A
illustrates spasticity of elbow flexors in an
adult with cerebral palsy. EMG responses to
stretch of elbow flexors at different rates of

stretch are displayed. Velocity sensitivity is
noted on the left side of the figure, the
amount of EMG increasing as slow, moderate
and rapid rates of stretch are applied. As the
rate of stretch increases, EMG activity begins
sooner with respect to the movement trace, as
seen on the right side of the figure. Hence,
resistance is felt at a smaller joint angle when
the rate of stretch is faster. When spastic
restraint of active movement is potentially pre-
sent, patients frequently learn to slow their
movement to minimize spastic antagonism to
movement. Although they are not shown, sim-
ilar EMG findings were observed for two other
flexors of the elbow, biceps and brachialis,
indicating that all three flexors were similarly
spastic. This is not always the case because
muscles within a group can be differentially
spastic (see Fig. 11-4B). When using BoNT, it
is important to identify which muscles of a
group warrant injection. When a spastic
muscle is stretched, reflex EMG activity, once
triggered, continues throughout the period of
dynamic stretch. If the muscle continues to be
held at end range of stretch, some patients will
continue to generate activity. Such persistent
activity has been described as a static stretch
reflex.8,10 Primary endings of the muscle spin-
dle are known to be rate sensitive, but second-
ary spindle endings have static length
sensitivity.22 The presence of static stretch
reflex activity at end range helps inform the
decision regarding a nerve block before apply-
ing a serial cast to relieve contracture.

A finding of spasticity by a clinician is not an
object of treatment per se, in our opinion,
although it is often identified as such.21 If spas-
ticity is felt as resistance to passive movement
by clinicians, spasticity for patients may also be
experienced as resistance to manipulation of a
limb segment, but the resistance is experienced
in the context of activities of daily living.23,24

Spastic resistance may be encountered in many
daily situations that require limb manipula-
tion. In the clenched fist, for example, fingers
must be opened passively, by the patient or by
a caregiver, during activities such as hand wash-
ing, gloving, donning a splint, or cleaning and
polishing fingernails. One of our patients
complained that she could not do a
one-handed glucose finger stick on the pad of
her long finger because it was curled comple-
tely into the palm. Resistance to passive exten-
sion under these circumstances is a source
of task restriction that ranges from hindrance
to impossibility for many patients with
upper motor neuron syndrome (UMNS).
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Others ascribe these problems of passive
function to the phenomenon of spastic
dystonia.21

It is important to realize that resistance to
passive stretch, often referred to as muscle
‘‘tone,’’ has neural and non-neural compo-
nents.25-27 The neural component of spastic
muscle comes from its stretch reflex activity.
The non-neural component comes from rheo-
logic or physical properties intrinsic to muscle
and other soft tissues. Many patients with
UMNS have a large degree of non-neural resis-
tance whose source is altered viscoelastic and

plastic properties of muscle tissue itself.25,28-31

When spasticity emerges after a UMN lesion,
increased muscle tone may be attributed pri-
marily to its neural component. In time,
muscle tone receives an enhanced contribution
from its non-neural component when rheolo-
gic properties of muscle become stiffer. Often,
as time from lesion increases, what passes for
spastic resistance is, in large part, non-neural
tissue stiffness, not spasticity. Distinguishing
neural from non-neural components of
muscle tone has important therapeutic implica-
tions for the use of BoNT, a treatment affecting
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FIGURE 11-4. A, Spastic electromyographic (EMG) responses of brachioradialis to different rates of stretch in an adult with

cerebral palsy. The top trace represents passive joint motion (flexion up, extension down). The bottom trace represents EMG of

brachioradialis. Before each stretch, the muscle has no EMG activity. (Spastic muscle is classically silent at rest.) When slow,

moderate, and rapid rates of stretch are applied, velocity sensitivity is demonstrated by increasing intensification of EMG

activity as the rate of stretch increases. In addition, the onset threshold of EMG activity occurs at a smaller angle of joint

displacement when velocity of stretch increases, as illustrated by the vertical lines linking EMG onsets to motion traces on the

right side of the figure. Hence, when the rate of stretch is faster, an examiner is likely to feel resistance at smaller amplitudes of

stretch. B, Passive stretch of five elbow flexors reveals differential spastic responses. The biceps appears to be least active in this

patient. The examiner was performing an Ashworth maneuver, namely, complete passive extension of the elbow in about a

second. An Ashworth score of 3 was assigned by the examiner to this record.
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the neural component of tone. Treatment
of non-neural stiffness, particularly contracture,
typically requires physical strategies such
as aggressive stretching, serial casting or
surgery.32-35

SPASTIC CO-CONTRACTION

Unlike spasticity, a phenomenon elicited at
rest, co-contraction appears when the patient
makes a voluntary effort with the affected
limb. Co-contraction is described as excessive
or inappropriate simultaneous activation of
antagonist muscles during voluntary activation
of agonists.36-38 Overactive antagonist muscles
create unbalanced torque that restrains move-
ment, even causing movement reversal.
The effect of antagonist restraint on agonist
driven movement is much like stepping on
the gas pedal and brake of a car simulta-
neously. Co-contraction produces unsmooth,
effortful movements in a UMNS patient who
must struggle to overcome the braking action
of excessive antagonist contraction. Figure 11-5
illustrates alternating flexion and extension
movements performed by an adult with
hemiparesis due to stroke. EMG activity was
recorded with surface electrodes from flexors
(biceps, brachialis, brachioradialis) and
extensors (medial, lateral, long head triceps).
Figure 11-5 shows composite group activity,
obtained by superimposing individual
EMG records of flexors and extensors, respec-
tively. During flexion phase, the elbow flexors

are active as agonists and during extension
phase the extensors are active as agonists.
However, during extension phase, the figure
also shows co-contraction of flexors and
the movement trace reveals that extension
phase is irregular and prolonged with respect
to the duration of flexion phase. The patient,
with strain evident on his face, clearly
struggles to extend his elbow (see photo
insert of Fig. 11-5).

Co-contraction may represent an impair-
ment of supraspinal control of reciprocal inhi-
bition because abnormalities of Ia reciprocal
inhibition have been reported in patients with
UMNS.39,40 Humphrey and Reed41 have indi-
cated that co-contraction can be activated and
deactivated at a cortical level. Co-contraction is
not necessarily related to muscle stretch
because it can occur during isometric effort,
but for isotonic movements, antagonist
muscle lengthening (stretch) does occur
during movement. Also, stretch sensitivity, if
present, may generate a spastic contribution
to antagonist muscle contraction under these
conditions.36 When patients are spastic, par-
sing antagonist overactivity into supraspinal
co-contraction and stretch-sensitive spasticity
during voluntary effort is not possible clini-
cally. Hence, many authors use the term
spastic co-contraction to denote the overall
phenomenon. Technically, in co-contraction,
the onset of antagonist EMG activity should
begin before movement begins, indicating
that supraspinal mechanisms are at work. As
movement proceeds and antagonist muscles
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ALTERNATING FLEXION/EXTENSION OF THE ELBOW 
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FIGURE 11-5. Voluntary alternating flexion and extension movements in an adult with hemiparesis. Composite electromyo-

graphic (EMG) activity from flexor and extensor groups was obtained by superimposing individual EMG records of flexors

(biceps, brachialis and brachioradialis, top trace) and extensors (medial, lateral and long head triceps, bottom trace) respec-

tively. Co-contraction of flexors is noted during extension phase, and the motion trace reveals irregular motion that is

prolonged compared with the quicker and smoother flexion phase. The patient, with strain evident on his face, clearly struggles

to extend his elbow against the braking action of the flexors.
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are lengthened, a stretch reflex contribution
may occur. Nevertheless, voluntary effort acti-
vates the defining feature of spastic co-contrac-
tion, namely, simultaneous activation of
agonist and antagonist muscles.42 BoNT injec-
tion of co-contracting antagonists is a poten-
tially useful strategy to mitigate movement
restraint.43

SPASTIC DYSTONIA

The term spastic dystonia originated in the
work of Denny-Brown.44,45 He noted that
monkeys adopted persistent postures after a
variety of cerebral cortex ablations. Any attempt
by the examiner to pull the limb away from its
persistent position was met by an increasing
resistance of spring-like quality. The limb
would fly back to its original position when
let go. Denny-Brown used the term dystonia
to describe persistent postures maintained by
active muscle contraction. Active contraction
underlying dystonia was verified by tonic
EMG activity recorded at rest. In addition,
muscle contraction was present without limb
movement and was not abolished by cutting
the dorsal roots, implying that dystonia was
mediated efferently from supraspinal sources.
Denny-Brown thought dystonia reflected a
released motor mechanism having direct
access to a-motor neurons.

In the absence of voluntary effort or passive
stretch, patients with UMNS with demonstra-
ble tonic muscle activity underlying a persistent
posture have been called dystonic, consistent
with Denny-Brown’s original construct.
Patients with UMNS with dystonic activity
also appear to have stretch sensitivity and,
hence, have been described as having spastic
dystonia. Stretch sensitivity in UMNS patients
can result not only in an increase but also a
lessening of dystonic activity, which is especially
true after prolonged stretch, a finding that has
implications for therapeutic exercise and
patient self-management. However, it is noted
that rheologic changes in muscle compliance
can also account for fixed postures in patients
with chronic UMNS. Moreover, muscle con-
traction induced by other positive signs can
bring thixotropic factors into play as well.46,47

Before using a focal agent such as BoNT, it may
be useful to know which muscles are dystonic.
EMG recording equipment, if available, can
help identify the distribution of persistent
muscle activity at rest (Fig. 11-6). Without
using such a method, it may be premature to
assume that all patients with sustained limb
postures have underlying tonic activity as
their basis. Static tissue tension, contracture,
and end positions of joints after an associated
reaction may be sufficient to generate a net
balance of torques mimicking postures of spas-
tic dystonia.
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FIGURE 11-6. Distribution of persistent muscle activity at rest. The patient was unable to relax her elbow; it flexed involun-

tarily. Stretch sensitivity was present.
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RHEOLOGIC TISSUE
CHANGES AND
CONTRACTURE

Muscle contracture refers to physical shorten-
ing of muscle length, and it is often accompa-
nied by physical shortening of other soft tissues
such as fascia, nerves, blood vessels, and skin.
Muscle contracture, an invariant physical state
of fixed shortening, is not to be confused
with muscle contraction, a dynamic, variable
state of internal shortening produced by sliding
action of actin and myosin filaments.
Contracture is promoted by processes that
begin with the acute onset of a UMN
lesion.48 Acute paresis impairs cycles of
shortening and lengthening of agonist and
antagonist muscles during everyday voluntary
usage; the force of gravity generates positional
effects on limb segments and joints; positional
effects are also created by a net balance of static
rheologic forces across joints, and as preferen-
tial overactivity develops in particular muscle
groups, a net balance of contractile forces
promotes unidirectional effects on joint posi-
tion that set the stage for the fixed shortening
of contracture. In the upper limb, muscles that
typically shorten include shoulder adductors
and internal rotators, elbow flexors, forearm
pronators, wrist, finger and thumb flexors,
and thumb adductors. Familiar UMN patterns
of deformity develop in the upper limb
(see Fig. 11-1 above) and in the lower limb
(see Chapter 15).49

The concept of rheologic change after a
UMN lesion has literature support from many
studies. Herman25 described changes in the
rheologic properties of spastic muscles in a
study of 220 hemiplegic patients. Patients
with contracture often had reduced reflex activ-
ity, yet resistance to passive stretch was high
because of increased tissue stiffness and
contracture.50 His study indicated that an
understanding of muscle tone should consider
the complex interaction between rheologic and
spastic properties of muscle because stretch
reflexes themselves may be influenced by
alterations in the physical properties of muscle.
Along similar lines, Dietz and associates29

in stroke and cerebral palsy and Thilmann
and coworkers31 have argued that hypertonia
might not be related to exaggerated reflexes
but rather to decreased compliance of soft tis-
sues. O’Dwyer and colleagues suggested that
what appears clinically as spasticity after
stroke is actually increased muscle stiffness

and contracture. They suggested, as others ear-
lier, that mechanical and biologic changes in
soft tissues played a major role in resistance
to both passive and active movements.
Hufschmidt and Mauritz28 proposed that
abnormal cross-bridge connections between
actin and myosin filaments could contribute
to increased resistance to passive stretch and
that these changes would very likely occur in
muscles subjected to prolonged fixed position-
ing. Animal studies of Akeson and coworkers52

demonstrated that immobility led to stiffness
associated with water loss and collagen deposi-
tion. Gossman and associates,53 Herbert,30 and
Carey and Burghardt54 suggested, in various
ways, that immobility imposed on a patient
by the negative signs of UMN can result in
soft tissue contracture. Other animal studies
have indicated that some sarcomeres are lost
and others become shorter and stiffer when
muscles are immobilized in a shortened
position55-57 (but see Chapter 13). Soft tissues
other than muscle also become less compliant
in chronically shortened positions. For this
reason, surgical correction of a severe contrac-
ture is limited to about half the lost range for
fear of snapping contractured nerves and
occluding blood vessels. After surgery, these
soft tissues require progressive stretching to
accomplish reversal of the residual contracture.
Severe muscle contracture may also be accom-
panied by skin contracture that requires correc-
tive plastic procedures. A clinical picture
dominated by contracture will not respond to
central muscle relaxants such as tizanidine and
baclofen, peripheral relaxants such as dantro-
lene sodium, phenol neurolysis, or chemode-
nervation with BoNT. Although physical
therapy and surgical methods have been the
mainstay of contracture management, studies
of children with cerebral palsy by Friden
and Lieber58,59 point to a process of structural
remodeling of contracted muscle that
may require new management techniques
(see Chapter 13).

SKIN AND
MUSCULOSKELETAL
COMPLICATIONS IN THE
UPPER LIMB

Two broad approaches have emerged in treat-
ing the consequences of maladaptive net tor-
ques: central strategy and peripheral strategy.
The central strategy attempts to inhibit CNS
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circuitry that generates muscle overactivity.
Clinical use of central muscle relaxants illus-
trates this approach. The peripheral strategy
focuses more directly on specific muscles as
offending torque generators, and treatment
aims at reducing focal muscle torques.
Examples of peripheral strategy include ortho-
paedic procedures such as muscle lengthening
and transfers that rebalance or reroute muscle
forces across joints, and neurotomies and
phenol that denervate, causing focal muscle
weakness in a specific motor nerve distribution.
In recent years, BoNT has gained clinical trac-
tion as a treatment for muscle overactivity in
patients with UMNS.60 BoNT treatment is a
good example of peripheral strategy, but for
success, it requires specific identification of
offending muscles that create maladaptive tor-
ques and consequences.61 In the next section,
we describe these consequences, and when
appropriate, we will identify potentially offend-
ing muscles that may be considered for focal
BoNT therapy.

SKIN INTEGRITY

Chronic limb postures, generated by positive
phenomena and the failure of voluntary move-
ment to relieve such postures, can lead to
redundant skin folds that promote moisture
accumulation, bacterial and fungal overgrowth
with resulting malodor, skin irritation, infec-
tion, skin breakdown and ulceration (Fig. 11-
7A). Skin of the axilla, elbow, palm and inter-
digital spaces is most often involved. At the
shoulder, tight shoulder adductors promote a
reddened, irritated axilla (see Fig. 11-7B).
Malodor is often present, but skin breakdown
is uncommon. The pectoralis major and teres
major muscles are most typically involved, and
chemodenervation with BoNT is a useful strat-
egy. The latissimus dorsi may also contribute.
Neurolysis with phenol is an alternative
approach when BoNT, subject to a current ceil-
ing dose of 600 U, requires conservation for
muscles elsewhere. At the elbow, redness and
irritation begin in the crease and spread out-
ward to the edge of skin fold redundancy.
Skin breakdown, less common in the axilla, is
more common at the elbow. Stage IV ulcer-
ation with visible muscle and tendon can be
seen and is commonly associated with severe
contracture (see Fig. 11-7A). Five muscles can
flex the elbow: biceps, brachialis, brachioradia-
lis, pronator teres, and extensor carpi radialis.
The brachioradialis, pronator teres and biceps

are typical offenders, but the brachialis is less of
a problem in our opinion. When the forearm is
fixed in pronation, particularly by a combina-
tion of overactive pronator quadratus and
paretic supinators, the pronator teres can exert
flexion torque across the elbow by reverse
origin-insertion action. The extensor carpi radi-
alis can exert similar flexor torque on a similar
basis of tenodesis when the wrist is fixed in
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FIGURE 11-7. A, Redundant skin folds lead to moisture

accumulation, bacterial overgrowth, skin irritation, skin

breakdown, and ulceration. Note contractured skin folds, a

result of many cycles of skin breakdown and healing against

a background of severe elbow flexion contracture. B, A

hemiparetic patient with shoulder adductor muscle overac-

tivity and a reddened, irritated axilla.
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flexion by overactive wrist and finger flexors.
Midposition elbows are more typical of the
brachioradialis and biceps, not pronator teres.
A supinated flexed elbow is more typical of the
biceps and brachialis, not the pronator teres
and brachioradialis.

At the wrist, it is uncommon to see frank
skin breakdown at the crease. Nevertheless,
extreme flexor torque at the wrist can lead to
skin maceration and irritation. Skin of the
proximal palm, particularly when the wrist is
flexed and ulnarly deviated, combined with
tenting of the volar skin of the distal forearm
can produce skin folds overhanging the wrist
crease that trap moisture and become macer-
ated. At the fingers, a clenched fist leads to a
damp palm with skin irritation and malodor.
The examiner should wear gloves because

malodor is particularly offensive, easily trans-
ferred to the examiner’s skin, and not
so quickly removed with washing. Patients are
examined for interdigital and palmer accumu-
lations of moisture, irritation, and breakdown.
(see Fig. 11-7C). Nailbed infections including
paronychia can occur. Infection of a fingernail
bed can drive muscle overactivity, presumably
through enhanced FRA activity, exacerbating
clenching. When fingernails are burrowed
into the palm and not easily visible, the flexor
digitorum profundus (FDP) is involved. FDP
can drive fingernails into palmer skin and
cause laceration (see Fig. 11-7D). When the
flexor digitorum sublimis (FDS) is involved,
the fist may be clenched but the fingernails
are visible because the distal interphalangeal
joint (DIP) joints are extended. Both groups
are often simultaneously involved but individ-
ual finger variation is surprisingly common.
Electrical stimulation helps identify individual
muscle fascicles of FDS and FDP prior to focal
injection. At the thumb, metacarpophalangeal
(MP) and interphalangeal joint (IP) skin folds
can become macerated and reddened. IP flex-
ion originates in overactivity of the flexor pol-
licis longus (FPL), and the thumb’s fingernail
can dig into index finger or palmer skin. MP
flexion could be the result of FPL overactivity,
but the flexor pollicis brevis (FPB) may also be
involved. Pressure of a flexed thumb some-
times blanches and irritates the skin on the
radial side of the index finger. The adductor
pollicis (AP), FPB, and FPL may be involved.

BONE AND JOINT
INTEGRITY

Before the emergence of positive signs, the neg-
ative sign of shoulder muscle paresis often
results in gravity-driven stretch of the shoulder
capsule. This produces inferior subluxation,
which is usually self-limited and typically
improving when activity in supraspinatus
and the deltoids returns during antigravity
standing. Occasionally, subluxation becomes
chronic, especially when neurologic recovery
is poor, causing pain when the arm is not sup-
ported during standing or sitting. Pain may be
due to chronic stretch on the shoulder capsule,
upper trapezius muscle, or from traction on the
brachial plexus.62 If pain improves with
manual reduction and support of the subluxa-
tion, a mechanical pain mechanism can be
assumed and treatment focuses on reducing
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FIGURE 11-7 cont’d. C, Patients are examined for

interdigital and palmer accumulations of moisture,

irritation and breakdown. Note moisture in palm creases.

D, Flexor digitorum profundus can drive fingernails into

palmer skin and cause skin laceration.
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the subluxation. Conservative approaches have
included electrical stimulation to the deltoid
and supraspinatus muscles or the use of a
shoulder orthosis, but for practical reasons, a
sling is commonly used. A sling relieves pain by
supporting the humeral head in the glenoid
and minimizing traction on shoulder struc-
tures. If the pain does not remit without a
sling, some patients do not accept wearing
the sling indefinitely and they can opt for
surgical solutions that have included suspen-
sion procedures using ligaments63 or the
tendon of the long head of the biceps.64

Adhesive capsulitis can occur in patients with
UMNS and also in those who develop a com-
plex regional pain syndrome.62 Glenohumeral
motion becomes limited and painful. A painful
stage is followed by an adhesive stage and a
recovery stage; the course of the condition can
extend for many months. Nonsteroidal anti-
inflammatory drugs, physical therapy, and
intra-articular injections are typical treatments.
Selected cases may benefit from manipulation
under anesthesia. Shoulder pain originating
in bone and joint structures is often misinter-
preted as painful spasticity, and treatment with
BoNT is often requested. When shoulder muscle
overactivity is present, we believe that BoNT
treatment may be reasonable, not for treating
painful spasticity, but for facilitating physical
therapy. Weakening the contractile tension of
large overactive muscles such as the pectoralis
major, latissimus dorsi, and teres major will aid
a physical therapy approach that needs to be
aggressive in order to restore the severe loss of
motion of adhesive capsulitis. The ability to
wash the axilla and apply deodorant is
very much hindered by lost, painful range of
motion. When adhesive capsulitis has not
responded adequately to nonoperative treatment,
fluid expansion of the capsule or arthroscopic
capsular release may be considered.65

Subluxation of the wrist can occur when
there is excessive flexor overactivity and
marked wrist extensor weakness (Fig. 11-8).
Although the palmaris longus is missing in a
small percentage of normal individuals, when
present, this muscle contributes to wrist flexor
torque along with flexor carpi radialis (FCR)
and flexor carpi ulnaris (FCU).66 The extrinsic
finger flexors also promote wrist flexor torque.
A severely subluxed wrist hampers donning a
shirt, jacket sleeve, or winter gloves; prevents
range-of-motion exercises; and facilitates
carpal tunnel syndrome.

When bones of paretic limbs are deprived of
muscular tension, osteoporosis can develop,

making a patient more prone to fracture.67

Falls are a common mechanism of fracture in
patients with central neurologic disease, but
stress fractures, especially of the humerus,
may occur when paralyzed patients are
subjected to twisting, torsion, and pressure on
the upper limbs during physical lift of the
patient from bed to chair. Transfer by means
of a Hoyer lift is preferable. From time to time,
orthopaedic procedures such as hip dislocation
interventions or joint replacement may be
required in a patient with UMNS. In the
postoperative period, intense muscle overactiv-
ity, triggered by FRA activity in tissues of the
operative site, may disrupt soft tissue healing
and threaten dislocation of hardware.
Postoperative spasm can be painful and
prolongs hospitalization.68 The use of BoNT
pre-emptively has been recommended in such
patients.69 It has been our practice to deliver
BoNT to potentially offending muscles 2 to
3 weeks before surgery.

PHYSICAL PRESSURE AND
INJURY

A variety of pressure phenomena may be attrib-
uted to muscle overactivity that leads to
persistent postural attitudes. When the FDP is
excessively active, fingernails dig into palmer
skin, causing pressure marks, frank laceration,

FIGURE 11-8. Subluxation of the wrist can occur when

there is excessive flexor overactivity and marked wrist exten-

sor weakness.
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and infection (see Fig. 11-7D). A flexed elbow
and an adducted, internally rotated shoulder
can combine to press a fist into the chest,
throat, or face (Fig. 11-9). Patients have
complained of phasic flexor spasms in the
upper limb that strike the upper chest, throat
or jaw. At night, such spasms interfere with
sleep. Prolonged posturing can lead to periph-
eral nerve injury. Persistent elbow flexion
produces stretch and traction on the ulnar
nerve, which wraps around the elbow in the
cubital tunnel (see Fig. 11-8). Ulnar nerve
injury can also be caused by chronic nerve
pressure from a wheelchair’s armrest when a
patient with UMNS has little voluntary ability
to unload the pressure. A patient with chronic
elbow flexion who develops an intrinsic minus
claw hand deformity hand (see Fig. 11-8)
should be suspected of having ulnar nerve
involvement at the elbow. Ulnar innervated
intrinsic muscles of the hand flex the
MP joints and extend the proximal interpha-
langeal (PIP) joints. Ulnar neuropathy pro-
duces an intrinsic minus deformity, featured
as extension of the MP joints along with flexion
at the PIP joints (see Fig. 11-8). The resulting
unsightly claw hand affects the integrity of
body image and gets hooked annoyingly on
sleeves, coats, and sweaters. In the presence of
chronic elbow flexion at 90 degrees or more,
chemodenervation of elbow flexors (biceps,
brachioradialis, brachialis and pronator teres)
may be considered pre-emptively to reduce the
degree of flexion. Serial casting several weeks

after chemodenervation to reduce the inevita-
ble flexion contracture of the elbow is also a
consideration. Ulnar nerve transposition may
be needed.

In addition to median nerve fibers and
blood vessels, the contents of the carpal
tunnel also include tendons of the FDS, FDP,
and FPL. Carpal tunnel syndrome (median
neuropathy at the wrist) can develop in the
presence of wrist flexion deformity caused by
overactive finger and wrist flexors (Fig. 11-10).
The tendons of overactive muscles coursing
through the tunnel may increase pressure
within the tunnel or cause compression or
ischemia of the contents of the tunnel.
The median nerve is often compressed against
the leading or proximal edge of the transverse
carpal ligament. Complaints of tingling,
dysesthesia, and thenar atrophy should raise
suspicion of carpal tunnel syndrome. The
pain of carpal tunnel syndrome can exacerbate
muscle overactivity elsewhere.

SOFT TISSUE INTEGRITY

Lost range of motion associated with muscle
contracture is commonly seen after
UMNS.34,70,71 In the presence of high stretch
sensitivity, determining the amount of lost
motion and contracture can be confounded
by dynamic stretch reflex activity. A temporary
local anesthetic block often unmasks addi-
tional range of motion. The loss of range of

FIGURE 11-10. Pressure or ischemia of the median nerve

by overactive finger and wrist flexors can produce carpal

tunnel syndrome. Arrows point to bowstringing tendons of

flexor carpi radialis, palmaris longus, and superficial finger

flexor mass.

FIGURE 11-9. A flexed elbow and adducted, internally

rotated shoulder can combine to press a fist into the

chest, throat or face.
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motion created by a contracture impairs or
exacerbates the following: loss of skin integrity,
stretch neuropathy, the effectiveness of residual
voluntary movement, dressing, hygiene and
grooming functions, and appearance of disfig-
urement. At the shoulder, adduction and inter-
nal rotation contracture limits access to the
axilla necessary for dressing, washing, shaving
axillary hair, and applying deodorant. A lack of
abduction is more important for activities of
daily living (ADLs) than a lack of external rota-
tion. In addition to contracture, muscle overac-
tivity may be present in some or all of the
adductors/internal rotators including the pec-
toralis major, teres major, and latissimus
dorsi.61 Clinical palpation during elicitation
of positive signs may help the examiner iden-
tify muscle contraction suitable for BoNT inter-
vention. Dynamic EMG studies and local
anesthetic blocks may also be of help to predict
potential effects of longer term blocks. Phenol
block of the thoracodorsal nerve, the medial
and lateral pectoral nerves, and motor point
of the teres major facilitates physical therapy
within a few days. BoNT treatment is followed
by aggressive physical stretching approximately
2 weeks after injection, when clinical blocking
action should be well under way.

At the elbow, severe flexion contracture pro-
motes tissue redundancy in the elbow crease,
leading to maceration, redness, and skin break-
down (see Fig. 11-7). Washing the crease and
dressing around the bend of the elbow is ham-
pered by fixed deformity. Elbow flexion con-
tracture greater than 90 degrees promotes
ulnar nerve stretch neuropathy. In addition to
contracture, muscle overactivity may be present
in some or all of the following elbow flexors:
biceps, brachialis, brachioradialis, and prona-
tor teres. Clinical palpation during elicitation
of positive signs may help the examiner iden-
tify muscle contraction suitable for BoNT inter-
vention. Dynamic EMG studies and local
anesthetic blocks may also be of help to predict
potential effects of longer term blocks.
Reduction of elbow flexion contracture, in the
presence of muscle overactivity, is handled with
blocks followed by serial casting.70,72 Casting
may proceed immediately after blocking with
phenol, a drug with local anesthetic properties.
Casting after BoNT is initiated about 2 weeks
after injection, when clinical blocking action
should be well under way. At the forearm, pro-
nation contracture orients the palm and fingers
away from the patient’s field of vision, hinder-
ing such functions as hand washing, fingernail
grooming, donning of gloves and splints, and

for diabetics, performing blood glucose finger
sticks. Pronator teres and pronator quadratus
may be involved. If these muscles are overac-
tive, BoNT can reduce their neural contribution
to muscle tone and facilitate contracture lessen-
ing physical techniques.70

At the wrist, flexion contracture can lead to
maceration, irritation, and breakdown in the
wrist crease. Sleeve openings may need to be
made larger to accommodate a severely flexed
wrist. Carpal tunnel syndrome occurs. Patients
have a particular dislike of wrist flexion and
clenched fist deformities, neither of which may
be covered up by clothing. The wrist flexors and
extrinsic finger flexors pass in front of the wrist’s
axis of rotation; hence, both of these muscle
groups can contribute to wrist flexion defor-
mity. Tightness of each group is tested sepa-
rately. When fingers are held flexed, passive
extension of the wrist tests wrist flexor tightness.
Fully extending the fingers before extending the
wrist adds the finger flexor contribution to
flexor resistance across the wrist. Serial casting
preceded by BoNT injection of overactive wrist
flexors and finger flexors is a useful strategy. A
hyperextended wrist is seen less frequently than
a flexed wrist but can cause greater hand
problems. The hyperextended wrist promotes a
clenched fist because of finger flexor tenodesis.
Lengthening of finger flexors passing ventral to
the axis of rotation of the wrist generates more
passive tension according to their tension-
length curve, causing the fingers to flex into
the palm. Positive signs also may add input to
finger flexors, enhancing the clenching behav-
ior. BoNT injection of overactive wrist extensors
(extensor carpi radialis [ECR], extensor carpi
radialis brevis [ECRB], and extensor carpi
ulnaris [ECU]) helps promote a more neutral
position of the wrist, lessening the tenodesis
effect of wrist hyperextension.

For the fingers, a tight FDS is characterized
by severe flexion of the MCP and PIP joints but
not of the DIP joints.61 Alhough the fist is
clenched, the fingernails are visible and the
pads of the fingers typically touch the palm.
If FDP is involved, the fingernails are buried
into the palm, often indenting or even lacerat-
ing the palmer skin. Contracture of the finger
flexors is likely when the fingers cannot be
extended unless the wrist is flexed. Dynamic
EMG studies of FDS and FDP with intramuscu-
lar wire electrodes can provide information
about the neural component. Local anesthetic
blocks of selective median branches to FDS and
FDP may provide similar information. Extrinsic
finger flexor contracture of nonneural origin
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may be treated with serial casting. If a strong
neural contribution is also present, BoNT can
be a helpful adjunct to serial casting, initiated
about 2 weeks after injection. Contracture of
the intrinsic muscles results in a roof top
hand. The MCP joints are flexed about 90
degrees, whereas the PIP and DIP joints are
fully extended. When the MCP joints are
flexed, the PIP joints cannot be flexed because
of intrinsic muscle contracture. Swan neck
deformity is found when FDP is overactive.
The DIP joint is flexed (head of the Swan),
whereas the long neck of the Swan is a PIP
joint that is extended or abnormally hyperex-
tended 15 degrees or more. The intrinsic plus
deformity narrows the space between the fin-
gers, making these slit-like areas vulnerable to
maceration, malodor and ulceration. BoNT for
overactivity combined with stretch splinting
techniques is a potentially useful strategy.

For the thumb, contracture of FPL produces
a thumb-in-palm deformity.73 The thumbnail
may notch the index finger or the nail may dig
into the palm. Redundant skin over the crease
of the IP joint attracts moisture. Flexion
contracture of the intrinsic FPB exacerbates
redundant skin, especially the larger fold of
the MP joint, which macerates easily.
Contracture of the AP narrows the web space
and makes insertion of objects into the palm
through the web space difficult or impossible,
preventing the hand from being used as a
holder. BoNT for the neural component
combined with serial casting for the nonneural
component is a potentially useful strategy.
Tendon lengthenings, transfers, capsuloplas-
ties, plastic skin procedures, and joint fusions
are alternative peripheral strategies for upper
limb joints with contracture.

PERSONAL CARE INTEGRITY

UMNS patterns of deformity can hinder
hygiene, dressing, and grooming and reducing
positive signs such as arm spasticity has been
associated with improved arm function.74,75

Patients and caregivers often have to struggle
against hypertonic muscles to perform personal
care. For example, tight adductors reduce access
to the axilla making ADLs and personal care
difficult. Tight finger flexors impede access to
the hand and fingers, and make thorough hand
washing difficult (Fig. 11-11). More time and
more frequent washing and drying are required
to keep the hand free of malodor. Hand splints
that prop fingers open and allow air to circulate

across the palm may counter maceration and
malodor. Resting hand splints, meant to main-
tain wrist and finger position, are not always
popular with patients because torque exerted
by clenched fingers against a hard splint surface
can cause pain and skin blanching. A proper
and comfortable fit is not always predictable
when the intensity of positive signs varies
throughout the day and their effectiveness has
been questioned.76 A clenched fist often makes
cutting, cleaning, and polishing fingernails dif-
ficult. A pronated forearm compounds the
problem because it causes the palm to be
down and away from the patient, making
one-handed nail care impossible to do.
Someone else has to supinate the forearm if
the patient wants to do the care. If someone
else provides nail care, a combined clenched
fist and flexed wrist can be very problematic
for them.

BODY IMAGE INTEGRITY

Integrity of body image is a normal psycholog-
ical desire and is important for emotional bal-
ance. Patients react negatively to the
appearance of various UMNS deformities such
as a flexed elbow, bent wrist, clenched fist, and
thumb-in-palm deformity.77 They complain
that their postures are ugly and unsightly.
(see Figs. 11-1, 11-3B, 11-6, and 11-7A).78

Patients with deformity may intuitively feel
that their appearance signals a lessening of
their value as an individual, a sign of their
imperfection for socialization, sexuality, and
vocational pursuits.79,80 Medical treatment to

FIGURE 11-11. Tight finger flexors impede access to hand

and fingers, and make thorough hand washing difficult.

Frequent washing and drying is required to keep the hand

free of malodor.
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redress the grievance of a body image deformity
is wrongly understood if such treatment is
construed as cosmetic and not as an important
part of a patient’s rehabilitation treatment,
both physical and psychological, after sustain-
ing a severe neurologic insult. In the context of
UMNS, the psychological distress of altered
body image is intimately bound up with
how a person feels about himself or herself,
distressed feelings that truly serve as a barrier
to the rehabilitation process.81,82

CONCLUSION

UMNS has classically been described in terms of
positive and negative signs. The combined
effects of chronically recurring positive and
negative signs produces a net balance of
muscle torques around individual upper
limb joints that lead to maladaptive skin and
musculoskeletal consequences. Two broad
approaches, central strategy and peripheral
strategy, have emerged to treat the consequences
of maladaptive torques. Central strategy
attempts to modify CNS pathways that generate
muscle overactivity. Peripheral strategy directs
treatment toward specific muscles and other
soft tissues that generate maladaptive torques.
Peripheral strategy serves as a basis for many
orthopaedic procedures, physical and occupa-
tional therapy techniques, neurotomies, and
neurolysis. In recent years, BoNT has become a
good example of a useful peripheral strategy,
but its success requires specific identification
of offending muscles that create maladaptive
skin and musculoskeletal consequences.
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12Clinical Trials of
Botulinum Toxin in

Adult Spasticity

Antonio E. Elia, Filippini Graziella, and Alberto Albanese

INTRODUCTION

Spasticity is defined as a velocity-dependent
increase in stretch reflex activity and is one of
the forms of muscle overactivity that may affect
patients with damage to the central nervous
system (CNS), particularly either the brain or
the spinal cord.1 Spasticity is a sign of
the upper motor neuron syndrome that is
characterized by a combination of positive
and negative signs, including hypertonia, invol-
untary movements (spasms, clonus), decreased
range of motion (ROM), contractures, and
spasm-related pain (Table 12-1). The most
common causes of spasticity are acute CNS
lesions, such as stroke or traumatic spinal
cord and brain injuries. In addition, spasticity
can be caused by neurodegenerative (such as
amyotrophic lateral sclerosis) or inflammatory
(such as multiple sclerosis) CNS disorder.
Spasticity predisposes to the development of
contractures, leading to further functional
impairment.

Spastic features normally establish gradu-
ally, also following an acute CNS lesion, then
improve spontaneously during the months
following onset and stabilize. The relationship
between the clinical features of spasticity and
the ensuing disability has not been completely
established. In clinical trials on antispasticity
drugs, the observed reduction in spasticity has
not been unequivocally associated with clear
functional gains in daily living activities.
There are possible ways to explain the failure
to observe functional gain in patients treated
with antispastic agents that are efficacious in

reducing spasticity. First, it is possible that
spasticity does not contribute as much as the
associated weakness to the observed limitation
of function.2 Second, the published studies
may have been inadequately powered to
detect functional gain or, third, the outcome
measures used were insufficiently sensitive.3

Rehabilitation programs for patients with
spasticity must take into account several
variables in addition to changes of excitability
within spinal neural networks. Considerable
intrinsic muscular changes may contribute
to a continuous rigidity while muscles are
stretched, a phenomenon that, in turn,
enhances stretch reflex responses.4 The spastic
posture and deformity of the affected limb
often prove to be particularly disabling.
Patients suffering from stroke frequently
develop flexor spasticity of the upper limb
that impairs motor usage of the hand; their
caregivers, therefore, have to face problems
such as maintaining hygiene and dressing. On
the other hand ability to stand or walk usually
relies on a certain degree of residual spasticity,
and treatment plans often involve a trade-off
between spasticity reduction and preservation
of residual motor function.5

A number of spasticity treatments are avail-
able, such as physical therapy, oral antispastic
medication (e.g., baclofen and tizanidine)
and intrathecal agents (e.g., baclofen). Oral
medications often provide limited relief and
frequently lead to side effects. Intrathecal
baclofen, instead, provides a significant reduc-
tion of muscle tone and some ensuing
functional gain; however, this is an invasive

Drs. Elia and Graziella do not report any conflicts of interest. Dr. Albanese is disclosing that he is associated with NTI, and has worked
on advisory boards for Allergan, Ipsen, and Merz.
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treatment that requires an implantation proce-
dure and can lead to adverse reactions such as
headache, nausea, and excessive weakness.
Neuromuscular blockade by local injections
of phenol or alcohol effectively reduce spastic-
ity but are limited mainly by the occurrence of
severe pain. In this scenario, focal injections of
botulinum neurotoxin (BoNT) provide a
simple and effective tool for the management
of spasticity in specific body regions.

The management of spasticity aims at redu-
cing disability and improving residual motor
function based on clinical evaluation indepen-
dent of the etiology. However, cases of spastic-
ity secondary to an acute event (such as trauma
or stroke) that is likely to have a unique occur-
rence provide ideal conditions to perform clin-
ical evaluations of antispasticity treatments. By
contrast, in cases with progressive or remitting
clinical phenomenology, the outcome of anti-
spasticity therapies is difficult to evaluate. The
same is true for children who suffer from spas-
ticity. Developmental changes significantly
affect outcome in addition to antispastic
treatments.

Outcome measures of spasticity evaluate var-
iations of muscle tone, ROM, and limb pos-
ture. Measures of disability evaluate function
in activities of daily living, hygiene, dressing,
limb position, and pain interfering with daily
activities. The relationship between spasticity
and disability measures has not been ascer-
tained, and this limitation provides uncertainty
on the functional value of antispasticity treat-
ments. A correlation with spasticity scores has
been demonstrated only for the Disability
Assessment Scale (DAS), which varies linearly
with the Ashworth scale (AS).6

The present chapter reviews the available
evidence on the use of BoNT/A and /B in
managing spasticity in adult patients and dif-
ferentiates between outcome on spasticity and
on disability.

AVAILABLE OUTCOME
MEASURES

In order to identify appropriate treatment
objectives, it has been proposed to distinguish
between active and passive function.2 Active
function is impaired when spasticity interferes
directly with voluntary movement, whereas
passive function is impaired when there is
little or no residual voluntary movement, due
to severe weakness, and spasticity does not
contribute to the motor impairment. As far
as active function is concerned, the goal of
spasticity treatment is to reduce motor overac-
tivity in order to improve movement; for
passive function, instead, the goal is to reduce
painful spasms and pain during mobilization,
attain better hygiene or prevent contractures.

Measures of Spasticity

The most widely used spasticity measure is the
AS, which was initially developed as a simple
clinical tool to test the efficacy of antispastic
drugs in patients with multiple sclerosis by
evaluating the resistance perceived while
moving a joint through its full range.7 Later,
the 1+ rating (falling between 1 and 2) was
added with the aim to increase sensitivity
(thus, yielding to the modified Ashworth
Scale [MAS]).8 The AS and the MAS can be
used as an ordinal level measure, based on
a five-point rating of muscle tone from zero
(‘‘no increase in tone’’) to four (‘‘limb rigid in
flexion or extension’’). A study found that the
scale is more reproducible in the upper than in
the lower limb and that the AS is overall more
reliable than the MAS.9 The use of AS and MAS
as outcome measures has been questioned
because they evaluate resistance to passive
movements rather than spasticity10; however,

TABLE 12-1 Upper Motor Neuron Syndrome: Positive and Negative Signs

Positive Signs Negative Signs

Phasic and tonic stretch reflexes51,52

Co-contraction52

Released flexor reflexes52,53

Associated reactions (synkinesia)52

Spastic dystonia52

Increased muscle stiffness that may contribute to
contracture52,53

Muscle weakness52

Loss of finger dexterity52

Loss of selective control of limb movement
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these scales remain the most widely used out-
come measures in clinical trials, and have high
inter-rater reliability.11

Other available measures of spasticity
include the spasm frequency scale and indirect
measures, such as goniometric assessment of
ROM or analysis of postures.

The original Penn spasm frequency scale12

was created to assess the antispastic effect of
intrathecal baclofen and is based on the evalu-
ation of the number of spasms per hour.
Another scale measuring daily spasm frequency
was used to evaluate the effect of BoNT injec-
tions in multiple sclerosis patients.13 In this
study, a ‘‘spasticity score’’ was created by multi-
plying ASs and spasm frequency.

Goniometric ROM assessment has good
intra- and inter-rater reliability when applied
to children with cerebral palsy.14 ROM scores
have been used for status and follow-up assess-
ments of spasticity changes and correlate with
ASs.15 It has also been shown that ROM
changes are sensitive to antispastic treatment
in stroke patients.16

Analysis of body postures can also be used
to monitor the effects of antispastic treatments
in given clinical settings. The maximal distance
between the knees can help monitoring the
effects of treatment for hip adductor spasticity.
Finger curl at rest and ankle position at rest can
reflect antispastic therapeutic effects in patients
with severe spasticity. These various clinical
scales correlate poorly with each other, suggest-
ing that each of them assesses different aspects
of the spasticity syndrome.17

Measures of Disability

The selection of outcome measures to assess
the functional impact of spasticity is not
straightforward, and this is probably the
reason why that in most spasticity studies,
disability and functioning were not evaluated
using comparable outcome measures.
Furthermore, functional improvement has
been rarely considered a primary outcome
measure in studies evaluating spasticity
treatments. Earlier studies have mainly assessed
activities of daily living, which primarily
measure the ability of an individual to perform
activities required in daily chores, such as bath-
ing, dressing, using the toilet, moving around
the house, and eating. These are generic
measures that estimate the patients’ functional
status regardless of the specific underlying
impairment18; many spasticity studies have

used other generic measures of disability,
such as the functional independence measure
(FIM) or the Barthel index, and generally they
have not demonstrated changes directly related
to variations of spasticity.19 The lack of
validated functional outcome measures is sur-
prising, particularly because functional recov-
ery is the primary goal of spasticity treatment
in clinical practice.

Global Disability Scales
The FIM is an 18-item, seven-level, ordinal
scale intended to be sensitive to changes over
the course of a comprehensive inpatient medi-
cal rehabilitation program. It was designed to
assess areas of dysfunction in activities
that commonly occur in subjects with any pro-
gressive, reversible or stable neurologic, muscu-
loskeletal, or other disorder. This scale
encompasses few cognitive, behavioral,
and communication-related functional items
and is not specific to any diagnosis. The
Barthel ADL index is the most widely used
scale for activities of daily living. It measures
10 elementary aspects of activity related to
self-care and mobility, such as walking,
dressing, going to the toilet, and being conti-
nent. The validity and reliability of this nonspe-
cific scale are supported by a number of
studies.20 The Fugl-Meyer physical performance
scale assesses five dimensions of impairment,
including three aspects of motor control:
amplitude of joint movement, pain, sensitivity,
motor impairment of the upper and lower
extremities and balance. Each item is scored
in an ordinal 3-point scale. The DAS
assesses disability in four areas of daily living
activities: personal hygiene (including the
presence of palm maceration or infection),
dressing, limb position (with psychological
and social interference in patient’s life)
and pain interfering with daily activities.
This is the only scale of functional impairment
that correlates with variations of spasticity
measured by the AS.6

Tests of Limb Dexterity
The nine-hole peg test is a simple and quick test
of manual dexterity. The patient takes nine pegs
out of their holes and returns them to their
original position. The score measures the
maximum time (up to 50 seconds) and the
mean time per peg. This scale is both valid
and reliable,21 and is particularly sensitive to
changes in performance in the upper range;
it is less useful in patients with severe impair-
ment who are unable to pick the pegs.
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In addition, it is not sensitive to detect proxi-
mal weakness. The Jebsen test was developed to
evaluate the patient’s functional capabilities in
commonly used activities in a standardized
fashion. The test items include a range of fine
motor, weighted and nonweighted, timed hand
functions: (1) writing (copying) a 24-letter
sentence; (2) turning over 3-�-5’’ cards;
(3) picking up small common objects such as
a paper clip, bottle cap and coin; (4) simulated
feeding using a teaspoon and five kidney
beans; (5) stacking checkers; (6) picking
up large light objects (empty tin can); and
(7) picking up large heavy objects (full tin
can weighing 1 lb). The ‘‘action research arm
test’’ is a modification of a battery of tests first
introduced in 1965, which was designed to
assess proximal and distal strength, as well as
dexterity. Although the original test has been
shortened,22 it retains good validity and
reliability. The Frenchay arm test consists
of a five pass/fail tasks like picking up a glass
of water, drinking, and combing one’s hair.
The score varies from 0 (poor) to 5 (better
hand function).

Other Measures Used in
Spasticity Trials

The SF-36 is a multipurpose, short-form, health
survey with 36 questions providing an eight-
scale profile of physical and mental health
measures. This generic measure is irrespective
of age, disease, or treatment; it has been used
to evaluate the disease burden relative to spe-
cific populations, and to differentiate health
benefits produced by a wide range of different
treatments.

The global assessment scale is a generic
measure used to evaluate the clinical effects of
a treatment. The overall response to treatment
is evaluated with a score from �4 (indicating
very marked worsening) to 0 (no change) and
up to +4 (very marked improvement).23

The Rivermead motor assessment is a well-
validated instrument used to assess motor
impairment in functions frequently affected
by stroke. This is a 13-point measure of gross
function; each function is scored on a two-
point ordinal scale (0, cannot perform; 1 per-
forms fully).24

The Visual Analog Scale was originally used
to measure mood state and was later applied
to measure the severity of pain experiences. It
provides a very simple and intuitive rating
between two possible extremes (‘‘I do not

have any pain,’’ ‘‘my pain could not be
worse’’). By using a 10-cm scale graded from
0 to 100 (or from 0 to 10), a visual quantifica-
tion of the severity of pain is obtained.
The pain score is obtained by measuring from
the left-hand end of the line to the patient’s
mark in millimeters. The intensity of pain can
also be assessed by indicating a number from 0
(no pain) to 10 (maximal pain).25

POST-STROKE SPASTICITY

There are 13 randomized placebo-controlled
trials (RCTs) on the use of BoNT/A in adult
spasticity due to stroke, three with Botox
(Allergan, Irvine, CA) and 10 with Dysport
(Ipsen, Milford, MA). There is only one
published RCT of BoNT/B (with Neurobloc/
Myobloc [Solstice Neurosciences, Malvern,
PA]) in this indication. Eleven of the BoNT/A
trials studied the upper limb and two studied
the lower limb. The single BoNT/B study was of
poststroke upper limb spasticity.

Studies Using Botox

Trials using Botox examined changes in elbow,
wrist, or finger flexor spasticity.3,26,27 In these
trials, patients with at least moderate or severe
spasticity, as measured by the AS, were
recruited and the primary outcome goal was a
reduction in spasticity (Table 12-2). These trials
found a significant effect of BoNT/A in
reducing muscle tone measured at elbow,
wrist and finger flexors. In dose-ranging
studies,26,27 the biggest effect was seen at the
highest dose used for each joint examined.
Elbow spasticity was examined in two
studies26,27 that found a significant reduction
of the AS after injection of 200 U in the biceps.
The overall effect was significantly in favor of
BoNT/A compared with placebo and lasted
4 weeks in one study26 and 9 weeks in the
other.27 Wrist spasticity was examined in
three studies3,26,27 that found a significant
effect in favor of BoNT/A compared with
placebo after injection of 100 U in the flexors
carpi. The overall effect lasted for 6 weeks,26

9 weeks,27 and 12 weeks,3 respectively. Finger
flexor spasticity was examined in two
studies3,27 that found a significant reduction
of AS scores after injection into the finger
flexors. The overall effect lasted for 12 weeks
after injection of a cumulative dose of
100 U,3 and for 3 weeks after injection of a
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TABLE 12-2 Summary of Randomized Placebo-Controlled Botox� Trials in Poststroke Spasticity

Design Dose (U) Patients Eligibility Etiology

Max.
Follow-Up
(Weeks)

Muscles
Injected (Dose
Range Per
Muscle)

Main Outcome
Measures
Reported Reference

Randomized
double-
blind dose-
ranging
study

75
150
300

39 (37
included in
analysis)

Placebo: 10
75 U: 9
150 U: 9
300 U: 9

At least 9 months
poststroke
spasticity. An
average elbow
and wrist flexor
tone of grade 2.5
or higher as
measured by NAS.

Data available for
35 patients:
thrombotic
stroke in 22;
embolic stroke
in 5;
hemorrhagic
stroke in 8.

16 Bi (50-200 U);
FCR (15-60 U);
FCU (10-40 U);

NAS, FIM, R36V1,
FMS, CDS, PA,
FRS, GAS

26

Randomized
double-
blind
parallel
group
study

200 to 240 126 (122
included in
analysis)

Placebo: 62
200–240 U: 64

Stroke at least six
months earlier.
NAS of 3 or 4 for
wrist flexor and 2
or higher for
finger flexor tone.

Stroke for all
patients. Causes
not reported.

12 FCR (75–225 U);
FCU (70–225 U);
FDS (75–225 U);

NAS, GAS, DAS 3

Randomized
double-
blind dose-
ranging
study

90
180
360

91 (77
included in
analysis)

Placebo: 26
90 U: 21
180 U: 23
360 U: 21

Stroke at least six
months earlier.
MAS of 2 or
higher for elbow,
and 3 or higher
for wrist flexors.

Data available for
86 patients:
thrombotic
stroke in 51;
embolic stroke
in 16;
hemorrhagic
stroke in 19.

24 Bi (50–200 U);
FCR (15-60 U);
FCU (10-40 U);
FDs (7.5-30 U);
FDP (7.5-30 U);

EAS, GAS, 5FSP,
FIM

27

CDS, caregiver dependency scale; DAS, Disability Assessment Scale; EAS, expanded Ashworth scale, FCR, flexor carpi radialis; FIM, functional independence measure; FMS, Fugl-Meyer scale;

5FSP, five-point frequency and severity of pain scale; GAS, global assessment scale; NAS, normal Ashworth scale; R36V1, Rand 36-item health survey 1.0.
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cumulative dose of 60 U.27 These trials also
included secondary outcome measures of
disability. BoNT/A treatment improved the
global assessment scale without evidence of a
dose-dependent response.26,27 One study
reported an increase in the number of patients
with reduced disability in the BoNT/A group
compared with placebo.3 Other studies did
not find an improvement of disability or pain
reduction.26,27 In one study, global motor
function, assessed by the Fugl-Meyer scale,
was unchanged.26 Health-related quality of
life was assessed in two trials26,27: there was
a nonsignificant improvement on the Rand
36-item health survey26 and a significant
improvement on the SF-36 in patients receiving
the lowest doses (90 U).27

Studies Using Dysport

Trials using Dysport have evaluated upper limb
or lower limb spasticity. Trials on the upper
limb evaluated treatments of elbow, wrist, or
finger flexor spasticity; trials on the lower
limb evaluated ankle plantar flexor spasticity
(Table 12-3). Three studies evaluated the
number of patients who had a reduction of
ASs in the upper limb joints.28-30 It resulted
in a significant effect in favor of BoNT/A com-
pared with placebo at Week 4 in two trials28,29,
and at week 8 in another.30 The dosage varied
between 200 and 600 U in the biceps and
75 and 225 U in finger or wrist flexors.
Dose-ranging studies did not reveal a dose-
dependent response to treatment.28,30

Three trials evaluated the mean changes in
ASs. One study reported that BoNT could
not reduce the AS 2, 6, or 12 weeks after a
total injection of 1000 U in the elbow, wrist,
and finger flexors.31 Another trial reported
improvement of finger flexor spasticity 2, 6,
or 12 weeks after a total injection of
1000 U.32 Elbow spasticity was reduced only
2 weeks after treatment, but not 6 or
12 weeks after administration of BoNT/A. A
dose-ranging study in the arm reported no
improvement of AS with the highest doses
employed (1500 U), but suggested that
BoNT/A treatment was overall better than
placebo.33

Functional measures showed inconsistent
results. One study reported an improvement
in the action research arm test and the
Barthel’s index following treatment with 500
U, but a worsening following treatment with
1000 U.30 Other studies did not find an

improvement of disability assessed by the
Barthel’s index28,29 or of global motor function
assessed by the Rivermead motor assessment28

or of the time required for dressing and the
Frenchay arm test.33 In one of these studies,
there was a significant improvement in the
ability to clean the palm of the affected hand,
but this effect occurred only in patients who
received a combined treatment with BoNT/A
and electrical stimulation.31

Information on the frequency and severity
of pain was available for six studies, which
used different methods to assess and score
pain.26-30,32,34 In two trials, patients with hemi-
plegic shoulder pain were recruited to evaluate
reduction of pain as the primary outcome.
One study of failed to identify a significant
reduction in the Visual Analog Scale after
injections of 250 U in the pectoralis major
and the biceps.35 Another study found a signif-
icant reduction in a 10-point pain scale 4 weeks
after the injection of 500 U in the subscapularis
muscle.25 In the remaining four studies, pain
reduction was analyzed as secondary outcome:
one study reported a significant decrease of
pain in patients receiving BoNT/A, which was
more evident at doses higher than 500 U,30

whereas the other studies reported no pain
reduction.28,29,32

Two studies assessed the effect of BoNT/A
on the lower limb. In a dose-ranging study,
the gastrocnemius muscle was injected with
500, 1000, or 1500 U.34 A significant reduction
of spasticity occurred throughout the 12-week
observation period, as measured by the
number of patients who had a reduction of
the AS, and a dose-dependent response to
treatment was observed. Functional outcomes
(distance walked in 2 minutes, stepping rate,
Rivermead motor assessment) did not improve
in this trial, but a dose-dependent reduction of
pain perception was reported. A crossover trial
was also performed in the lower limb to
evaluate the effect of injecting 1000 U in
various distal muscles.36 This study showed a
reduction of the mean AS and improvement of
the Fugl-Meyer score after 1 month, but no
improvement in gait velocity. Muscle tone
was reduced in ankle extensors, ankle invertors,
and ankle dorsiflexors for about 3 months.

Studies Using MyoBloc/Neurobloc

One small trial only evaluated BoNT/B in
upper limb spasticity.37 This was a two-phase
clinical trial characterized by a double-blind
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TABLE 12-3 Summary of Randomized Placebo-Controlled Dysport Trials in Poststroke Spasticity

Design Dose (U) Patients Eligibility Etiology

Max.
Follow-
Up
(Weeks)

Muscles
Injected (Dose
Range per
Muscle)

Main
Outcome
Measures
Reported Reference

Randomized
double-
blind cross-
over study

1000 23 (23 included in
analysis)

Placebo first: 13

Chronic hemiparetic
patients

Stroke due to
ischemia in 14
patients and
hemorrhage in
5. Traumatic
hemiparesis in
4 patients.

17 TS (500-1000 U)
So (200-400 U)
TP (200-350 U)
FDL (150-300 U)

AS, FM 36

Randomized
double-
blind
comparison
with four
treatment
arms

1000 24 (24 included in
analysis)

Placebo: 6
Placebo and
electrical
stimulation: 6

1000 U: 6

Hemiplegic patients.
At least six and
not more than 12
months after
stroke. Upper limb
spasticity of at
least grade 3 as
measured by MAS

Supratentorial
lesion due to
ischemia in 18
patients or
hemorrhage in
6 patients.

12 Bi (250 U); B (250
U); FCU (125 U);
FCR (125 U); FDS
(125 U); FDP
(125 U)

MAS, LPR, ADL 31

Randomized
double-
blind dose-
ranging
study

500
1000
1500

21 (25
randomizations,
25 included in
analysis)

Placebo: 6
500 U: 6
1000 U: 7

Hemiplegic patients.
Significant
disabling
spasticity.

Spastic
hemiplegia due
to stroke in 19
patients and
traumatic brain
injury in 2
patients.

12 Bi (330-1000)
FCR/FCU (80-250)
FDS/FDP (80-250)

ROM, MAS, TD,
FAT, FC,
GCAS, WT

33

Randomized
double-
blind
parallel
group
study

1000 40 (38 included in
analysis)

Placebo: 20
1000 U: 20

Hemiplegic patients
with finger flexor
or elbow flexor
spasticity of grade
higher than 2 as
measured by MAS.

Stroke for all
patients.
Causes not
reported.

12 Bi (100-400 U);
BR (100-200 U);
FCU (100-200 U);
FDS (200-500 U);
FDP (100-300 U)

MAS, ROM, RP,
BI

32

Randomized
double-
blind dose-
ranging
study

500
1000
1500

83 (82 included in
analysis)

Placebo: 20
500 U: 22
1000 U: 22
1500 U: 19

Hemiplegic stroke at
least 3 months
before
recruitment. MAS
� 2 in the wrist,
elbow and finger
flexor.

Data available for
73 patients:
ischemic stroke
in 44; embolic
stroke in 14;
hemorrhagic
stroke in 15.

16 Bi (200-600 U);
FCR (75-225 U);
FCU (70-225 U);
FDS (75-225 U);
FDP (75-225 U)

MAS, ROM, SP,
RMA, BI

28
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Randomized
double-
blind
parallel
group
study

1000 59 (59 included in
analysis)

Placebo: 32
1000 U: 27

Hemiplegic stroke at
least 3 months
before
recruitment. MAS
� 2 in at least
two of the wrist,
elbow and finger
flexor and 1+ in
the remaining
area.

Data available for
53 patients:
ischemic stroke
in 29; embolic
stroke in 13;
hemorrhagic
stroke in 11.

16 Bi (300-400 U);
FCR (150 U);
FCU (150 U);
FDS (150-250 U);
FDP (150 U)

MAS, ROM, SP,
BI

29

Randomized
double-
blind dose-
ranging
study

500
1000
1500

234 (228 included
in analysis)

Placebo: 55
500 U: 59
1000 U: 60
1500 U: 60

Hemiplegic stroke at
least 3 months
before
recruitment.
Spastic
equinovarus
deformity of the
ankle.

Data available for
221 patients:
thrombotic
stroke in 125;
embolic stroke
in 25;
intracerebral
hemorrhage in
63;
subarachnoid
hemorrhage in
8.

12 GC: (500-1500 U) MAS, ROM,
RMA, SAP

34

Randomized
double-
blind
parallel
group
study

350
500
1000

50 (50 included in
analysis)

Placebo: 15
350 U: 15
500 U: 15
1000 U: 5

Upper limb
spasticity,
medically and
neurologically
stable.

Ischemic stroke in
28; embolic
stroke in 2;
hemorrhagic
stroke in 20.

24 Bi (150-400 U);
FCR (50-150 U);
FCU (50-150 U);
FDS (50-150 U);
FDP (50-150 U)

MAS, ARA, BI,
VAS

30

Randomized
double-
blind
parallel
group
study

500 17 (16 included in
analysis)

Placebo: 9
500 U: 8

Hemiplegic shoulder
pain of 2 weeks
duration or more
and shoulder
adductor and
elbow flexor
spasticity.

Stroke for all
patients.
Causes not
reported.

12 Bi (250 U)
PM (250 U)

VAS, AS, ROM 35

Randomized
double-
blind
parallel
group
study

500 20 (20 included in
analysis)

Placebo: 10
500 U: 10

Hemiplegic patients
presenting with
upper limb
spasticity related
to cerebral stroke.

Ischemic stroke in
11;
hemorrhagic
stroke in 9.

4 SCa (500 U) 10vPS, AS, MAS 25

10vPS, 10-point pain verbal scale; ADL, customized activities of daily living scale; ARA; action research arm test; AS, Ashworth scale; BI, Barthel index; FAT, Frenchay arm test; FC, finger curl; FCR,

flexor carpi radialis; FCU, flexor carpi ulnaris; FDL, flexor digitorum longus; FDP, flexor digitorum profundus; FDS, flexor digitorum superficialis; GC, gastrocnemius; GCAS, global clinical assessment

scale; LPR, limb position at rest; MAS, modified Ashworth scale; PM, pectoralis major; RP, 0-10 rating of pain; RMA, Rivermead motor assessment: ROM, range of motion; SAP, subjective assessment

of pain; SCa, subcapularis muscle; So, soleus; TP, tibialis posterior; TS, triceps surae; VAS, visual analog scale.
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phase, followed by an open phase. The primary
outcome was to assess muscle tone by the AS at
the elbow, wrist, finger, and thumb flexors.
Fifteen patients (10 in the BoNT-B group and
five in the placebo group) were treated with
injections into the biceps, the flexor carpi
ulnaris, the flexor carpi radialis, the flexor
digitorum sublimis, and the flexor digitorum
profundus. In the group receiving BoNT/B,
the total dose injected was of 10000 U
for each patient. The results did not show any
significant effect on upper limb spasticity either
during the 16-week double blind phase or
during the 12-week open phase. Furthermore,
the assessment of pain and disability, as
measured by the Jebsen or nine-hole peg test,
did not show differences in the BoNT/B-treated
group compared with placebo.

SPASTICITY IN MULTIPLE
SCLEROSIS

Treatment of spasticity in multiple sclerosis is a
difficult endeavor in view of the complex clin-
ical picture. The advantage of BoNT rests in its
focal use, its lasting action over many weeks,
and the complete reversibility of effect. Apart
from focal spasticity, BoNT can of course also
be used as an additive in patients with systemic
treatment. Therapeutic objectives are the reduc-
tion of muscle tone and pain, the prevention
of fixed contractures, the improvement of
disability, and the relief of symptoms second-
ary to spasticity, for example, in dislocations.
Furthermore, treatment of specific ‘‘trigger
muscles’’ can block the action-triggered over-
flow of spasticity, for instance, from distal to
proximal muscles in the lower limbs.38

Three studies13,39,40 and a systematic
review41 evaluated the use of BoNT/A in mul-
tiple sclerosis. Two of them13,39 evaluated
patients with thigh adductor spasticity and
one40 evaluated four patients with lower limb
spasticity and one with upper limb spasticity.

In the first study,39 the number of patients
with improvement in adductor spasticity score
was significant higher in the Botox group than
in the placebo group. Furthermore, seven out
of nine participants had improvement in
hygiene scores in the BoNT/A group, compared
with two in the placebo group. In the study of
Grazko and colleagues,40 all the patients in the
Botox group had a two-point AS improvement
that persisted for 1 to 3 months. No placebo
effect was observed.

A dose-ranging study compared 500, 1000,
and 1500 Dysport U to placebo.13 There was a
significant improvement (greater than placebo)
only for the maximum between-knees distance
in the 1500 U group 4 weeks after treatment,
without any significant difference in ASs. In all
BoNT groups, the duration of effect, which was
measured as the time required for re-treatment,
was significantly greater than placebo. There
were more frequent reports of weakness in
the BoNT groups (especially the 1500 U
group) than in placebo.

SPASTICITY IN OTHER
DISORDERS

Clinical data on the treatment of spasticity in
patients with motor neuron disease are scanty.
A systematic review failed to identify any BoNT
trial.42 The use of BoNT in amyotrophic lateral
sclerosis is probably hampered by the presence
of muscle atrophy, whereas the treatment could
be helpful in primary lateral sclerosis. In keep-
ing with this view, a recent retrospective study
showed that the base width is reduced in
patients with upper motor neuron syndrome
who receive treatment in calf muscles.43

SAFETY OF BoNT IN
SPASTICITY

BoNT/A is well tolerated and must be regarded
as a safe treatment, because no study reported
significantly more adverse events in the treated
groups than in placebo arms. One study
reported excessive weakness after injections of
high doses (1500 Dysport U) in the upper
limb,30 which is consistent with reports of sim-
ilar weakness after upper limb treatment
of patients with multiple sclerosis13 and cere-
bral palsy.44 Published data on the safety of
BoNT/A in patients with dystonia and other
movement disorders also indicate a good
safety profile.45 A recent pooled analysis of
BoNT/A safety in patients with poststroke
spasticity concluded that nausea was the
most frequent problem in those treated with
BoNT/A, however it affected only 2.2% of
cases.46 BoNT/B may have more side effects
than BoNT/A, particularly on autonomic func-
tion. In the BoNT/B trial on poststroke spasti-
city, dry mouth was more common in the
treated group than in controls.37 A special
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tropism for autonomic nerve terminals has
been suggested by trials with BoNT/B for
other indications.47

CONCLUSIONS AND
OUTLOOK

BoNT injections are employed as focal anti-
spastic agents usually as part of complex reha-
bilitation protocols.48 Ability to stand or walk
usually relies on a certain degree of residual
spasticity, and treatment plans often involve
a trade-off between spasticity reduction and
preservation of residual motor function.5

Therefore, functional outcome is not necessar-
ily directly related to the reduction of spasticity
and to the doses of BoNT injected.

This systematic review provides evidence
that BoNT/A treatment reduces hypertonia as-
sociated with poststroke spasticity in elbow,
wrist, and finger flexors and also foot flexors.
A significant effect on spasticity is demon-
strated by the reduction of mean ASs and
by the number of patients with MAS improve-
ment. In most trials, the peak muscle tone
reduction occurred about 4 weeks after injec-
tion and lasted for up to 3 months, which is
consistent with the duration of BoNT effect
seen in dystonia.49,50 In patients with dystonia,
BoNT injections are usually repeated at regular
intervals. The efficacy and outcome of repeated
treatments in patients with spasticity remains
unsettled. The available data on BoNT-B are
insufficient to assess its effect on spasticity.

Most studies did not support an effect of
BoNT/A on patients’ disability.26-29,34

However, in most cases, assessment of disabil-
ity is inadequate to identify changes due to re-
duced upper limb spasticity, particularly
improved hand function. Further controlled
studies need to address the effects of repeated
BoNT treatments in patients with spasticity and
the efficacy of BoNT treatment on the resulting
functional disability.
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13Biological and
Mechanical

Pathologies in Spastic
Skeletal Muscle: The

Functional
Implications of

Therapeutic
Neurotoxins

Samuel R. Ward and Richard L. Lieber

INTRODUCTION

Spasticity, a neurologic problem secondary to
an upper motor neuron (UMN) lesion, has a
significant effect on skeletal muscle. The UMN
lesions may be secondary to a cerebral vascular
accident, head injury, spinal cord injury, or
degenerative diseases such as multiple sclerosis,
or perinatal brain injuries such as cerebral
palsy. Functional ability in these patients can
be severely compromised due to abnormal
neuromuscular activity and abnormal muscle
mechanics, but the basic mechanisms underly-
ing these deficits are not clearly understood.
The therapeutic use of neurotoxins has allowed
these patients to functionally improve, but
even less is known about the interaction
between neurotoxins and the neuromuscular
system. In this review, we evaluate the current
evidence in the literature suggesting that
skeletal muscle tissue itself is altered in UMN
conditions and when neurotoxins are used
therapeutically on muscle. Experimental
studies were evaluated that included a variety

of methods encompassing joint mechanics,
tissue mechanics, and muscle morphology.
Taken together, the literature strongly supports
the assertion that spastic muscles are altered in
a way that is unique among muscle plasticity
models and therapeutic use of neurotoxin
may temporarily improve these tissue level
changes. Further studies are required to detail
the intra- and extracellular modifications of
skeletal muscle that occur secondary to
UMN syndrome, optimize neurotoxin dosing
requirements, and make functional changes
predictable.

UMN lesions can cause severe impairment
of voluntary movement. Dystonia, paresis,
and spasticity are a few of the serious compli-
cations that affect movement in these indivi-
duals. As a result, these patients suffer from
decreased range of motion, decreased voluntary
strength, and increased joint stiffness, but the
basic mechanisms underlying the functional
deficits that occur after the development of
UMN syndrome are not clearly understood.
At this point, it is important to note that,
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in general, we are attempting to discuss the
skeletal muscle problems associated with
UMN syndrome, which we appreciate are a
constellation of problems. One of those
problems is spasticity, which although present
in many patients with UMN, is difficult to
uncouple from dystonia, contracture, or pare-
sis. As a result, much of the literature in
the area, including our own, suggests that
muscular findings are directly attributable to
spasticity per se, yet this may be a simplistic
view. Given these points, it should become
obvious that careful subsetting of spastic
patients may be highly beneficial for future
work in this area.

Although the etiology of UMN problems is
central, many therapies are directed toward the
peripheral nerves and muscles. As a result,
therapeutic interventions involving stretching,
casting, splinting, botulinum toxin injection,
and electrical stimulation of the muscles are
not completely effective.1-5 It is estimated that
the complications of cerebral palsy alone can
cost nearly $500,000 over the lifetime of a
single individual.6 Consequently, UMN syn-
dromes and their sequelae, represent significant
scientific and economic challenges.

Considerable scientific and medical litera-
ture exists regarding the etiology and treatment
of spasticity specifically. However, because
spasticity is only one of many symptoms asso-
ciated with UMN syndrome, most research on
has focused on the nervous system. This is cer-
tainly reasonable because the primary lesion
leading to spasticity is located in the central
nervous system. Thus, many studies measure
skeletal muscle electromyographic activity,
lesion size and shape, and patient gait charac-
teristics. In addition, there is wide discussion of
the various surgical procedures used to correct
spastic deformities.7 Far less attention has been
directed toward understanding the structural
and functional changes in skeletal muscle that
occur secondary to spasticity and UMN syn-
drome. With a few notable exceptions,8-10 the
properties of skeletal muscle have largely been
ignored. Yet, with recent technical advances, it
is now possible to characterize many properties
of skeletal muscle from patients with UMN
syndrome, and it is becoming increasingly
clear that there are dramatic changes in the
skeletal muscle in these patients.

Muscle and neural changes are usually
related,11 but recent data have revealed certain
changes in muscle that are not easily explained
by classic interpretations of the effects of neural
changes alone.12-14 It is, therefore, important to

improve our understanding of the structural
and functional changes that occur in the
muscle of those with UMN syndrome.
Understanding muscle plasticity will thereby
improve, because the spasticity model appears
to be unlike any other plasticity model
previously studied. In addition, increased
understanding will lend insight into the
nature of spasticity itself, because muscles
respond in stereotypical fashion to altered
neural and mechanical input. Finally, because
most of the interventions related to spasticity
revolve around treatment of the musculoskele-
tal system, improved understanding of muscle-
tendon unit properties may lead to the
development of more rational interventions
to treat these patients.

The purpose of this review is to provide a
focused presentation of the structural and
mechanical changes that occur within skeletal
muscles secondary to UMN syndrome.
Although spasticity is cited specifically,
we appreciate that this is only one of many
complications related to UMN syndrome that
may be affecting skeletal muscle. This literature
is limited, and among these studies, complete
agreement is lacking; this emphasizes the need
for a constructive review of the topic.

SKELETAL MUSCLE
PLASTICITY

It is reasonable to study skeletal muscle proper-
ties even though the primary lesion is neural,
because muscles respond in a fairly stereotypi-
cal manner to the amount and type of activity
imposed on them. For example, the classic
studies of the 1960s and 1970s revealed that
chronic electrical stimulation of skeletal
muscle can progressively transform skeletal
muscle cells into a slower phenotype.15-18

Although there are subtle differences among
muscles in terms of the nature, extent, and
time-course of the transformation, the results
are surprisingly consistent. There is general
agreement that chronic electrical stimulation
produces increased capillary density, increased
percentage of type I muscle fibers, decreased
fiber size (if the stimulation duration is long
enough), increased endurance, and decreased
strength. This serves as a template that
describes the changes that occur in skeletal
muscle with increased use. Voluntary exercise,
especially when performed for long durations,
results in many of the same muscle changes.19
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Spasticity is often thought to result in changes
typically seen in increased use models, as the
following discussion will highlight.

The opposite model, chronic decreased use
of skeletal muscle, which can be studied using
models of simulated weightlessness,20 tenot-
omy,21 immobilization in a shortened posi-
tion,22,23 or spinal cord isolation,24,25 causes
muscle fibers to decrease their size and trans-
form toward faster phenotypes. One of the
most extreme examples of such a transforma-
tion was reported in a rat spinal cord injury
model in which the rats lived about half their
lifespan with UMN lesions and, as a result,
converted almost all of their muscle fibers to
the fastest phenotype, even in the very slow
soleus muscle.26,27 Similar results have been
reported for humans28 and in other ani-
mals24,29-31 after traumatic spinal cord injury.
It is clear that an analysis of fiber-type distribu-
tion of skeletal muscle can be a useful indicator
of the amount and type of activity that a muscle
has received over an extended period of time.
In addition to fiber-type distribution, fiber size
provides insights into the extent of fiber use.
Increased use of skeletal muscle at high loads
produces muscle fiber hypertrophy, whereas
decreased use leads to muscle cell atrophy.
Both responses appear to be load dependent.
Thus, fiber size is typically interpreted as an
indirect indicator of the amount of force
imposed on a muscle.

Taken together, muscle fiber-type distribu-
tion and muscle fiber size distribution provide
insight into the overall type and amount of use
imposed on a muscle. Therefore, these para-
meters are often studied in spastic muscle in
an attempt to determine its use pattern.
However, in spite of the ease of measuring
these parameters, they are not very specific
and probably provide only a general indicator
of muscle use. Excellent reviews of skeletal
muscle plasticity and monographs on the
subject are widely available in the
literature.11,19,32,33

MUSCLE FIBER TYPE AND
FIBER SIZE CHANGES WITH
SPASTICITY

Because measurement of muscle fiber size and
type is commonly used in the diagnosis of
neuromuscular diseases34 and also because
such studies are relatively easy to perform,
it is not surprising that biopsy studies are the

most prevalent type of study performed on
spastic muscle. Despite their apparent ease,
there are methodologic concerns that make
these studies difficult to interpret definitively.
Specific issues that must be addressed in any
biopsy study are the fraction of the muscle
actually being sampled, the gradient of fiber
type and fiber size distribution across and
along the muscle, the variability in fiber
type and fiber size between muscles, whether
different muscles or muscle groups are being
used to compare normal subjects and diseased
patients, and the variability in clinical presen-
tation of patients.

Most of these issues were not addressed by
any of the studies reviewed. For example, it was
extremely rare to find a study in which the
same muscle was measured in populations of
individuals with and without spasticity.
In most studies, owing to practical and ethical
considerations, data were reported from
different muscles for the two experimental
groups, and individuals with and without spas-
ticity were almost always of different age—this
was especially true in studies of spasticity
secondary to static perinatal encephalopathy
(cerebral palsy), in which it is almost impossi-
ble to obtain normal tissue from children. In at
least one study, the investigators endeavored
to match the age groups by using historical
pathologic specimens from children (which
turned out to be normal), but these biopsies
were from different muscles as compared with
the spastic patients.35 These factors obviously
confound the study of muscle spasticity and
make it difficult to generalize results across
either age groups or diagnoses.

In spite of such limitations, one common
finding in biopsy studies is that fiber size vari-
ability is increased in muscles from patients
with spasticity. When sectioned, normal skele-
tal muscle biopsies have tightly packed fibers
that form polygons juxtaposed to one another.
However, most published micrographs of
muscle from spastic patients showed abnorm-
alities such as increased fiber size variability,
increased numbers of rounded fibers, moth-
eaten fibers, and in some cases, increased extra-
cellular space.35-40 When fiber size is measured
and expressed as coefficient of variation, the
value is always higher for spastic muscle sam-
ples compared with normal samples. Fiber size
variability is characteristic of numerous neuro-
muscular disorders as well as occurring in spas-
ticity, so such findings are not very specific.41

The mechanistic basis for this response is not
known. It should be noted that muscle fiber
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tapering occurs near the end of some fibers and
may result in fiber size variation, but this is not
considered a pathologic state.42-44

It would be convenient if fiber-type distribu-
tion changes were consistent among studies,
but this is not the case. Because many investi-
gators were predisposed to the idea that spastic
muscles were chronically active, it may have
been tempting to interpret an increase in type
I fiber percentage from spastic patients as
evidence of muscle fiber-type transformation.
Unfortunately, whereas a few studies have
indeed reported an increased percentage of
type I fibers,38,39,45 others reported an
increased percentage of type II fibers46 or no
change in fiber-type distribution.35-37,40 There
is thus no agreement that spasticity represents
either an increased- or decreased-use model,
perhaps in part due to the sampling problems
inherent to the biopsy procedure itself.41,47 For
example, when fiber-type percentages were
measured from vastus lateralis biopsies and
compared with the fiber-type distributions
within the entire human vastus lateralis,48,49

such values were notoriously inaccurate.
However, considering the literature as a whole,
the results probably indicate that spastic muscle
is not simply subjected to chronic increased or
decreased activation. This is likely due, in part,
to the fact that spasticity is often not observed in
isolation. For example, patients may also have
dystonia, paresis, or contracture associated with
their disease process.

MECHANICAL CHANGES IN
SPASTIC MUSCLE

Indirect biomechanical studies have demon-
strated that spastic muscles have altered intrin-
sic mechanical stiffness.14,50 What structures
might be responsible for this altered stiffness?
Comprehensive answers cannot be provided at
this time. However, two recent studies14,50

indicated that the passive mechanical proper-
ties of isolated muscle cells and small muscle
fiber bundles were altered secondary to spastic-
ity. It is important to note, that spasticity was
directly assessed in these patients and is there-
fore cited specifically, but these patients gener-
ally suffered from UMN syndrome. These two
studies provide a view of the complex interac-
tions between muscle cells and the extracellular
matrix that may result from spasticity.

To compare directly the intrinsic passive
mechanical properties of normal and spastic

muscle cells (i.e., muscle cells obtained from
biopsies of patients with spastic limbs), a
novel method was developed in which muscle
biopsies were removed from patients at the
time of reconstructive surgery (secondary
to cerebral palsy for the spastic muscle) or
during surgical repair (radial nerve injury or
trauma for the normal muscle) and were
placed in a relaxing solution designed to pre-
vent hypercontraction of the muscle fibers.51

Then, using high-powered microscopic illumi-
nation, segments of individual cells were dis-
sected free of the surrounding connective tissue
and placed into a micromechanical testing
apparatus that enabled passive elongation of
the muscle cell with simultaneous measure-
ment of intracellular sarcomere length.12

Muscle cells were elongated in 250-mm incre-
ments, and the relationship between muscle
passive stress and sarcomere length was quan-
tified. The slope of the single cell stress-strain
curve was then used to calculate fiber elastic
modulus as previously described in detail.12

Interestingly, the tensile modulus of muscle
cells from spastic patients was more than
twice that of patients who had an intact neuro-
muscular system (Fig. 13-1),13 demonstrating
that the intrinsic passive stiffness of individual
spastic muscle cells was increased. In addition,
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FIGURE 13-1. The tangent modulus (stiffness) of spastic

single muscle fibers is higher (P< 0.05) than normal single

fibers (left). However, spastic muscle fiber bundles are less

(P< 0.05) stiff than normal fiber bundles (right). These data

suggest that the increased resistance to passive stretch

observed in spastic skeletal muscle is due, in part, to muscle

level intracellular changes. (Adapted from Lieber RL, Runesson

E, Einarsson F, Fridén J. Inferior mechanical properties of

spastic muscle bundles due to hypertrophic but compromised

extracellular matrix material. Muscle Nerve. 2003;28:464-471.

Reprinted with permission of John Wiley & Sons, Inc.)
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the resting sarcomere length of spastic cells
(i.e., the length of the sarcomeres when the
muscle cell was completely unloaded), was
significantly shorter in spastic muscle cells
compared with normal cells. Internal cytoskel-
etal structures set resting sarcomere length in
muscle cells.52 These two findings demonstrate
that the structures within the muscle cell
responsible for setting resting sarcomere
length and determining cellular elastic modu-
lus are altered in spastic muscle. The most
obvious candidate for this structure is the
giant intracellular cytoskeletal protein titin.53

Titin has been demonstrated in frog skeletal
muscles to bear almost the entire elastic load
during passive elongation and is a significant
component that bears the passive load in
human muscle.54 Can the titin protein be
altered secondary to spasticity? There are no
definitive data, but there is circumstantial
evidence to suggest that it is possible. For exam-
ple, it has been demonstrated, based on the
differences in cDNA sequences, that titin can
exist in multiple isoforms between heart and
skeletal muscle and even among various skele-
tal muscles.53 It is known that the titin isoform
in heart muscle is much stiffer and much
shorter than the titin isoforms in most skeletal
muscles. Furthermore, it has also been demon-
strated that the titin isoform can change within
heart muscle under pathologic conditions,
specifically in ischemia-induced cardiomyopa-
thy. This condition is usually accompanied by
elevated left ventricular end-diastolic pressure,
which follows from increased myocardial
stiffness resulting from upregulated collagen
expression. However, in addition to collagen
proliferation, a switch from a stiff to a more
compliant isoform of titin was documented.55

In skeletal muscle, it has been shown that
relative titin concentrations (titin/MHC and
titin/actin) decline in a rat model of denerva-
tion56; however, this model does not fully
characterize spasticity as we have previously
noted. In humans with spinal cord injuries,
the it has been reported that titin isoforms are
not altered.57 However, myofibrillar passive
tension was also not altered in the muscles of
these patients.57 Therefore, it remains possible
that titin isoforms may be altered in spastic
skeletal muscles that have elevated passive
tensions on the single fiber level, although
definitive evidence of this change has not
been reported.

Because surgical reconstructive procedures
are often performed on spastic muscles to
restore or augment function, it is of interest

to know whether the increased resistance to
stretch that is ‘‘felt’’ by surgeons in the operat-
ing room may be explained by differences in
the elastic properties of muscle cells within
spastic muscle. To investigate this point, small
bundles of muscle cells were subjected to the
same procedure as described earlier for single
cells and their elastic moduli were measured.13

These small bundles of cells (5–50 fibers)
contained the same types of muscle cells that
were tested previously, but they were also
ensheathed by the connective tissue matrix of
the muscle tissue. Several interesting findings
emerged. First, the tangent modulus measured
in bundles was significantly greater than
the same modulus measured in single cells
(see Fig. 13-1).13 However, the difference was
much more pronounced for normal muscle
bundles than for spastic muscle bundles.
Whereas spastic muscle bundle modulus was
increased by only about twofold over the
single fiber modulus, in normal muscle, the
modulus was increased more than 16 times
compared with the modulus of the normal iso-
lated muscle cell. These data demonstrate a
clear difference in the mechanical properties
of spastic muscle tissue bundles compared
with normal muscle fiber bundles. The differ-
ences were even more impressive when the
structural differences between the two bundle
types are considered—only 40% of the spastic
muscle bundle cross-sectional area was occu-
pied by muscle fibers, whereas 95% of
normal muscle bundle was occupied by
muscle fibers. Morphologically, there was a
large amount of poorly organized extracellular
material in spastic bundles compared with
normal bundles. One can calculate the
mechanical properties of the extracellular
matrix material in the bundles by subtracting
the single cell modulus from whole bundle
modulus. When this is done, it is seen that
the extracellular matrix of the spastic muscle
has a modulus of �0.2 GPa, whereas normal
muscle has a modulus of �8 GPa—about
40 times greater. These data demonstrate that
although spastic muscle contains a larger
amount of extracellular matrix material, the
quality of that material is compromised
compared with that of normal muscles. It is
of interest that the spastic muscle model with
high fiber stiffness in a compliant extracellular
matrix shows the opposite adaptation as the
ischemic heart muscle, which possesses a very
stiff extracellular matrix and compliant fibers.
The only other explicit description of extracel-
lular matrix changes in spastic muscle was
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based on biochemical measurement of colla-
gen concentration, which increased dramati-
cally in spastic muscle.36

MUSCLE FUNCTIONAL
RESPONSES TO
NEUROTOXIN THERAPY

Despite the widespread use of neurotoxins for
the treatment of neuromuscular diseases, few
studies directly measure muscle function or
document tissue level changes in muscle.
The relevant literature in this area is limited
to studies documenting qualitative movement
improvements,58 measuring kinematic and
kinetic changes during gait,58-60 or quantifying
changes in joint torque.61 Recently, we have
developed an animal model of neuromuscular
paralysis that allows us to study system level
changes (i.e., gait and joint torques), but also
to study muscle at the tissue and biologic
levels.62 In this model, the tibialis anterior
muscle is maximally activated via direct
stimulation of the peroneal nerve. In these
experiments, the tibialis anterior muscles of
Sprague-Dawley rats are injected unilaterally
with 6 units/kg of botulinum neurotoxin type
A (BoNT/A), normal saline, or any other drug
of interest. Using BoNT/A, we have demon-
strated that injected muscles are profoundly

weak at 1 week and 1 month, but were recover-
ing by 1 month (Fig. 13-2A). This, in itself
is not surprising, but perhaps more interesting,
when the contralateral BoNT/A muscle was
tested, dorsiflexion torque was significantly
less than the contralateral saline control
muscle (see Fig. 13-2B) despite no difference
in animal mass. The absence of growth-
associated torque increases in the contralateral
limb suggests that there may be a systemic
effect of BoNT/A on muscle remote from
the site of injection. Systemic effects have also
been demonstrated in humans,63 but the
mechanism of such changes has not been
documented.

SPASTIC MUSCLE FIBER
TYPE SIZE CHANGES IN
RESPONSE TO NEUROTOXIN
THERAPY

Recently, we were able to study the muscles of
children who have been injected with BoNT/A
to relieve spasticity in various muscles of the
forearm and hand.64 These children were
undergoing surgical lengthening of spastic
muscles 5 to 14 months postinjection to relieve
joint contracture. The most surprising result
was that the average fiber area of muscles that
were injected with BoNT/A was significantly
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larger compared with that of muscles from
subjects who had never received a BoNT/A
injection (Fig. 13-3A). This is an important
finding because decreased fiber area was also
observed in spastic muscles (which never
received BoNT/A).12,13 Another significant
difference between experimental groups was
the increased capillarity of the injected muscles.
The number of capillaries per fiber in the
injected muscles was twice that of the nonin-
jected muscles. Numerous pathologic signs
were observed in the BoNT/A-injected tissue.
For example, although the noninjected muscles
had a normal internal nuclear percentage of
1.90 ± 0.41%,34,65 there was a threefold
increase of central nuclei in injected versus
noninjected muscles (see Fig. 13-3B). This
result indicates that the injection process
induced a degeneration-regeneration cycle
that did not simply occur secondary to chronic
spasticity. This abnormality is consistent with
the fact that the injected muscles showed many
other pathologic signs including increased
numbers of angular fibers, an increased

percentage of fibers expressing both fast and
slow myosin heavy chain isoforms, and an
increased percentage of fibers expressing devel-
opmental MHC isoforms (see Fig. 13-3C).
Taken together, these data suggest that BoNT/
A-injected muscles likely undergo a degenera-
tion-regeneration cycle. From this finding, it is
possible to postulate that BoNT/A may be
beneficial to muscle function, although further
research is needed to explore this idea.

PRACTICAL
CONSIDERATIONS IN
NEUROTOXIN DELIVERY

Dose-Volume Interactions

One of the most important aspects of develop-
ing a high-resolution animal model of neuro-
toxin therapy is the ability to experimentally
address clinically important questions. One
such consideration is the relationship between
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the injection concentrations and muscle paral-
ysis. To address this question, we injected
the tibialis anterior muscle of rats (unguided)
with 6 units, 4 units, or 1 unit of toxin
diluted in 100 mL, 20 mL, or 4 mL of normal
saline (n = 6/group, 9 groups).66 Animals
were injected under anesthesia and returned to
cage activity for 1 month. At the time of sacrifice,
maximum isometric dorsiflexion torque was
tested using a custom-made dynamometer and
direct stimulation of the fibular nerve.
The results of this study demonstrated that
progressive increases in the dose of BoNT/A,
and not volume, were associated with
progressive muscle weakness (Fig. 13-4A).
When muscle fiber cross-sectional area was
quantified from histologic sections of the
muscle (laminin immunohistochemistry), it
became obvious that there was an interaction
between dose and volume (see Fig. 13-4B).
Although these fiber level changes could
not be measured at the functional level,
low and intermediate doses of the toxin at
relatively high dilutions spared the fiber cross-
sectional area.

Exercise as an Adjunct to
Neurotoxin Delivery

One attempt to increase the efficacy of BoNT/A
treatment involved activation of the affected
muscle. Hughes and Whaler67 hypothesized
that the NT is most efficient in blocking neuro-
muscular junction activity when muscles are
activated. This is reasonable in light of the
report that nerve stimulation accelerates toxin
internalization into the nerve terminal.68

Although there are reports that both electrical
stimulation69-71 and voluntary exercise72 do
enhance the effects of toxin injection, none of
these studies directly measured systemic muscle
function. Rather, outcomes were judged based
on subjective rating scales and voluntary
strength estimates. Observed functional
changes may thus be due to voluntary activa-
tion changes, neuromuscular junction func-
tional changes, muscle fiber size changes,
muscle fiber–type changes, or a combination
of all of these factors.

To determine whether physical manipula-
tion such as electrical stimulation and passive
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manipulation can alter the efficacy of BoNT/A
treatment, we developed a high-resolution
functional model of muscle torque generation
that enables serial strength testing after
treatment.62 In addition, because the muscle
tissue is accessible at the end of the experiment,
functional changes can be directly interpreted
in light of the structural properties of the
muscle itself. We have been able to demon-
strate that isometric exercise and passive stretch
significantly improved the paralytic effect
of BoNT/A in injected muscles.62 In this
experiment, Sprague-Dawley rats were divided
into four experimental groups: BoNT/A
(BT, n = 8), BoNT/A + isometric contraction
(IC; n = 7), BoNT/A + passive stretch
(PS; n = 7), and saline control (n=4). Animals
were injected under anesthesia and returned to
cage activity for 1 month before sacrifice. In the
exercise groups, 10 maximum isometric
contractions (via direct nerve stimulation) or
10 passive stretches were performed after the
injection. At the time of sacrifice, maximum
isometric dorsiflexion torque was tested using
a custom-made dynamometer and direct stim-
ulation of the fibular nerve. These data demon-
strate that BoNT/A injection efficacy is
increased (i.e., muscle force is decreased) after
exercise regardless of whether the muscle
manipulation is active (IC) or passive (PS)
(Fig. 13-5A). Additionally, this exercise effect
appears to be protective to the contralateral
extremity in terms of torque and fiber cross-
sectional area (see Fig. 13-5B). However, the
mechanism of this effect was not clear.

Certainly, neural activity is not necessary
since the PS groups were completely passive,
and the angular velocity of plantarflexion was
too slow to elicit a stretch reflex. The effect may
have been as simple as distributing the injectate
among the muscles’ neuromuscular junctions,
in which case almost any physical manipula-
tion of the muscle would suffice. However,
these questions will require further experimen-
tal work.

Passive Mechanical Changes in
Response to Neurotoxin Therapy

Based on previous data suggesting that spastic
muscles are more stiff in young humans with
static encephalopathy12,13 and that the passive
mechanical properties of muscle can change
with altered use,73 we are currently investigat-
ing the affects of BoNT/A treatment on the pas-
sive mechanical properties of muscle. In this

model, the tibialis anterior muscles of rats
are injected with 6 units/Kg of BoNT/A and
animals are returned to cage activity for
1 month. After this time, muscles are harvested
and single muscle cells are extracted for
mechanical testing. Our preliminary data
suggest that injected muscles have 30% less
stiffness than normal cells (Fig. 13-6).74 It is
important to note that this stiffness measure-
ment, from a mechanical perspective, is insen-
sitive to fiber area. Therefore, the reduction in
stiffness we observed is not related to the
decrease in area seen in these fibers. These
data are promising because they suggest that
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some of the tissue level changes associated with
muscle spasticity may be reversible.

IMAGING AND
NEUROTOXIN DELIVERY

In the process of acquiring the dose-volume
and injections plus exercise data, we developed
an assay for tracking intramuscular injections.
Using a 7T high-resolution magnetic resonance
imaging system, we were able to exploit the
differences between muscle and injection
T2 relaxation times. This imaging modality is
capable of tracking injections as small as 100 ml
(60 mm in-plane resolution) at 7-minute time
intervals (Fig. 13-7A to C). The quantitative
portion of the imaging technique is achieved
by sampling each pixel in the image at
11 equally spaced echo times and fitting the
signal decays as a function of time. The result
of fitting the exponential decay is an absolute

T2 time constant for each pixel. These data are
then superimposed onto the structural image
revealing 10 fold longer T2 times in the inject-
ed region compared with surrounding muscle.
When this process is repeated in 7-minute
increments, measurable diffusion (decreasing
T2 relaxation times and increasing area
within the muscle) can be seen in as little as
20 minutes. Using these methods in prelimi-
nary experimental work, we have been able to
demonstrate that fluid is readily distributed
and diffuses between muscle fascicles.
Additionally, large injection volumes often
separate fascicles and propagate between
muscle boundaries (see Fig. 13-7B).

SUMMARY AND FUTURE
DIRECTIONS

Although the primary lesion leading to spastic-
ity lies within the central nervous system,
muscle in patients with spasticity is also
dramatically altered. This conclusion is based
on results from studies using a variety of exper-
imental methods in a number of diseases,
across a wide range of patient ages. To summar-
ize, we have made the case for the following
alterations in spastic muscle: (1) altered muscle
fiber size and fiber-type distribution; (2) prolif-
eration of extracellular matrix material, mea-
sured morphologically and biochemically;
(3) increased muscle cell stiffness, and (4) infe-
rior mechanical properties of extracellular
material compared with normal muscle.
Improvement of the quality of life of patients
with UMN syndrome depends on creating a
new understanding of muscular changes that
occur secondary to their syndrome process,
and the development of rational interventions
to either prevent these changes or reverse them.
One such intervention is the therapeutic appli-
cation of neurotoxins. We have presented the
evidence from the literature and our own

Ta
ng

en
t M

od
ul

us
 (

K
P

a)

0
Noninjected Injected

80

60

40

20

FIGURE 13-6. The tangent modulus (stiffness) of single

muscle fibers is lower (P < 0.05) than normal muscle fibers

1 month after a single dose of botulinum neurotoxin type A

(Botox, Allergan, Inc., Irvine, CA). (Adapted from Thacker BE,

Tomiya A, Hulst JB, Bremner SN, Lieber RL, Ward SR. Muscle

Fiber Atrophy and Decreased Elastic Modulus in Response to

Botulinum Toxin Injection. San Francisco, CA: Transactions of

the Orthopaedic Research Society; 2008.)

A B C
5mm

FIGURE 13-7. T2-weighted, multiecho magnetc resonance images of rat lower extremities before (A) and after (B) 100-ml

injections of botulinum neurotoxin type A (BoNT/A) (arrows). The multiecho sequences allow a quantitative map of the T2
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laboratory that muscles injected with BoNT/A
(1) immediately have dramatically reduced
force generating capacity, and (2) may have
reduced mechanical stiffness. Relative to the
injection itself, we have show that (1) muscle
weakness may not be isolated to the injected
muscle in the small muscles of a rat, (2) the
injection concentration is an important deter-
minant of local and systemic weakness, and
(3) exercise may augment the efficiency of pare-
sis in neurotoxin therapy. Details of the struc-
tural changes that occur in spastic muscle and
spastic muscle treated with neurotoxins are
lacking. Basic questions that must be addressed
in this field follow logically from the material
presented herein. What are the proteins that
are altered within spastic muscle cells and the
extracellular matrix of spastic muscle tissue?
What are the signaling events that lead to pro-
tein level changes in spastic muscle? How
does neurotoxin therapy change muscle at the
protein level over time? What are the important
characteristics of optimal neurotoxin treat-
ment? Specifically, what is the interaction
between muscle structure and injection concen-
tration? What are the important constraints to
neurotoxin delivery within a muscle? Are there
adjuncts to neurotoxin therapy (e.g., exercise)
that improve efficiency and reduce side effects.
These are the types of questions that must
ultimately be answered to develop rational
surgical and rehabilitation strategies to treat
patients who suffer from this devastating
malady.
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14Treatment of Motor
Disorders in Cerebral
Palsy with Botulinum

Neurotoxin

Jane Leonard and H. Kerr Graham

INTRODUCTION

Botulinum neurotoxins have been used in
the management of movement disorders asso-
ciated with cerebral palsy (CP) for the past
15 years. This has led to the development of
sophisticated multidisciplinary management
programs for such diverse problems as spastic
equinus, hemiplegic posturing in the
upper limb, excessive drooling, and pain
management. In the interests of an improved
understanding of these new management
approaches, it is necessary to review current
ideas on the definition, classification, and
rehabilitation paradigms in CP.

CEREBRAL PALSY:
DEFINITIONS

CP was first described in 1861 by William Little,
an English physician who later introduced tenot-
omy for the correction of deformity to the prac-
tice of medicine in England. He proposed a link
between abnormal parturition, difficult labor,
premature birth, asphyxia neonatorum, and
physical deformities.1 The term CP was also
used by Sir William Osler in 1889 in a book
titled The Cerebral Palsies of Children.2 Freud con-
sidered CP to be caused not just at parturition but
also earlier in pregnancy because of ‘‘deeper
effects that influenced the development of
the foetus.’’3

Mac Keith and Polani of the Little Club in
the UK defined CP as ‘a persisting but not
unchanging disorder of movement and pos-
ture, appearing in the early years of life
and due to a non-progressive disorder of the
brain, the result of interference during its
development.’4 Bax redefined this as ‘a disorder
of movement and posture due to a defect
or lesion of the immature brain’ and recom-
mended that description should be based on
clinical features, and that attempts to define
certain syndromes combining clinical etiologic
and pathologic features should be avoided.5

He hoped for a simple definition that could
be translated universally. A revised definition,
emphasizing the underlying heterogeneity of
the condition, was introduced in 1992 as
‘‘an umbrella term covering a group of
non-progressive, but often changing, motor
impairment syndromes secondary to lesions
or anomalies of the brain arising in the early
stages of development.’’6

The definition of CP was revised again
in 2005 by an international committee as ‘‘a
group of permanent disorders of the develop-
ment of movement and posture, causing
activity limitation, that are attributed to non-
progressive disturbances that occurred in
the developing fetal or infant brain.7 The
motor disorders of CP are often accompanied
by disturbances of sensation, perception, cogni-
tion, communication, and behavior, by
epilepsy, and by secondary musculoskeletal
problems.’’8
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CLASSIFYING CEREBRAL
PALSY

CP is the most common cause of physical
disability affecting children in developed coun-
tries, with a prevalence of 2 to 2.5/1000 live
births.8 It affects about 764,000 children and
adults in the United States of America, with an
economic burden approaching $1.18 billion in
direct medical costs and $1.105 billion in
direct nonmedical costs and an additional
$9.24 billion in indirect costs, for a total cost
of $11.5 billion or an average of $921,000 per
individual.9

Spastic CP is the most common type of
movement disorder, accounting for approxi-
mately 60% to 85% of all CP in developed
countries.8 Spasticity can be defined as a velo-
city-dependent resistance to passive movement
of a joint and its associated musculature.10

Spasticity, among other features of an upper
motor neuron syndrome, leads to a loss of
ability of muscle to stretch in a relaxed state.
This is important because such stretch of the
relaxed muscle is a stimulus to longitudinal
growth.11 Dyskinetic CP accounts for approxi-
mately 10% to 25% of cases, and is character-
ized by involuntary movements and fluctuating
muscle tone, which result in an inability to
execute and coordinate simple tasks.12

Dyskinetic movement disorders may be athe-
toid, dystonic, or choreic. Ataxic CP accounts
for less than 5% of cases.8

The classification of CP, which encompasses
heterogeneous clinical phenotypes, has pro-
voked controversy in recent years.13 The heter-
ogeneity of disorders covered by the term CP
may severely compromise communication.14

Common ground for communication about
the child with CP is crucial for aspects such
as diagnosis, management, and research.

Traditionally, CP has been classified according
to motor type and topographic distribution
(limb distribution).15,16 Motor classification is
according to the movement disorders listed
earlier. Topographic distribution includes
terms such as hemiplegia, diplegia and quadri-
plegia, and the less frequently used terms
monoplegia and triplegia, indicating number
of limbs involved. Classifications based on
motor type and topographic distribution
have poor reliability, even when observers are
experienced and undergo special training.17

However, they are familiar, widely used, and
clinically significant.18

A simplification of the above-mentioned
limb distributions to either unilateral involve-
ment or bilateral involvement has been
suggested to improve the agreement of this
type of classification.19

It has become apparent that additional char-
acteristics must be taken into account for a clas-
sification scheme to contribute further to the
understanding and management of CP. The
World Health Organization’s (WHO’s)
International Classification of Functioning
(ICF) describes health conditions in several
domains, including body structure and func-
tion, activities and participation, as noted in
Figure 14-1.

These are modified by environmental factors
and personal factors.20 Various tools exist to
measure parameters relevant to CP in the ICF
domains, and new measurement tools are
being developed.

Perhaps the most important domain relevant
to management is ‘‘body structure and func-
tion.’’ Fortunately, there are now valid and reli-
able tools to classify and measure gross motor
function in both the upper and lower limbs.

The Gross Motor Function Classification
System (GMFCS) is a five-level ordinal grading
system based on the assessment of self-initiated

Health condition
Cerebral Palsy

Body structure/function Activities Participation

Environmental factors Personal factors

FIGURE 14-1. The World Health

Organization International Classifi-

cation of Functioning as applied to

cerebral palsy.
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movement with emphasis on function during
sitting, standing, and walking.21 It has been
shown to be a valid, reliable, stable, and
clinically relevant method for the classification
and prediction of motor function in children
with CP between the ages of 2 and 12 years
(Fig. 14-2).

The Manual Activity Classification System
(MACS) was styled on the GMFCS, with five

ordinal levels that are intended to differenti-
ate between levels of manual ability in a
clinically meaningful way. Interobserver relia-
bility between health professionals has been
shown to be very high.22 The revised defini-
tion and classification of CP in 2005 and the
development of the GMFCS and the MACS
have dramatically improved communication
about the child with CP.

FIGURE 14-2. Illustrations and descriptors for the Gross Motor Function Classification System in children with cerebral palsy

aged 6 to 12 years. (Illustrations copyright ! Kerr G, Reid B, Harvey A. The Royal Children’s Hospital, Melbourne, Australia.)
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CEREBRAL PALSY AND THE
UPPER MOTOR NEURON
SYNDROME

CP is the most common cause in childhood of
upper motor neuron syndrome, which has
positive and negative features. Positive effects
include phenomena such as spastic hypertonia,
co-contraction, associated reactions, and hyper-
reflexia. The negative effects include weakness,
deficient motor control, and impaired sensa-
tion. Although clinicians may emphasize the
positive effects, the negative effects may have

a greater impact on gross motor function. In
essence, weakness and deficient motor control
are greater barriers to function than spasticity
and other positive features. However, positive
features such as spasticity are pivotal in estab-
lishing a chain of events that lead to progres-
sive musculoskeletal pathology, including fixed
contractures of muscle-tendon units, torsional
deformities of long bones, joint instability, and
degenerative arthritis. In the growing child,
intervention to ameliorate spastic hypertonia
and other positive features may delay or pre-
vent the cascade effect leading to progressive
musculoskeletal pathology (Fig. 14-3).

CNS pathology

Loss of
inhibition LMN

Loss of connections to LMN
(and other pathways)

Positive features
of UMN syndrome

•  Spasticity
•  Hyperreflexia
•  Clonus
•  Co-contraction

•  Weakness
•  Impaired selective
    motor control
•  Poor co-ordination
•  Sensory deficits

Negative features
of UMN syndrome

Upper extremity deformities

RheologicNeural

FIGURE 14-3. Neuromuscular skeletal pathology of the upper extremity in hemiplegic cerebral palsy. (Modified from Chin TYP,

Duncan JA, Johnstone BR, Graham HK. Management of the upper limb in cerebral palsy. J Pediatr Orthop 2005;14:389-404.)

175TREATMENT OF MOTOR DISORDERS IN CEREBRAL PALSY WITH BOTULINUM NEUROTOXIN



CEREBRAL PALSY AND
PROGRESSIVE
MUSCULOSKELETAL
PATHOLOGY

Fixed musculoskeletal pathology in CP is
acquired during childhood. Children with CP
do not have contractures, dislocated hips, or
scoliosis at birth. These common deformities
are acquired during childhood. Muscle growth
in children is a race between the pacemakers,
that is, the physes of the long bones, and
the muscle-tendon units, in which the muscles
are doomed to second place.23 Frequent
stretching of relaxed muscle is a prerequisite
for normal muscle growth. In children
with CP, the muscles do not readily relax
because of their positive features, and they are
stretched infrequently because of reduced
voluntary activity of their opposite counter-
parts. Muscle hyperactivity generated by
positive signs on one side of a joint plus
reduced voluntary activity on the other side of
the joint leads to failure of longitudinal muscle
growth, contractures, and fixed deformi-
ties.24,25 The limb pathology can be considered
in three stages:

Stage 1: Typically, deformities in the younger
child with CP are all dynamic or reversible.
This is the phase when positive sign man-
agement, gait training, and the use of
orthoses may be most useful. Orthopedic
surgery is not indicated.

Stage 2: There are fixed contractures, which
may require surgical lengthening of mus-
cles or tendons.

Stage 3: There are changes in bones and
joints, including torsion of the long
bones and joint instability. The most
common torsional problems are medial
femoral torsion and lateral tibial torsion.
Joint instability problems include hip sub-
luxation and subtalar collapse in the hind-
foot23 (Fig. 14-4).

MEASUREMENT OF
SPASTICITY IN CEREBRAL
PALSY

Of the few clinical measures of spasticity
that exist, none are validated for use in
children. The Ashworth and modified
Ashworth scales are blunt and unresponsive
tools in the assessment of the child with
CP.26,27 Their evaluations are subjective,
and reliability between investigators is often
a problem. Of much greater utility is the
measurement of dynamic joint range, which
can be used across most major joints as a quan-
titative measure of spasticity.28,29

The range of motion (ROM) of joints in
both the upper and lower limbs is classically
used as a proxy measure of the length of
muscles crossing that joint. In the upper limb,
the range of elbow extension is taken to be a

Spasticity
Dynamic
Contracture

•  Physical Therapy
•  Orthotics
•  Botulinum Neurotoxin A

•  Tendon Lengthening •  Tendon Lengthening
•  Rotational Osteotomies
•  Arthrodeses

Spasticity
Contractures
and Bony
Torsion or
Joint Instability

Fixed
Musculotendinous
Contracture

Stage

1 2 3

FIGURE 14-4. The three principal stages in the transition of dynamic gait dysfunction to fixed musculoskeletal pathology in

children with cerebral palsy. (Modified from Hutchinson R, Graham HK. Management of spasticity in children. In Barnes MP,

Johnson GR, eds. Upper Motor Neurone Syndrome and Spasticity. Clinical Management and Neurophysiology, 2nd ed.

Cambridge, UK: Cambridge University Press; 2008.)
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measure of the length of the elbow flexors, the
biceps and brachialis. Loss of elbow extension
(fixed flexion deformity) is taken to mean
shortening of the elbow flexors, although it
should be noted that other factors such as
intrinsic joint contractures must be excluded.

The Tardieu scale grades the quality of the
reaction of the muscle to passive stretch and
measures the dynamic component of muscle
spasticity. To measure the dynamic component
the joint is moved as fast as possible through its
full range of movement.28 The angle when the
muscles first catch (when the stretch reflex is
elicited) is measured as R1, and the angle of
full passive range of movement (ROM) of the
joint is R2. The difference between these angles
(R2-R1) reflects the potential ROM available to
the child if spasticity could be eliminated
(dynamic component). The quality of the
muscle reaction is rated from 0 (no resistance
through the range of passive movement) to 5
(joint immovable).

The measurement of R2 and R1 is of
great practical relevance in the management
of spasticity because it helps to

� differentiate between spasticity and
contracture

� quantify the degree of spasticity present

� select which muscles might respond to
spasticity management

� serve to monitor the response to spasticity
management

Resonant frequency30 is an objective assess-
ment of joint stiffness that is altered by muscle
tone. It has been used to describe mechanical
stiffness in the wrist and ankle for children with
CP. It has been defined as the frequency of
movement of a joint at which the maximum
speed and amplitude are produced from a
given preset force.31 It has been described in
the hemiplegic upper limb spasticity and also
been used in assessment of muscle tone at the
ankle in lower limb spasticity,32 showing a
significant increase in resonant frequency
comparing the spastic limb with the normal
one in hemiplegic CP (Fig. 14-5).

INTERNATIONAL
CLASSIFICATION OF
FUNCTIONING AND
QUALITY OF LIFE

The concept of disability is giving way to a
health status construct in which biologic,
social, and personal attributes determine activ-
ity and participation in society. These concepts
are embodied in the ICF developed by the
World Health Organization. The ICF is linked
to causes of impairments and disabilities
through the International Classification of
Diseases. It provides a useful framework
for understanding the impact of physical or
structural deficits (impairments) on the perfor-
mance of tasks (activities) and engagement
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FIGURE 14-5. Resonant frequency in the hemiplegic upper limb and response to injection of botulinum toxin type A. Note the

dramatic fall in resonant frequency from 20.7 Hz2 to 5.6 Hz2 immediately after injection, followed by a slow increase in resonant

frequency back to 18.4 Hz2 at 1 year after injection. At this point, a second injection is given with a further fall in resonant

frequency from 18.4 Hz2 to 8.8 Hz2. (From Corry IS, Cosgrave AP, Walsh EG, et al. Botulinum toxin A in the hemiplegic upper

limb: a double blind trial. Dev Med Child Neurol 1997;39:185-193, with permission.)
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in activities at home, school, and in the com-
munity (participation).20 It also considers the
effect of environmental and personal factors
on function and disability, whether assistive
devices can be used to enhance performance,
and quantifies the severity of impairments. The
use of concepts embodied in the ICF helps clin-
icians gain a comprehensive understanding of a
child’s physical impairment and its impact on
function. This forms a basis for establishing
treatment goals and developing treatment
plans (see Fig. 14-1).

Traditional outcome measures used in med-
icine, especially survival or reduction of symp-
toms, do not capture the whole range of ways
in which a patient may be affected by illness or
treatment.33 The inclusion of more holistic out-
comes, such as measures of quality of life
(QoL) and health-related quality of life
(HRQoL), is gaining increasing interest.
Despite ongoing discussions of health measure-
ment, researchers have yet to decide upon a
universal definition of QoL and HRQoL.
What has become clear, however, is that QoL
refers to the notion of holistic well-being,34

whereas HRQoL focuses on the health-related
components of life satisfaction,35 such as self-
care, mobility, and communication.

CEREBRAL PALSY AND
MULTIDISCIPLINARY
MANAGEMENT

The physical management of CP in childhood
is complex and best provided in a multidisci-
plinary team approach with input from devel-
opmental pediatricians, pediatric neurologists,
occupational therapists, physiotherapists,
orthotists, orthopedic surgeons, pediatric phy-
siatrists, and plastic surgeons.

The motor impairment in CP is often
accompanied by associated impairments, as
noted in the 2005 revised definition.7 These
associated impairments may include epilepsy,
hearing and visual problems, cognitive and
attentional deficits, and emotional and behav-
ioral issues and later developing musculoskele-
tal problems.13 Multidisciplinary management
ensures that the child is seen as an individual
within a family and a community, and deci-
sions are based on comprehensive evaluation.
Relevant assessments may include standardized
physical examination, video recording of gait,
and instrumented gait analysis. Three-dimen-
sional gait analysis usually includes kinematics,

kinetics, electromyography, and physiological
testing.23

CEREBRAL PALSY AND THE
SPASTICITY COMPASS

The choice of interventions for the management
of the movement disorders associated with CP
in children is extensive and varied. It can be dif-
ficult at first sight to determine on what criteria
the choice should be made between many com-
peting options. The concept of the ‘‘spasticity
compass’’ can be a useful template with which
to compare some of the characteristics of the
principal intervention, in terms of whether
they are focal or generalized in their effect and
to whether they are temporary or permanent. It
is then possible to construct a compass with
‘general-focal’ on the north-south axis and
‘reversible-permanent’ on the east-west axis
(Fig. 14-6). Each intervention can then be
located in the appropriate quadrant or area of
the grid, as defined by the two axes. For exam-
ple, oral medications are general (all nerves or
all muscles in all body areas) but clearly tempo-
rary in effect. When oral medications are
stopped, their effects stop after an interval deter-
mined by the pharmacokinetics of the drug in
question. Selective dorsal rhizotomy (SDR) is a
neurosurgical procedure in which 30% to 50%
of the dorsal rootlets between L1 and S1 are
transected for the permanent relief of spasticity
in a highly selective group of children with spas-
tic diplegia.36-38 The principal effects are on the
lower limbs, although there may be minor
effects on the upper limbs. Therefore, the posi-
tion on the grid is permanent and halfway
between general and focal.

Oral medications used for the management
of spasticity in children with CP include ben-
zodiazepines, especially diazepam, baclofen,
dantrolene sodium and tizanidine.9 Artane
and L-dopa are used in dystonia. All are limited
in usefulness by a combination of limited ben-
efit and side effects. They have been extensively
reviewed in several recent publications and will
not be considered further here.9,39,40

The limited lipid solubility of baclofen when
administered orally can be overcome by intra-
thecal administration using a programmable,
battery-operated implantable pump connected
to a catheter and delivery system to the intra-
thecal space. This is an invasive procedure with
the potential for serious adverse events includ-
ing mortality. However, it is the most effective
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current method available for the management
of severe spasticity, dystonia, and mixed move-
ment disorders in CP and a number of other
conditions, including spasticity of spinal origin
and acquired brain injury. The role of intrathe-
cal baclofen (ITB) has been reviewed exten-
sively in several recent publications.9,41

Chemodenervation is invaluable in the
management of focal spasticity and dystonia.42

Phenol neurolysis was much more widely used
before the introduction of botulinum neuro-
toxin A (BoNT/A).43,44 The principal limitation
on its use is pain at the site of injection and
postinjection paresthesia. This is because
phenol is not selective and has the same
effect on sensory nerve fibers as motor fibers.
Hence its use in mixed nerves in children with
CP is very limited.43

Phenol can be used in various concentra-
tions and administered by a variety of routes
to nerves of all sizes. In CP the principal indi-
cations are neurolysis of the musculocutaneous
nerve in the management of elbow flexor spas-
ticity. In the lower limb, the principal applica-
tion is neurolysis of the obturator nerve for
adductor spasticity.44 These nerves have such
limited sensory distribution that the usual stric-
tures in respect of sensory disturbance and par-
esthesia do not apply.

BOTULINUM NEUROTOXIN
IN CEREBRAL PALSY

Clinical experience with BoNT/A) in treatment
of spasticity in children spans more than a

decade with the pioneering trials from Koman
and colleagues in the United States of Amer-
ica45 and Graham and colleagues in the
United Kingdom.46,47 There are seven Botuli-
num toxin serotypes (A-F) of which only
types A and B have been reported in children
with CP. The differences in serotypes have been
described in detail elsewhere in this volume.

Botulinum neurotoxin type B has a shorter
duration of action than type A and a less
satisfactory adverse event profile, in children
with CP.48,49 The majority of clinical applica-
tions to date, in CP have therefore been with
botulinum neurotoxin A (BoNT/A). BoNT/A
is a potent neurotoxin produced by the bacte-
rium Clostridium botulinum under anaerobic
conditions. It produces a dose-dependent,
reversible chemodenervation of the injected
muscle by blocking presynaptic release of
acetylcholine at the neuromuscular junctions.
Because of rapid and high-affinity binding to
receptors at the neuromuscular junctions of the
target muscle, little systemic spread of toxin
occurs.50 Neural transmission is restored ini-
tially by the sprouting of new nerve endings,
but these are finally eliminated at about three
months, when the original nerve endings
regain their ability to release acetylcholine. A
reduction in muscle strength and spasticity is
seen, with the effect usually lasting 3 to 6
months. Careful biomechanical studies show
reduced muscle stiffness for up to 12 months
after a single injection of BoNT/A.42

Effective management of children with CP
requires understanding of the pathophysiology
and natural history of each subtype or classifi-
cation of the movement disorders, careful

General

Oral

BoNT-APhenol

SDR

ITB

Focal

ReversiblePermanent

FIGURE 14-6. The spasticity compass and

spasticity management in children with

cerebral palsy. The north-south axis is gen-

eral-focal and the west-east axis is perma-

nent-reversible.
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individualized assessment of abilities and lim-
itations, and a broad knowledge of the appro-
priate applications and limitations of treatment
modalities. The predictable movement patterns
and postures that are characteristic of spasticity
enable a systematic clinical rationale to be
developed to determine the role of BoNT/A to
manage the spasticity and improve function.
The management of dystonia with BoNT/A is
more complex, particularly when spasticity and
dystonia are present in combination.

Although the principle of BoNT/A therapy in
children is remarkably simple, the application
can be challenging in the presence of a com-
plex, changing movement disorder. BoNT/A
injections result in a localized, temporary,
reversible chemodenervation of the injected
muscles, thus converting weakness with
muscle hyperactivity to weakness with muscle
hypoactivity. Although CP is not a focal
disorder, it may be appropriate to treat identi-
fied focal problems, as long as the intervention
is goal directed. Muscle hyperactivity in chil-
dren, while being a common problem that
impairs voluntary movement, can, on occa-
sion, be valuable for maintenance of trunk pos-
ture or weight bearing on a weak limb or for
ambulation.51 Spasticity and other positive
signs should not be treated just because they
are present. Hence the prime goal of muscle
hyperactivity management must be improved
function. Muscle ‘‘balancing’’ in the growing,
changing child requires a range of complemen-
tary and carefully timed intervention options.51

There are other impairments that commonly
coexist with the spastic movement disorder in
children with CP that may influence treatment
decisions: cognition; motivation; vision and
hearing impairments; behavior disorders, and
epilepsy.51

The use of BoNT/A addresses only part of
the overall management of movement disor-
der, and the therapeutic indications for the
role of BoNT/A therapy need to take account
of the following principles:

� The movement problem is focal or regio-
nal, that is, only a few muscles are imped-
ing the goal. This is often the case, that is,
treating a focal problem within a general-
ized condition.

� The movement problem is dynamic or
hyperkinetic, that is, due to muscle over-
activity or hyperactivity.

� Identification and management of other
contributions to the movement problem
and dysfunction are critical

� It is essential to identify individual treat-
ment goals that are meaningful, motiva-
tional, and useful to the child.51

Botulinum toxin may prove to be a useful
adjuvant in conservative management of
the muscle hyperactivity of CP. Successful
management with these injections may allow
delay of surgical intervention until the child is
older and at less risk of possible complications,
including the need for repeated surgical
procedures.52

Reduced muscle tone provides a window of
opportunity for therapeutic intervention. The
denervation temporarily reduces unwanted
muscle contraction and provides an opportu-
nity for the spastic muscles to be stretched
and the usual dominating involuntary patterns
to be controlled. The antagonist muscles can be
strengthened, which provides the opportunity
to develop better muscle balance and control in
some children.53 Physical interventions such as
casting and the use of orthoses can be used to
guide and direct children’s responses to altered
muscle states and to assist them to learn new
and more functional motor patterns.54-56

The need for an individualized, coordinated
multidisciplinary approach to the use
of BoNT/A in the management of children
with CP is evident. The popularity of BoNT/A
as a treatment method in CP may
have grown too fast, with popular use outstrip-
ping intelligent and effective application.
The variation in functional outcomes is
unsurprisingly vast.

MANAGEMENT OF MUSCLE
HYPERACTIVITY IN THE
LOWER LIMBS WITH
BOTULINUM NEUROTOXIN A

Spastic Equinus

The most common dynamic deformity in chil-
dren with CP is spastic equinus, which affects
about 60% to 80% of children, in population
based studies.18

Injection of the gastrocsoleus muscle is by
far the most common and most important
indication for BoNT/A therapy in children
with CP. This is not only because BoNT/A
is moderately effective but because the alterna-
tive, early muscle-tendon surgery is so very
harmful.57 The introduction of BoNT/A to the
management of equinus in children with
CP has dramatically changed the functional
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outcome of these children to a degree that
those who have not worked in the pre-BoNT/
A era can scarcely appreciate. Before wide-
spread use of BoNT/A for spastic equinus, the
majority of children with CP who walked on
their toes had a lengthening of their Achilles’
tendons by the age of 5 or 6 years.58 This
resulted in complete correction of equinus
and set the scene for the progressive develop-
ment of crouch gait, which was much more
disabling than the original equinus gait. This
could only be partially salvaged by complex,
invasive orthopedic surgery repeated at inter-
vals throughout childhood.59 Now children
with spastic equinus usually commence
BoNT/A therapy aged between 1 and 3 years,
in conjunction with physical therapy and the
use of appropriate ankle-foot orthoses (AFOs).
They receive injections every 6 to 12 months
for several years until gross motor function pla-
teaus at 4 to 6 years of age. Residual contrac-
tures and bony torsion can then be dealt with
as ‘‘single event, multilevel surgery.’’ The func-
tional outcomes of this sequential nonopera-
tive, BoNT/A-based program followed by one
episode of multilevel reconstructive surgery, is
an order of magnitude better than the piece-
meal surgery of the past. Hence a nonoperative
program of care using BoNT/A should be
viewed as complementary to orthopedic surgi-
cal reconstruction and not as an alternative.

Upper motor neuron gait patterns in early
childhood are dominated by ‘‘true equinus,’’
although other muscles may be hyperactive
and contribute to gait dysfunction.60,61 It is
the safe and effective correction of spastic equi-
nus that results in the most significant improve-
ments in gait and gains in gross motor
function. Injection protocols for the gastrocso-
leus have been developed by pooling experi-
ence gained from several studies and are now
well established and fully described.45,47,62-65

Selection of target muscles for injection
should be based on a combination of observa-
tion of gait and posture, standardized physical
examination, and appreciation of the child,
parent’s, and therapist’s functional goals and
current limitations. It is very important to iden-
tify the child’s sagittal gait pattern, whether the
child has spastic hemiplegia or spastic diplegia
(Figs. 14-7 to 14-9).60,61,66

Doses and dilution of BoNT/A for the man-
agement of spastic equinus depend on the
preparation used and have been published else-
where.9,67 The majority of experienced clini-
cians are now using higher doses and greater
dilutions than were employed in earlier

studies.43,68 This has improved the efficacy of
injection without a significant increase in sys-
temic spread and adverse events.

Identification of the target muscle has tradi-
tionally been based on anatomic landmarks
and palpation. However, biomechanical tests
may be helpful, but it should be noted that
the accuracy of injection based on palpation
is very poor, except for the gastrocsoleus.69

Electrical stimulation and ultrasound have
dramatically improved the accuracy of injec-
tion of target muscles in children with CP.
It has been more difficult to determine if
improved accuracy of injection has improved
outcomes.70,71

Injection of BoNT/A for spastic equinus
increases the dynamic length of the gastrocso-
leus and also provides improvements in ankle

Target muscles

Spastic hemiplegia (right)

Biceps, Brachialis

Adductor pollicis,
FCU, FCR,

Pronator teres

Gastrocnemius,
Soleus,

Tibialis posterior

FIGURE 14-7. Posturing in spastic hemiplegia in children

with cerebral palsy and the usual target muscles in the

upper and lower limb, which are commonly injected with

botulinum neurotoxin type A. (From Gibson N, Graham HK,

Love S. Botulinum toxin A in the management of focal

muscle overactivity in children with cerebral palsy. Disabil

Rehabil. 2007;29:1813-1822, with permission.)
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dorsiflexion during gait. Koman and collea-
gues55 reported improvements in gait as deter-
mined by the Physician Rating Scale. Many
authors have reported gait improvements using
instrumented gait analysis, including kine-
matics, kinetics, and electromyography.72-74

This usually leads to small but important gains
in gross motor function. There is evidence that
this delays the onset of fixed equinus, which
delays the need for orthopedic surgery until the
optimum age. There is less need for repeat sur-
gery, and surgical outcomes and overall gross
motor function and gait are improved.

Spastic Equinovarus and
Equinovalgus

Spastic equinovarus is the result of muscle
hyperactivity in the gastrocsoleus, tibialis pos-
terior and/or tibialis anterior muscles. One
third of cases are caused by the tibialis
posterior muscle, one third by the tibialis
anterior muscle, and one third by overactivity

in both the tibialis posterior and tibialis ante-
rior muscles.75 In spastic equinovarus the
most effective strategy is to inject the gastrocso-
leus and the tibialis posterior muscles.
Injection of tibialis anterior muscle is not
advised on the basis that this would weaken
ankle dorsiflexion.

Equinovalgus is not usually the result of
muscle imbalance but altered biomechanics.
It is best managed by injection of the
gastrocsoleus muscle and provision of an
appropriate AFO.76

The management of spastic equinus by
BoNT/A has had a very positive impact on the
overall management of CP in childhood.
Early surgical lengthening of the gastrocsoleus
muscle can be avoided, and about 40% of
children will not require calf lengthening
surgery. For those who do progress to surgery,

Target muscles

Spastic diplegia

Medial (�/� lat)
hamstrings

Gastrocnemius,
Soleus

FIGURE 14-8. Spastic diplegia typical posturing in the child

with spastic diplegia and the most frequently injected target

muscles in the lower limbs. (From Gibson N, Graham HK,

Love S. Botulinum toxin A in the management of focal

muscle overactivity in children with cerebral palsy. Disabil

Rehabil. 2007;29:1813-1822, with permission.)

Target muscles

Spastic quadriplegia

Hip adductors

Hamstrings

FIGURE 14-9. Posture in a child with spastic quadriplegia

and the commonly injected target muscles with botulinum

neurotoxin type A. (From Gibson N, Graham HK, Love S.

Botulinum toxin A in the management of focal muscle over-

activity in children with cerebral palsy. Disabil Rehabil.

2007;29:1813-1822, with permission.)
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surgery need only be performed once and can
be performed at the optimum age.

Injection of the Hamstrings and
Adductor Muscles in Cerebral
Palsy

The indications, techniques and outcomes of
injecting the hamstring and adductor muscles
were first described by Corry et al46 and subse-
quently by others. Muscle hyperactivity in the
hamstring and adductor muscles is more prev-
alent in the more severely involved child and
may result in scissoring postures and crouch
gait. Although there is evidence for improved
function and reduced improved ease of care in
some studies, the goal of preventing spastic hip
displacement has not been realized. In a large
multicenter randomized trial, Graham and col-
leagues77 studied the effects of injection of the
adductor and hamstring muscles with BoNT/A
every 6 months, combined with a hip abduc-
tion brace, during a 3-year randomized clinical
trial. The rate of hip displacement was reduced
slightly in the treatment group, but most chil-
dren required surgical stabilization of their hips
either during the study or soon after the study
concluded.

Multilevel Injections of Botulinum
Neurotoxin A in Cerebral Palsy

Molenaers and colleagues78,79 developed prac-
tical approaches to multilevel hyperactivity
management in children with CP, basing their
approach on the model of multilevel surgery.
They developed techniques for injecting the il-
iopsoas muscle and established the safety of
high-dose administration of BoNT/A in chil-
dren.80 Their approach emphasizes the role of
instrumented gait analysis to design the inter-
vention, injection of multiple target muscles
under mask anesthesia, and supplemental cast-
ing, orthoses, and intensive rehabilitation.81

They have reported significant improvements
in gait and function in a number of well-
designed studies.80,82,83

Botulinum Toxin A and Phenol
Neurolysis in Cerebral Palsy

Given the disappointing effects of BoNT/A
injection in the hip adductors, Graham and
colleagues44 have described combining

phenol neurolysis for adductor spasticity with
BoNT/A chemodenervation of the hamstring
and calf muscles in a pilot study. The principal
indication is the younger child in whom mul-
tilevel spasticity and spastic hip displacement
are combined. They found that the interven-
tion was effective in managing hip displace-
ment and in improving gait and function.44

Practical Aspects of
Administration of Botulinum
Neurotoxin A in Cerebral Palsy

There are currently three commercially avail-
able preparations of BoNT/A and one of
BoNT/B. All have different characteristics,84

potency, and dose ranges.9 There have been
several guides to dosing and administration of
the various preparations in children.9,67

Injection of the gastrocsoleus muscle is the
simplest and most widely used technique.
A variety of techniques may be used to facilitate
injection, including conscious sedation, topical
anesthetic creams applied to the skin over the
proposed injection sites, administration of ni-
trous oxide, and various combinations of these
approaches.85

The control afforded by mask anesthesia
permits injection of multiple sites in multiple
target muscles, using electrical stimulation. The
use of multiple injection sites is probably safer
and possibly more effective than fewer sites. A
suggested method is injecting four sites in the
calf and two sites in the adductors and ham-
strings.40 Muscle stimulation is advised for all
target muscles, except the gastrocsoleus.69

BOTULINUM NEUROTOXIN
A IN THE UPPER LIMB IN
CEREBRAL PALSY

Upper limb dysfunction is a common and dis-
abling consequence of CP, particularly in chil-
dren with spastic hemiplegia who have
generally achieved independent walking.
Impairment of upper limb function can have
an impact on self-care abilities in activities of
daily living, access to education, leisure activ-
ities, and eventually vocational outcomes (par-
ticipation). Children may not be able to reach
for objects, manipulate toys, feed themselves,
or use assistive communication devices. A
modest improvement in reaching function
could have tremendous benefits.49
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In spastic hemiplegia, the upper limb defor-
mities typically include internal rotation and
adduction at the shoulder, and this may prog-
ress in a small minority of patients to anterior
migration of the humeral head.86 The pectora-
lis major and the subscapularis muscles are
usually the main deforming forces. At the
elbow, flexion deformity is common, initially
dynamic, progressing to a fixed deformity with
variable degrees of joint contracture. In the
forearm, pronation deformities are ubiquitous
and are the result of muscle imbalance between
spastic pronators (pronator teres and pronator
quadratus) and weak supinators. Loss of active
supination results in a contracture in the inter-
osseous membrane and may predispose to sub-
luxation or dislocation of the radial head.
Flexion deformities of the wrist and fingers
are the most common deformities in the
upper limb, because the spastic flexors over-
power the weaker extensors. Wrist flexion
deformity usually is accompanied by ulnar
deviation, because the ulnar deviators are
more powerful than the radial deviators.86

The ‘‘thumb-in-palm’’ deformity is common
and is associated with significant functional
impairment.86-88

As with all deformities, there is a postural-
dynamic phase with gradual development of
fixed contracture of the muscle-tendon units
caused by muscle imbalance. Eventually, this
leads to the phase of decompensation, which
may include fixed joint contractures and joint
subluxation. Different muscles develop fixed
contractures at different speeds. The pronator
teres is invariably the first muscle in the hemi-
plegic upper limb to develop a contracture.
This is not because it is more hyperactive
than other muscles but because it is never
stretched by antagonist action.86-89 Loss of
active supination is present to some degree in
all children with hemiplegia. Prevention of
pronation contracture is simple in principle
but difficult in practice. The pronator teres
must be stretched out fully to its maximum
length by the parent or therapist because the
child is unable to do this for himself.86

Conventional therapeutic management of
upper limb hyperactivity in children with CP
has involved use of splinting and casting, pas-
sive stretching, the facilitation of posture and
movement, medication, or surgery. The use of
BoNT/A in the lower limbs of children with CP
is well established, and more recently, it has
been used in the upper limbs. The principal
aim of treatment using BoNT/A injections
to the upper limb of children with CP is to

enhance function by allowing children to
employ their treated arm in daily activities
more efficiently and effectively. Further aims
are to decrease hypertonicity and increase
ROM, thus preventing contracture formation
and delaying the need for surgery.90 It is usu-
ally the nondominant arm that is being treated
as an assisting hand. However in children with
quadriplegia whose function is more limited, it
may well be the function of the dominant arm
(or both) that one seeks to improve.
Intramuscular injection of BoNT/A alone is
not guaranteed to enable a child to use the
hemiplegic limb, and it is recommended that
it be used in conjunction with physiotherapy
and occupational therapy training.

Most of the children who are treated have
hemiplegic CP and may lack compliance with
rehabilitation following BoNT/A treatment
because they have such a high level of function
in their contralateral, noninvolved upper limb.
In addition to this learned nonuse, retraining
upper limb movements is intrinsically more
difficult than for the lower extremities because
it lacks the repetitive motor task characteristic
of walking. Part of the problem also relates to
the higher incidence of dystonia, weakness,
sensory impairment, and poor selective motor
control coexisting with spasticity in the upper
extremity compared with the lower extremity in
these children. These negative features may
reduce any benefit gained from BoNT/A injec-
tions and lead to more limited results in clini-
cal studies.

Fehlings et al53 used strict criteria to ensure
that only children with pure upper limb spastic
type hemiplegia were included in their study.
Of 50 children screened initially for the study,
20 were excluded because they were unable to
initiate voluntary movement of the digits or
had fixed joint contractures. The suitable can-
didates for BoNT/A therapy should be able to
initiate finger movements, and to activate and
strengthen antagonist muscles to take advan-
tage of the BoNT/A weakened agonists.
They should have good grip strength, because
grip strength may be reduced by BoNT/A injec-
tion.53 Family-identified limitations, problems,
and goals should be analyzed. The movement
disorder including selective motor control and
characteristic posturing at rest and during func-
tional activities should be assessed, as should
active and passive joint ROM. A functional
assessment should be performed, and video
recordings can also be useful.

In typical hemiplegic posturing, the most
common target muscles are the biceps,
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brachialis, pronator teres, flexor carpi ulnaris,
flexor carpi radialis, and adductor pollicis.86

The long finger flexors should usually
be avoided to prevent weakening grip strength.
When the aim is improved palmar hygiene,
injection of the finger flexors is always
required.

The larger muscles are injected in one or two
sites, with the smaller ones being injected in
one site. Small volume–high concentration
injections are usually advised in the upper
limb, to reduce diffusion to important antago-
nist muscles or unwanted targets, such as the
long finger flexors. Precise targeting with
electrical stimulation, electromyography, or
ultrasound is mandatory.69 Use of palpation
for targeting the injection is much too inaccu-
rate.86 Upper limb dose guides have been pub-
lished elsewhere.9,86

There is increasing evidence recently of the
benefit of BoNT/A on upper limb function.
Wall et al91 were the first to report use of
BoNT/A in the upper limbs of five children
with CP in 1993. Injection of adductor pollicis
muscle was coupled with rigid splinting in
children with a thumb-in-hand deformity,
and led to improvements in hand function
(key grip, precision grip) precision pinch,
palmar grip, and the performance of bimanual
tasks. Corry et al42 conducted a double-blind
randomized placebo-controlled study invol-
ving multiple injections into the spastic upper
extremity of children with CP. The main results
were that intramuscular injection of BoNT/A
resulted in consistent reduction in spasticity
and muscle stiffness as measured by a torque
motor. The torque motor was used to measure
the resonant frequency of the wrist as an
objective and quantifiable measure of forearm
muscle stiffness. Although improvements were
found in tone, ROM, grasp, and cosmesis, there
was little effect on functional ability in a coin
pick-up test.

Fehlings et al53 conducted a single-blind
randomized study involving 30 participants
with hemiplegia. There were significant
improvements in function in the BoNT/A
group as measured by the Quality of Upper
Extremity Skills Test (QUEST) at 1 month.
Kawamura et al92 compared the effects of
low- and high-dose BoNT/A to improve upper
extremity function. There was no difference in
hand and arm function between a low dose
and a high dose, supporting the lower dose
intervention. Wallen et al93 demonstrated that
the dynamic joint ranges in the upper limb
respond to BoNT/A, and that there is a

significant improvement in activities and par-
ticipation at 3 and 6 months following the
injections.

In a randomized, single-blind trial of BoNT/
A and occupational therapy, it was reported
that children who have BoNT/A in addition
to therapy had greater improvements, and
that this gain was sustained at 6 months.94

A recent study used the WHO ICF model as a
study template and a single-blind, randomized
controlled study design, to investigate the
effects of BoNT/A and low-intensity occupa-
tional therapy, in the upper limbs of children
with hemiplegic CP. The authors reported
significant improvements in body structure,
activity, participation, and self-perception.95

Another recent study reported that repeated
use of BoNT/A is safe and effective in the
upper limbs of children with CP. Injections at
6-month intervals may be worthwhile, when
combined with appropriate occupational ther-
apy.94 These studies have focused on spastic
movement disorders and the use of BoNT/A.
To date, only one study has focused on dyston-
ic upper limb movement disorder, in CP and
the use of BoNT/B.49 Seven children with CP
and upper extremity dystonia were enrolled in
a clinical trial of BoNT/B, which was injected
into the biceps and brachioradialis muscles of
one or both arms. The primary outcome
measure was the change in maximum speed
of hand movement during attempted forward
reaching. Reaching speed improved in
response to injection, and dystonia scores
on the Burke-Fahn-Marsden dystonia scale,
the Unified Dystonia Rating Scale, and the
Unified Parkinson’s Disease Rating Scale
improved. Larger controlled trials are needed
to confirm these interesting, preliminary
results.49

Objective evaluation of upper limb function
using a standardized, validated instrument is
strongly recommended to document baseline
function and also to assess changes following
treatment. There is a variety of established
instruments that can be used as outcome mea-
sures for upper limb interventions: QUEST,96

Melbourne Assessment of Unilateral Upper
Limb Function (Melbourne assessment97) and
Assisting Hand Assessment (AHA98). However,
most of these studies have failed to find sus-
tained improvements with these tools.

Treatment goals must be individualized for
each child, according to the type of movement
disorder, limb distribution, abnormal postures,
and functional goals. Children with spastic
hemiplegia function at a high level and may

185TREATMENT OF MOTOR DISORDERS IN CEREBRAL PALSY WITH BOTULINUM NEUROTOXIN



require interventions aimed at developing
more sophisticated fine motor control for
bimanual hand activities. In contrast, a child
with spastic quadriplegia have a more severe
global problem of upper limb spasticity,
making any useful function or even hygiene
difficult. Simpler hand activities such as
grasping and releasing assistive walking devices
are the main objectives of treatment in some of
these children. In those still more severely
affected, ease of dressing and hygiene are the
primary reasons for correcting upper limb
deformities.

Functional goals should be realistic. Ranked
in order of importance, the most significant
prognostic factors in relation to function in
the hemiplegic upper limb are sensory impair-
ment, loss of selective motor control, and
weakness, followed by spasticity.86 When func-
tion cannot be improved or the gains are
marginal, the cosmetic problems of the hemi-
plegic upper limb must not be forgotten. These
children are in mainstream schooling and the
majority will enter employment. In one upper
limb trial, the single most reported benefit was
the reduction in elbow flexion posturing when
walking rapidly.42 This had little to do with
function but everything to do with cosmesis.
Spasticity trials in the hemiplegic upper limb
should incorporate a measure of satisfaction
with the appearance of the upper limb.

There is much more work to be done in the
upper limb including combining BoNT/A
injection with surgery and exploiting the mus-
cular relaxation achieved by BoNT/A with
targeted splinting and therapy programs.
In particular, the emerging role of constraint-
induced movement therapy (CIMT), in combi-
nation with injections of botulinum toxin is an
exciting direction for further research.99-101

ADVERSE EVENTS OF
BOTULINUM NEUROTOXIN
THERAPY IN CEREBRAL
PALSY

BoNT/A is remarkably safe in children with CP,
as reported in many large studies.63,68,102,103

Most adverse events have been minor and
self-limiting. Neither permanent neurovascular
injury nor deep infection has been reported as
complications of intramuscular injection.
Remote side effects including incontinence
and dysphagia have occasionally been
reported. Incontinence is of great concern to

parents but usually resolves very quickly.
Dysphagia, aspiration, and chest infection are
the most serious complications after injection
of BoNT/A and, if unrecognized or inade-
quately treated, could lead to death
from asphyxia. In particular, a subgroup of
children with spastic quadriplegia with pseudo-
bulbar palsy seems to be much more sensitive
to systemic spread after focal injection of
BoNT/A.104 Such children have a relative
contraindication to the use of BoNT/A.
They should either not have injections of
BoNT/A or the doses should be significantly
reduced.

Drooling

Pathologic drooling (sialorrhea) affects 10% to
40% of children with CP and may be socially
incapacitating.105-108 As well as psychosocial
and hygiene problems, drooling may interfere
with speech, eating, and quality of life.

The submandibular glands produce 60% to
70% of resting saliva, and the parotid glands
provide most of the peri-prandial increase.
BoNT/A may be injected into the salivary
glands, to reduce cholinergic mediated secre-
tion and reduce drooling.109

Studies of salivary gland injection in chil-
dren with BoNT/A have shown encouraging
results, with a reduction in drooling and few
side effects.110-113 Sedation and analgesia with
a combination of topical anaesthetic cream,
oral midazolam, and nitrous oxide gas are
sufficient to allow the procedure to be tolerated
by children.

The appropriate dose of BoNT/A for use in
intraglandular injections has not been clarified
but have been similar to those suggested for the
treatment of spasticity. Jongerius et al109 have
cited 1-1.5 mL of saline as an appropriate
volume in children, achieving adequate spread-
ing while diminishing the risk of diffusion.
It has been reported that injecting both the sub-
mandibular and parotid glands is superior to
injecting either gland alone.114 Ultrasound
guidance enables precise targeting of the sali-
vary glands and more accurate injection.

Injection of BoNT/A for drooling has fewer
reported side effects than oral anticholinergic
medications. Minor side effects of BoNT/A
injection include chewing difficulties, dry
mouth, and transient weakness of mouth
closure.

Intrasalivary injections can be considered
when oral medications have not been tolerated
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before considering more invasive surgical
procedures.

BOTULINUM NEUROTOXIN
A AS AN ANALGESIC AGENT
IN CEREBRAL PALSY

The analgesic role of BoNT/A is complex and
is currently under intense evaluation in animal
models and in many clinical trials.115 Clinical
applications include migraine, painful muscle
spasms in a wide range of conditions, and the
management of pain associated with arthritis
and various musculoskeletal problems.116,117

Pain is a major clinical problem in the many
older children and adolescents with CP. There
are many possible causes, but degenerative
joint disease compounded by spastic hyperto-
nia may be the most common. In CP there is
frequently a vicious circle of pain and spasm,
in which pain provokes muscle spasm, which
further increase pain. The pain-spasm cycle
may be most effectively broken by injection
of BoNT/A.114

BoNT/A can also be used to treat muscle
spasm following operative procedures, for
example, following adductor-release surgery.
This improved pain control can accelerate
recovery.118

CONCLUSION

Treatment challenges in children with CP
include deciding when to start with interven-
tion such as injection of botulinum toxin A, as
well as establishing a maintenance therapy and
deciding when to conclude the therapy.
Measuring functional outcomes in motor
disabled children remains challenging,
especially across the domains of the ICF.
The age at which BoNT/A is approved for use
in children with CP varies from country to
country. Off-label use is common but ideally
should be in the context of approved clinical
trials. There is reasonable clinical evidence to
suggest that younger children respond more
fully and for longer periods of time than do
older children. This may be the result of the
progression from dynamic posturing to fixed
contracture.

The hyperactive muscles in children with
spastic hemiplegia and spastic diplegia can be
safely injected from age 18 to 24 months.
Treatment seems to be most effective between

the ages of 2 and 6 years in the context of a
global management program including the use
of orthoses, serial casting, and physical therapy.
By age 6 to 10 years children will have reached
plateau in terms of physical functioning, and
many no longer require injection therapy.
Some develop fixed contractures and are
more effectively managed by orthopedic
surgical procedures. BoNT/A can be used
effectively to manage focal hyperactivity in
the context of a nonfocal disorder such as CP.
It is important to highlight that in this context,
focal muscle hyperactivity does not exist alone,
and in many cases, it may be weakness,
contracture, and selective motor control that
may have the biggest impact on function.
Careful classification of the type of muscle
hyperactivity, its contribution to overall
disability, and assessment of the contribution
of other coexistent features of the movement
disorder is important to determine an effective
management strategy.
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15Clinical Experience
and Recent Advances
in the Management of

Gait Disorders with
Botulinum Neurotoxin

Alberto Esquenazi and Nathaniel H. Mayer

INTRODUCTION

Acquired brain injury produces focal but vari-
able patterns of muscle dysfunction across
upper and lower limb joints. Characteristics
of the upper motor neuron syndrome
(UMNS) include the presence of spasticity
and other positive signs, weakness, and a
variety of motor control abnormalities that
impair the regulation of voluntary movement
and interfere with activities of daily living,
mobility, and communication. (see Chapter
11). The chief cause of this interference has to
do with impairment of a patient’s ability to
produce and regulate voluntary movement
brought on by corticospinal system damage
that is also accompanied by muscle overactivity
(spasticity and co-contraction). The latter may
be defined as an unwanted, velocity-dependent
stretch reflex phenomenon occurring when a
patient attempts to move a limb actively or
when an examiner moves the patient’s limb
passively.1 Although the mechanisms of spas-
ticity are largely unknown, current ideas favor
the notion that afferent signals from the limbs
and descending signals of supraspinal origin
are mishandled at the level of the segmental
spinal cord by one or more interneuronal sys-
tems. Clinicians have used the Ashworth scale2

as a surrogate measure to assess the positive
sign of spasticity, particularly as a measurement
of change in resistance to stretch before and

after pharmacologic treatment interventions.
The Tardieu scale has proven to be a better
clinical assessment tool that truly measures
the velocity component of spasticity, but it
does require practice for it to be reliable.3,4

Most patients and clinicians will complain
about spasticity, but no one means the same
thing when they use the term. Lance published
this frequently cited definition for the phenom-
enon: ‘‘a motor disorder characterized by a
velocity dependent increase in tonic stretch
reflexes (muscle tone) with exaggerated
tendon jerks, resulting from hyperexcitability
of the stretch reflex, as one component of the
upper motoneuron syndrome.’’5 Signs of
spasticity are useful as a diagnostic indicator
pointing to the presence of an upper motor
neuron lesion, but in general, rehabilitation
clinicians are more preoccupied with addres-
sing the functional problems of their patients
linked to the consequences of an upper motor
neuron lesion. Common terminology, which
reflects their clinical practice emphasis,
includes spastic gait or spastic equinovarus.
For these clinicians, evaluation and treatment
of spasticity takes on broader dimensions,
reflecting their interest in clinical patterns of
motor dysfunction that produce functional
impairment and can result in disability.
The clinician must be able to see spastic phe-
nomena within the larger context of impaired
motor control in order to identify appropriate
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treatment methods for a patient’s functional
problems resulting from a central nervous
system injury. The National Center for
Medical Rehabilitation Research (NCMRR)
has suggested that new methods of treatment
should be evaluated for effects on multiple
dimensions of the disabling process, including
not only the dimension of impairment
(as exemplified by Ashworth scale measure-
ments), but also other dimensions such as
functional limitations and disabilities (i.e., dif-
ficulty fulfilling role functions).6 Lower extrem-
ity posturing that affects gait and transfer
dysfunctions represents a significant spectrum
of functional limitations that are attributable to
the positive signs of the UMNS.

In a broader sense and from our perspective,
evaluation of spasticity focuses on three issues:
(1) identifying the clinical pattern of motor
dysfunction and its source; (2) identifying the
patient’s ability to control muscles involved in
the clinical pattern; and (3) the differential role
of muscle stiffness and contracture as it relates
to a functional problem. From our collective
clinical experience evaluating several thousand
patients and for purposes of knowledge trans-
fer and educational expediency, we have
identified and published the six most
common clinical patterns of motor dysfunction
affecting the lower limbs during gait and six
more for the upper limb that are typically
found in patients with acquired brain injury
and an upper motor neuron lesion.7 For the
purpose of this paper, we will focus on
the lower limb patterns only (Table 15-1),
but the reader is encouraged to review addi-
tional publications on the subject.7-9

A variety of muscles may contribute to these
clinical patterns and the related motor dysfunc-
tion across joints and limb segments. When
many muscles cross a joint, each muscle can
vary in its characteristics. Because each muscle
may contribute to motion and the movement
of a specific joint, information about each mus-
cle’s contribution is useful to the assessment as
a whole. Evaluation focuses on the characteris-
tics of these muscles in terms of their voluntary
or selective control, strength, spastic reactivity,
rheologic stiffness, and contracture. Proper
treatment depends on sorting out this informa-
tion. These patterns of dysfunction are
amenable to strategies of focal evaluation
and localized treatment. Clinical examination
supported by laboratory studies is the main-
stays of evaluation and clinical questions of
interest regarding a given muscle that might
be targeted for localized intervention.

We use dynamic electromyography to help
identify the voluntary and spastic characteris-
tics of individual muscles during gait, and we
use anesthetic nerve blocks to identify the
properties of stiffness and contracture in partic-
ular muscle groups.10,11

The treatment algorithms for these problems
are implemented by identifying (1) muscles
that contribute to the deformity across a joint;
(2) the stage of recovery from injury; and most
importantly, (3) clinical goals agreed on and
applicable to the patient. In Table 15-1,
we itemize the frequently found patterns
of motor dysfunction affecting gait after
acquired brain injury and subsequently discuss
them in detail.

Commonly these patterns do not present in
isolation but usually present superimposed
with others in the lower limb and frequently
even with patterns affecting the upper limb.12

PATTERNS OF UPPER
MOTOR NEURON
DYSFUNCTION

The lower limb patterns of upper motor
neuron dysfunction that affect walking are
presented in this chapter in the order of their
presentation frequency: (1) equinovarus foot,
(2) hyperextended great toe, (3) stiff knee,
(4) flexed knee, (5) adducted (scissoring)
thighs, and (6) flexed hip.6,7

From a gait cycle perspective, patterns of
equinovarus foot, hyperextended great toe
and flexed knee are considered problematic
throughout the swing and stance phase of
the cycle. Stiff knee and adducted thigh are
predominantly deviations of swing phase
while the flexed hip is considered a stance-
phase deviation. All patterns in some way
potentially influence the two main functional

TABLE 15-1 Lower Limb Patterns of
Motor Dysfunction in Upper Motor
Neuron Syndrome

Equinus/equinovarus foot

Hyperextended (striatal) great toe

Stiff knee

Flexed knee

Adducted hip

Flexed hip
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outcomes of walking; translation of the center
of gravity and support of the body’s
mass against gravity (i.e., upright stability).
These patterns can also produce a variety of
functional problems unrelated to walking that
can affect many other activities of daily living
by impairing access or interfering with limb
positioning and producing pain. We have
categorized these problems into four types, as
listed in Table 15-2.

Type I—Symptomatic refers to pain, flexor
spasms, extensor spasms, and clonus as
some of the presenting problems.

Type II—Passive function refers to the pas-
sive manipulation of limbs to achieve
functional ends, typically performed by
caregivers, although patients may also
manipulate their limbs passively with
their noninvolved limbs.

Type III—Active functions, on the other
hand, refer to patient’s direct use of the
limb to carry out a functional activity.

Type IV—Mixed, combines two or more of
them.

We now describe each one of the patterns in
more detail, as well as our assessment and
treatment approach for them.

Equinovarus Foot

Equinovarus foot is the most common upper
motor neuron posture seen in the lower limb
and the one that can most impair walking.
The foot and ankle are turned down and in
(Fig. 15-1A and B). Toe curling or toe clawing
may coexist in this deformity. The lateral border
of the foot, particularly the fifth metatarsal
head, is typically compressed against the floor
during weight bearing or against the footrest of a
wheelchair. Skin breakdown over the metatarsal
head may develop from constant pressure.

Equinovarus foot is frequently sustained
throughout stance phase, and inversion may
worsen with weight bearing, causing ankle
instability as the gait cycle progresses. Limited

dorsiflexion during early and midstance
restrains the appropriate forward rotation of
the tibia over the stationary foot, frequently
producing knee hyperextension and possibly

TABLE 15-2 Problem Categories

Category Feature

Type I Symptomatic

Type II Passive Function

Type III Active Function

Type IV Mixed

A 

B 

FIGURE 15-1. Equinovarus foot posture seen from

(A) anterior medial and (B) posterior views. Note weight

bearing on the anterior lateral border of the foot and lack

of heel contact with the floor.
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resulting in compensatory hip flexion.
Impairment of ankle dorsiflexion in late
stance and preswing interferes with push-off
and forward propulsion, resulting in significant
reduction in ankle joint power generation.
During swing phase, equinus posture of the
foot may result in a limb clearance problem,
whereas the abnormal posture of the foot in
stance phase may result in instability of
the body as a whole. Under these circum-
stances, correction of this particular problem
is essential, even for individuals with limited
ambulation capacity.

Because of functional redundancy, a number
of muscles may generate the unbalanced forces
resulting in equinovarus foot pattern. Muscles
that can potentially contribute to the deform-
ing forces of the equinovarus posture include
the tibialis anterior, tibialis posterior, long
toe flexors, gastrocnemius, soleus, extensor hal-
lucis longus and intrinsics of the foot.
Weakness of the peroneus longus and peroneus
brevis in stance phase and the extensor
digitorum longus in swing phase may also
play a role.11

The clinical examination in combination
with dynamic polyelectromyographic (poly-
EMG) recordings of the above-mentioned mus-
cles obtained during walking provide a more
detailed understanding of the genesis of this
deformity. Dynamic poly-EMG recordings
often demonstrate prolonged activation of
the gastrocnemius and soleus complex and
the long toe flexors as the most common
cause of plantar flexion. Occasionally, the
gastrocnemius and soleus muscles may activate
differentially, and treatment interventions must
take this into consideration. Medial and lateral
gastrocnemius rarely activate differentially.13

Inversion frequently is the result of the over-
activation of the tibialis posterior and/or ante-
rior in combination with the gastrocnemius
and soleus and, at times, the extensor hallucis
longus (Fig. 15-2). If the tibialis posterior
and anterior are both contributing to the
varus deformity as in the case presented for
illustration, a decision has to be made about
which one of the two muscles is the main
contributor.14,15 A diagnostic tibial nerve
block with lidocaine to the posterior tibial or
peroneal nerves to eliminate one of them and
observe the resulting foot posture is a useful
approach.

One has to be mindful that reducing activa-
tion of the gastrocsoleus complex will tend to
increase dorsiflexion in the stance phase. When
dorsiflexion increases, the long toe flexors

tighten because of tenodesis effect, adding a
new problem to the situation.

Based on the dynamic poly-EMG correlated
with clinical findings, the treatment of choice
can now be made to include injection of botu-
linum neurotoxin (BoNT) into the tibialis pos-
terior, gastrocnemius, soleus, and long toe
flexors. When a contracture is evident, serial
casting or surgical intervention may be
needed to address the physical shortening of
soft tissues.16

Hyperextended Great Toe

Hyperextended great toe is a deformity that is
characterized by extension of the big toe
throughout the gait cycle, sometimes referred
to as striated toe or hitchhiker’s toe. Ankle
varus may accompany this foot deformity
because of the insertion of the extensor halucis
longus, equinus may also be evident if other
muscles are overactive (Fig. 15-3). When wear-
ing shoes, the patient may complain of pain at
the tip of the big toe and under the first meta-
tarsal head during weight bearing in stance
phase. During gait, toe extension in early and

FIGURE 15-2. Hallux hyperextension caused by extensor

hallucis longus overactivity. In stance phase, weight bearing

is increased under the first metatarsal, and the patient may

report pressure at the tip of the toe when wearing shoes.
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midstance complicates weight bearing. Thus,
hyperextended great toe has an impact on
translation of the center of gravity during the
stance component of limb advancement. It also
has an impact on center-of-gravity stability
during stance phase loading and single-limb
support.17 A number of muscles may generate
unbalanced forces with respect to the hyperex-
tended great toe pattern. The extensor hallucis

longus provides a deforming force, causing
great toe hyperextension.

A weak flexor hallucis longus may not be
able to compensate and offset the extension
force generated by the extensor muscle. When
equinovarus is present as well, analysis
of the contributions of tibialis anterior, tibia-
lis posterior, gastrocnemius, and soleus most
be taken into account. Chemodenervation
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FIGURE 15-3. Dynamic electromyograph displayed

with CODA MPX1 software during ambulation using

Motion Lab surface electrodes, the tibialis posterior

recording was obtained with an intramuscular wire.

Data was normalized (0 = initial contact); the vertical

line at 68% indicates the end of stance and begin-

ning of swing phase. Note increase electromyo-

graphic activity for extensor hallucis longus and

soleus throughout the gait cycle and the abnormal

out-of-phase activation of the gastrocnemius muscle

in the swing phase when compared with normal

timing represented by the gray bar.
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with BoNT/A or a motor point injection with
phenol to the extensor hallucis longus can
achieve an effective therapeutic intervention.

Flexed Knee

In the flexed knee deformity, the knee remains
flexed throughout stance and swing phases.
A flexed knee during stance phase requires
compensatory hip flexion on the same side
and increased contralateral hip and knee
flexion during swing phase (to shorten
the limb sufficiently for limb clearance).
Bilateral knee flexion deformity results in a
crouched gait pattern, as is frequently seen in
congenital spastic diplegia.18 The impact
of a flexed knee on translation of the center
of gravity may be observed during limb
advancement of swing phase. Lack of full
knee extension in terminal swing limits limb
advancement and results in a shortened
step length. The flexed knee also has an
impact on stance phase advancement because
knee extension from mid- to terminal stance is
restricted, requiring excessive contralateral hip
and knee flexion to achieve limb clearance and
possibly affecting energy efficiency due to
excessive vertical displacement of the center of
mass19 (Fig. 15-4).

Dynamic poly-EMG recordings obtained
from medial and lateral hamstrings, quadri-
ceps, gastrocnemius, and soleus should help
clarify the contribution of each of these mus-
cles to the deformity.7,20

EMG recordings frequently demonstrate
overactivation of the hamstrings, medial more
than lateral. Excessive activity in the gastrocne-
mius restrains knee extension, particularly
during swing phase. Kinematic data demon-
strate limited knee extension and, frequently,
compensatory hip flexion.7,20

Interventions that may be considered to
reduce overactive hamstrings include phenol
neurolysis to the motor branches of the sciatic
nerve, motor point blocks with phenol to the
hamstrings, or the more advantageous chemo-
denervation with BoNT. Chemodenervation
with BoNT to the gastrocnemius can easily be
achieved. Patients who have large muscle mass
and severe spasticity may require larger doses of
the selected agent. In addition, a potential
undesirable effect is gastrocnemius and soleus
group weakness that may lead to the drop off
gait pattern in terminal stance (i.e., sudden and
simultaneous ankle dorsiflexion and knee
flexion). An ankle-foot orthosis that controls

dorsiflexion such as a ground reaction ankle-
foot orthosis.

For those patients in whom surgery is indi-
cated, a transfer of the long toe flexors into
the os calcis can be used as a technique to
increase plantarflexor muscle strength.21 The
approach is considered in combination with
other surgical interventions such as distal
hamstring lengthening or release followed by
serial casting to gradually address any residual
knee flexion deformity.22

Stiff Knee

The stiff knee is a swing-phase deformity. The
knee is kept extended during preswing and ini-
tial swing, resulting in a reduction of the arc of
motion, with its peak at less than 40 degrees
(normal reference, 60 degrees). In addition,
there may be delay in the timing of swing
phase joint flexion and a concomitant reduc-
tion in hip flexion.23 Knee flexion during
walking at normal velocity is generated princi-
pally by the inertia-related pendulum effect
resulting from hip flexion. Reduced hip flexion
moment may result in decreased knee flexion

FIGURE 15-4. Crouched gait (flexed knees and hips) in a

patient with upper motor neuron syndrome caused by peri-

natal brain injury.
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in swing phase (Fig. 15-5). A stiff knee func-
tionally lengthens the limb and poses
problems for clearance, particularly, during
the preswing and swing phases of gait. This
deviation may cause foot drag, tripping, and
even falling for which the patient attempts to
compensate by ipsilateral circumduction, hip
hiking, or contralateral vaulting (early heel
rise) that increases energy consumption.
The effect of a stiff knee includes an
increase in the inertial load of the swinging
limb (by virtue of its longer moment arm
when the knee is extended compared with the
normally flexed knee of swing phase). The iner-
tial load of a stiff knee influences translation of
the center-of-gravity during limb advancement
of swing phase.

Frequently, poly-EMG demonstrates a reduc-
tion in the activation of iliopsoas, along with
excessive activation of the rectus femoris, vastus
intermedius, vastus medialis, vastus lateralis,
and at times, excessive activation of the gluteus
maximus or even the hamstrings, working as
hip extensors. If an ankle equinus deformity
is also present, a reduction in joint power gen-
eration and plantarflexion moment may result
in further reduction of knee flexion. Based on
clinical and laboratory findings, chemodener-
vation with BoNT to individual heads of the
quadriceps may be considered. Phenolization
of the motor branch of the femoral nerve
innervating the quadriceps mechanism is also
an option, but this intervention requires
more skill to perform and may result in unde-
sirable excessive knee extensor weakness and
instability in the stance phase of walking.
Overactivity of the gluteus maximus in the

swing phase that restrains hip flexion and
swing-limb advancement, can be managed
with BoNT chemodenervation to the gluteus
maximus as well.24

Adducted (Scissoring) Thigh

This deformity is characterized by adduction of
the hip during the swing phase of locomotion.
An adducted thigh results in a narrow base of
support in the stance phase, potentially impair-
ing balance.25 It also can interfere with limb
clearance and advancement because the
adducting swing-phase limb may collide with
the stance limb (Fig. 15-6). When adductor
spasticity is complicated by hip flexor spasti-
city, toileting and perineal access for hygiene
are markedly hampered, frequent repositioning
of the patient sitting in a chair is required and
often meets with limited success. It is essential
to ascertain if the deformity is obligatory
(the result of adductor spasticity) or compen-
satory (the result of weak hip flexors), because
treatment will differ. A percutaneous temporary
diagnostic obturator nerve block with lidocaine
can be used to differentiate the role of hip
adduction if the clinician is uncertain of the
nature of the problem. Longer term interven-
tions, such as percutaneous phenol nerve
block, are easily carried out with excellent func-
tional results.25,26

After the intervention, aggressive stretching
of the hip adductors and strengthening of the
hip flexors and abductors is pursued. Electrical
stimulation to the hip abductors may be bene-
ficial for this purpose.

FIGURE 15-5. Stiff knee gait (lack of knee flexion in swing phase) in a patient with upper motor neuron syndrome after a

stroke. The problem can interfere with limb clearance.
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Flexed Hip

Excessive hip flexion causes a patient to experi-
ence difficulty when standing up from a seated
position, may negatively affect both phases of
the gait cycle, and may affect positioning efforts
for perineal care and sexual intimacy. In
normal gait, the hip is flexed at initial contact
but, thereafter, extends throughout the stance
phase, restricting forward advancement of the
body over this limb. The result is a shortened
contralateral step. Excessive hip flexion also
affects stability of the center of gravity by influ-
encing single-limb support during stance.
Severe hip flexion deformity may promote
development of a knee flexion deformity due
to abnormal posture of the hip in the supine
position27,28 (Fig. 15-7).

Dynamic poly-EMG recordings of the iliop-
soas, pectineus, gluteus maximus, hamstrings,
rectus femoris, and lumbar paraspinals should

help in determining the contribution of the
different muscles in the gait cycle. Overactive
iliopsoas, pectineus, rectus femoris, and
hip adductors, or weakness of the hip extensors
and paraspinals may be evident.8 Interventions
to reduce spasticity of the hip flexors (iliopsoas
and rectus femoris), particularly chemodener-
vation with BoNT to the iliopsoas and rectus
femoris or the use of phenol motor branch
block to the rectus femoris can be easily
performed and are followed by appropriate
rehabilitation stretching techniques.29

BOTULINUM TOXIN

BoNT/A, currently available in the United
States only under the brand name Botox
(Allergan, Irvine, CA), has strong neuromuscu-
lar blocking properties. In Europe, Canada, and
several countries in Latin America, it is also
approved for the management of spasticity
secondary to cerebral palsy and stroke and
sold under the Dysport (Ipsen, Milford, MA)

FIGURE 15-6. Adducted hip (scissoring gait) pattern with

resulting narrow base of support in a patient with upper

motor neuron syndrome caused by traumatic brain injury.

Note position of the right foot crossing midline and promot-

ing reduced balance similar to walking on a tight rope.

The problem can also interfere with left limb advancement

due to interference with the path of motion during the

swing phase.

FIGURE 15-7. Flexed hip pattern with limited limb advance-

ment and shortened step length in a patient with

upper motor neuron syndrome caused by acquired brain

injury. Note forward trunk lean and use of upper limb for

support.
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and Botox brand names. Serotype B toxin is
also approved in the United States and
Europe for cervical dystonia under the brand
name Myobloc or Neurobloc (Solstice
Neurosciences, Malvern, PA).18,30

The purpose of a BoNT block is to reduce
force produced by a contracting overactive
muscle or muscle group. A reduction in
muscle tension can lead to improvement in
passive and active range of motion and allow
for more successful stretching of tight muscula-
ture. More subtly, and more importantly, too,
a patient’s improved control over movement
and posture may allow for compensatory
behaviors during functional activities
(unmasking).31 A reduction in spastic activity
in one muscle or muscle group may have
consequences for tone in other muscle groups
of the limb or even in other limbs through a
reduction in the overall effort required to per-
form movement or through changes in sensory
information going to the central nervous
system from that limb.32,33 Identifying muscles
with volitional capacity is important to the
achievement of this goal. Another requirement
is behavioral compliance and the ability to
incorporate the newly gained increases in
motion into the daily routine.

Also, the application of external devices such
as braces, splints, casts, and even shoes can be
facilitated by chemodenervation.34

BoNT is injected directly into an offending
muscle. The major advantages in its use are the
ease of application that permits its injection
without anesthesia and its predictable effect.
The most common adverse reaction is excessive
weakness of injected muscles, but nausea,
headache, and fatigue have also been reported.
With some of the BoNT formulations, dyspha-
gia has been reported when injecting muscles
in close proximity to the neck structures,
No adverse effect on the sensory system is
evident with BoNT, but pain, when present
before injection, may be improved.35

Even when a patient develops excessive
weakness as a response to the paralytic effect
of the toxin, no anaphylactic response has
ever been reported for BoNT injection.
Therapeutic doses of Botox for individual
muscles have ranged between 10 and 300
units, depending on the size of the muscle
being injected and the degree of spasticity.35,36

Owing to the potential risk of migration out of
the muscle and the possibility of antibody
formation, usually not more than 50 units
are injected in each site, with a maxi-
mum of 600 units administered in a single

treatment session. This may be sufficient, how-
ever, to treat a number of muscles in that one
session.18,24,30

To minimize the risk of immunoresistance
with BoNT, physicians should use the smallest
possible effective dose; extend the interval
between treatments for at least 3 months or
longer, if possible; and avoid the use of booster
injections in between treatments.35

Development of resistance to BoNT/A with
the current formulation of Botox therapy does
not appear to be an important clinical
issue in the management of patients with
UMNS-related muscle overactivity. Careful
documentation of muscle selection, dose,
number of sites, dilution, and effects is encour-
aged so that in the next treatment cycle, one
may adjust the dose as necessary. In our prac-
tice, we limit dose per treatment to no more
than 600 units of Botox, and if multiple large
muscles are to be injected, increasing the
dilution to improve diffusion as well as using
techniques for localization of the endplate can
extend the maximum dose for more muscles.
The other option is to focus the available
dose to a few muscles and consider using
other interventions such as phenol to achieve
a complete treatment strategy.37

With the currently available information, we
recommend not injecting BoNT/A into patients
who are pregnant or lactating. Before using
BoNT/A in the clinical management of spasti-
city, the physician should be knowledgeable
about the diagnosis and medical management
of the condition producing spasticity and
should be proficient in the relevant anatomy
and kinesiology. The physician should have a
clear understanding of the potential benefits of
unmasking function and of the limitations of
this therapeutic intervention. Because there is a
several-day delay between injection of toxin
and onset of action, a patient may require
several sessions to optimize the dose that
seems to be necessary for optimal treatment.
Unlike dystonia, in which voluntary capacity
is not an issue, spastic muscles may very well
have voluntary capacity, which the clinician
would like to preserve, and therefore, titration
of the paralytic effect of the toxin becomes a
much more critical factor in its administration
because unmasking of function may occur.
The duration of toxin effectiveness is usually
10 weeks to 4 months. In our experience,
patients have received 400 to 600 units
of Botox at 3-month intervals for more than
3 years without evidence of loss of effectiveness
of the medication.
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It would seem that the BoNT treatment
might be most effective when used early as a
temporizing management of spasticity, particu-
larly in the period of expected neurologic
recovery in which spasticity is changing as
motor recovery occurs, or in patients with
chronic conditions as an effective tool to
simulate the potential effects of surgery, to
the benefit of the surgeon and patient alike.

The strategy of performing a BoNT injection
is as follows. The skin is prepared by cleaning it
with alcohol before insertion of the Teflon-
coated, 25-gauge stimulating injecting needle.
The electrically conductive inner core of the tip
of the needle is used to pass current to the
tissues or to record EMG activity.38 After injec-
tion, muscle activation should be encouraged
to increase the uptake and internalization of
the toxin, which, in turn, can prolong the dura-
tion of effect.39 When the paralytic effect seems
evident, aggressive stretching, muscle re-educa-
tion, and functional training are performed
(see Table 15-1).

PHENOL

Phenol, a benzene derivative, is also known
as carbolic acid; it denatures the protein
membrane of peripheral nerves in aqueous
concentrations of 5%. When phenol is injected
in or near a nerve bundle, phenol’s neurolytic
action on the myelin sheath or the cell
membrane of axons with which it makes
contact serves to reduce neural traffic along
the nerve, reducing muscle overactivity.40

The onset of the destructive process with
higher concentrations of phenol may begin to
show effects several days after injection,
but phenol also has a local anesthetic feature
that allows a clinician and the patient to see
partial results shortly after the phenol block is
performed.40 The denaturing process induced
by phenol extends biologically on the order
of weeks, perhaps months. Eventually regener-
ation occurs, so a phenol block is used
clinically as a temporizing measure rather
than a permanent intervention. In our clinical
experience and in the experience of others, the
effect of a phenol block typically lasts 2 to
5 months.40 Histologically, it has been shown
that phenol destroys axons of all sizes,
probably in a patchy distribution, but moreso
on the outer aspect of the nerve bundle, onto
which phenol is dripped. In such a model,
interior axons within a nerve bundle are
theoretically spared moreso than their sibling

axons located more peripherally, where phenol
has access to them. When phenol is injected
percutaneously, it is extremely likely that
the nerve block will be incomplete. This is
especially useful in situations in which a spastic
muscle also has volitional capacity because,
under these circumstances, it is desirable to
reduce spasticity while still preserving the voli-
tional capacity of that muscle.

The technique of phenol injection is based
on electrical stimulation of motor nerves for
localization of the injection site. Except for
few circumstances, we generally inject motor
branches close to the offending muscle or
muscle group (motor point). This is necessary
to avoid sensory dysesthesia. Several texts are
available that identify muscles and their motor
points. A surface stimulator is briefly used to
approximate the percutaneous stimulation site
in advance. The skin is prepared with alcohol,
and a local anesthetic can be injected or rubbed
onto the skin.

The purpose is to eliminate cutaneous
motor reflexes that may cause the limb to
jump when the blocking needle is subse-
quently inserted.27 A 25-gauge, Teflon-coated
hypodermic needle (which is the same
needle used for BoNT injections) is advanced
toward the motor nerve. Depth of penetration
and directional orientation of the needle tip
require a steady hand, a competent knowledge
of anatomy, and a good assistant. Electrical
stimulation is adjusted by noting whether
muscle contraction of the desired muscle
takes place. As one gets closer to the motor
nerve, less current intensity is required to
produce a contractile response. The motor
nerve is injected when minimal current
produces a visible or palpable contraction.
We use a Duo Stim electrical stimulator with
pulse frequencies of one per second; we
typically inject when the milliampere reading
on the unit reads 0.4 mA. We generally inject
2 to 7 mL of 5% to 7% aqueous solution of
phenol. For longer effects, larger volumes,
and longer distances between the site of injec-
tion and the distance to the neuromuscular
junction of the muscle are used. The literature
does report that phenol applied to sensory
nerves may produce a dysesthesia that is
troublesome.41 For this reason, we do not
recommend injection of mixed peripheral
nerves except in a patient who is vegetative
and indifferent to any sensory consequences.
(Actually, sensory blockade may help reduce
spasticity by reducing afferent input to a
hyperexcitable motor system.) After the
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block, we recommend that ice be applied to
the injection site for 10 to 15 minutes every
2 hours as needed to reduce local irritation or
swelling. Because a certain amount of needling
is required to find the best place for injecting
the motor nerve, we prefer not to use phenol
in patients receiving anticoagulation
medication.12

The technique for BoNT injection (see
above) may be preferable in this circumstance.
As with any injection, care needs to be taken
not to inject phenol into a blood vessel, and
aspirating before the injection achieves this.
We use the help of an assistant to perform
the injection while the physician holds the
needle still. In contrast, a physician can
generally perform injection with BoNT without
assistance. The literature has reported a
range of injections between 1 and 10 mL of
phenol in various concentrations, usually
not exceeding 7%. The lethal range of phenol
that gets into the central nervous system is
approximately 8.5 g. Ten milliliters of a 7%
solution of phenol contains 0.7 g of phenol,
a 10-fold factor of safety. We generally do not
inject more than 15 mL of 7% phenol in a ses-
sion. If a phenol block seems ineffective after
several weeks, it may be repeated. With
repeated phenol injections, an increase in
fibrous tissue at the site of injection may
occur, and this may make repeat injections
more difficult.

CONCLUSIONS

In summary, spasticity is a widespread, dis-
abling form of muscle overactivity affecting
patients with central nervous system damage
resulting in upper motor neuron syndrome.
There is a range of effective therapies for the
treatment of spasticity (e.g., physical, anes-
thetic, chemodenervation, neurolytic injec-
tions, and surgery), but all therapies must be
selected using an individualized, multidisci-
plinary treatment program targeted to achieve
patient goals.42 Using the classification scheme
presented in this paper should facilitate goal
selection and communication between
patients, caretakers, and the clinical team.
The identification of the muscles responsible
for the presenting abnormal patterns of gait
dysfunction is of particular importance when
the treatment intervention selected is BoNT/A
chemodenervation which is an effective
selective agent without the adverse effects of
other interventions.
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16Treatment of
Oromandibular

Dystonia,
Bruxism, and

Temporomandibular
Disorders with

Botulinum Toxin

Nwanmegha Young and Andrew Blitzer

INTRODUCTION

Temporomandibular disorders (TMDs) are a
collection of conditions affecting the temporo-
mandibular joint (TMJ) and the muscles of
mastication and contiguous tissue compo-
nents. It is estimated that more than 10 million
people suffer from this condition in the United
States.1-3 Owing to the complex relationship
between the muscles of mastication and the
TMJ, there are a wide variety of clinical presen-
tations for these disorders. The term TMD as a
clinical label is used primarily to designate
conditions that present with pain in the face
or jaw area. It also encompasses the clinical
syndrome of headaches, earaches, trismus,
masticatory muscle hypertrophy, and clicking
and popping of the TMJ.4-8 Traditional treat-
ment of TMD has consisted of occlusal therapy,
appliances, physical therapy, joint surgery,
behavioral counseling, and medications.9-12

Prospective, randomized clinical studies have
demonstrated the effectiveness of using a
biologic neuromuscular blocking agent, botuli-
num toxin (BoNT), for the treatment of neuro-
logic disorders associated with hyperactivity of
skeletal muscles.13,14 More recently, BoNT
has been increasingly used as an adjuvant

treatment for head and neck pain such as
tension-type and migraine headaches.15,16 The
pain relieving effects of BoNT were observed
during clinical trials for the treatment of cervi-
cal and oromandibular dystonias (OMDs).17-18

Recent scientific study has suggested that pain
relief is caused by decreasing the release
of inflammatory mediators (calcitonin gene–
related peptide, substance P, glutamate, and
so on) whose release is mediated by soluble
N-ethylmaleimide–sensitive factor attachment
receptor (SNARE) proteins.19-22 Our experience
in treating OMD with BoNT, led to the realiza-
tion that not only did function improve in
these patients, but there was also a significant
reduction in pain. Therefore, we embarked on
treating patients with TMD.

CLINICAL SYNDROMES

TMD is a nonspecific diagnosis describing pain
related to jaw and masticatory muscles of
unclear etiology. Our experience has demon-
strated that a diverse group of TMDs involving
the orofacial musculature are amenable to
treatment with BoNT. These disorders include
(1) bruxism, (2) OMDs, (3) myofascial pain,
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(4) trismus, (5) masseter and temporalis hyper-
trophy, and (6) headaches.

Bruxism

Bruxism, which includes clenching or grinding
of the teeth, or both, affects from 50% to 95%
of the adult population.23-25 Bruxism is caused
by the activation of reflex chewing activity.
Various forms of bruxism have been
described.26,27 The etiology of this disorder is
uncertain. Some experts believe that it is related
to anxiety and stress. Other explanations
include asymmetry of teeth, and digestive and
sleep disturbances. Bruxism can affect the
muscles solely or can act as a parafunction
that is an initiating and/or perpetuating factor
in more involved forms of TMD involving joint
damage. The treatment of bruxism includes
behavioral therapy, dental appliances,
and medications.28-30 Many characteristics of
bruxism mimic those of dystonia, including
similar epidemiology, pain, and exacerbation
by external factors such as fatigue, stress, and
emotional stress. Several experts have suggested
that bruxism may itself be a form of focal
dystonia.31 If bruxism is a type of dystonia, it
is possible that the success of the most
common treatment of bruxism, with intraoral
appliances or occlusal adjustments, may simply
be a ‘‘sensory trick’’ that relieves dystonic
symptoms. Regardless of the etiology of
bruxism, successful use of BoNT for bruxism
has been described.32-35

Oromandibular Dystonia

OMD can occur alone or with other focal or
generalized dystonias.36-38 Spasms of the mus-
cles of mastication can lead to pain, abnormal
jaw positioning, TMJ dysfunction, and trismus
(Fig. 16-1). The diagnosis can be difficult.
In addition to BoNT, treatments include antic-
holinergics, benzodiazepines, and other oral
agents.39-44 OMD is categorized as a focal
dystonia that involves the musculature of the
masticatory apparatus and lower face, and may
involve the tongue. It manifests as distorted
oral position and function, resulting in
orofacial disfigurement, dysfunction, and
often pain. Although it is commonly viewed
as a neurologic disorder, there is no doubt of
its inclusion as a subset of TMDs owing to the
involvement of the masticatory apparatus.45.46

We have demonstrated successful treatment

of this disorder with BoNT.47,48 Even more
significantly, early evidence of pain relief with
BoNT in the treatment of OMD has been
reported.48,49

Myofascial Pain

Myofascial pain syndrome (MPS) is one of the
common causes of TMD.50-52 It manifests as
discomfort or pain in the muscles that control
jaw function and neck and shoulder muscles.
It does not have a uniformly accepted defini-
tion or a well-understood pathology.53-56 It is
estimated that 14% of the US population
suffers from chronic musculoskeletal pain
and that 21% to 93% of these patients have
MPS.57-61 The clinical hallmark of MPS is the
‘‘trigger point,’’ a region of focal tenderness in a
taut band of muscle fibers that, on compres-
sion, produces referred pain in characteristic
areas for specific muscles. Conventional
treatments emphasize muscle relaxation using
physical and pharmacologic therapies.62,63

Previous studies demonstrated that a reduction
in bite strength, concomitant with BoNT,

FIGURE 16-1. Demonstrates a man with oromandibular dys-

tonia. Note the platysma banding indicating involement of

the neck musculature.
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resulted in pain relief.64,65 In fact, the pain
relief outlasts the weakening of the muscles
treated. BoNT therapy can alleviate pain of
myofascial origin and, indirectly, pain of
arthrogenic origin from diminished joint
loading.

Masseter and Temporalis
Hypertrophy

The etiology of benign masseteric and tempo-
ralis hypertrophy is generally unknown
(Fig. 16-2). Some believe it is due to work
hypertrophy, such as in habitual jaw clenching
or teeth grinding.66-69 Interestingly, benign

masseteric hypertrophy is frequently found
among Korean persons who favor chewing
dried squid, a tough and chewy delicacy.70-72

Masseter hypertrophy is largely regarded as a
cosmetic facial deformity, although some
report pain associated with this condition.73

Treatment with BoNT produces decreased
force on chewing and clenching and a muscle
atrophy74,75 (Fig. 16-3).

Trismus

Trimus, or ‘‘lockjaw,’’ is a limitation in jaw
opening usually caused by a tonic contraction
of the muscles of mastication of the muscle of
mastication.76 In the past, trismus was used to
describe restriction of mouth opening seen in
patients with tetanus, also called ‘‘lock-jaw,’’
but trismus can be caused by a variety of
conditions including stroke, head trauma,
surgery, and radiation.77,78 BoNT has been
reported to relieve these conditions by reducing
the involuntary contractions of the involved
muscles.79

Tension Headaches

Although the pathophysiology of headaches is
not clear, there is evidence that botulinum
toxin type A (BoTX/A) may be beneficial
in treating tension, migraine, cluster, and
cervicogenic headaches.80-82 By far the most

FIGURE 16-2. Unilateral masseter hypertrophy in a Korean

woman.

FIGURE 16-3. Before and after of

multiple botulinum toxin treat-

ment in a lady with benign masse-

ter hypertrophy.
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common headache types are tension and
migraine. Many tension headaches involve the
temporalis and/or masseter muscles. Tension
headaches are generally characterized by
aching, tenderness, or sensations of pressure
or constriction. It is estimated that 38%
of the population will experience tension head-
ache in any given year.83 Treatment for acute
episodes include simple analgesics, nonsteroi-
dal anti-inflammatory agents, and muscle
relaxants.84 Several small studies have demon-
strated that treatment of tension headache with
BoNT/A is effective.85 The topic of headaches is
reviewed elsewhere in this volume.

BOTULINUM TOXIN AND
TREATMENT OF
TEMPOROMANDIBULAR
DISORDERS AND
OROMANDIBULAR
DYSTONIA

The initial treatment of TMD usually consists
of physical therapy, occlusal appliances, and
medications. If joint pathology is involved,
surgery also may be beneficial. BoNT has
been successfully used as primary therapy
when other modes have failed. Over the past
12 years, we have developed a TMD algorithm
for management with BoNT, based on more
than 200 patients treated in our office for
TMD. We usually treat patients after traditional
conservative therapies were found to be ineffec-
tive and before surgery. At this time, we do not
include patients with primary TMJ pathology.
Therapy is directed toward the patient’s specific
symptoms. Sometimes the imbalance of
the forces of the muscle of mastication
can lead to pain in the surrounding neck
musculature due to posturing. In our experi-
ence, this is usually relieved after treatment of
the primary site.

Injection Methods

A thorough knowledge of the underlying anat-
omy of the muscles that may be involved
in TMD is essential for both diagnosis and
treatment. We typically divide are target mus-
cles into those that open the jaw and those that
close it (Table 16-1). Injection of each of the
muscles of mastication is typically performed
under electromyographic (EMG) control.

Ground and reference leads are placed on
the skin and connected to an EMG machine.
The skin of the injection site is then cleaned
with alcohol. A hollow 27-gauge, Telfon-
coated, monopolar EMG needle is placed on
a 1-mL tuberculin syringe. The needle is then
passed through the skin into the targeted
muscle. Proper placement is confirmed by
electrical signal.

Temporalis

The temporalis muscle is readily accessible
superficially in the temple area. It is a fan-
shaped muscle of variable expanse and depth.
Multiple injection points, superficial and deep,
are usually used to adequately weaken this
muscle (Fig. 16-4). Superficial injections are
performed into the thinner upper regions
of the muscle in a fan shape. No special
precautions are required, although advancing
the needle too deeply engages bone and
damages the needle. As one proceeds poster-
iorly, the muscle becomes thicker; therefore,
deeper injections are required. For this injec-
tion, particular note must be taken of the
split of the superficial temporalis fascia

TABLE 16-1 Muscles of Mastication

Jaw-Opening
Muscles

Jaw-Closing
Muscles

Anterior digastric
External pterygoid

Masseter
Temporalis
Internal pterygoid

FIGURE 16-4. Injection sites for botulinum toxin in the tem-

poralis muscle.
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approximately 1.5 cm superior to the zygomat-
ic arch. In this area, there are two superficial
fascia layers with fat in between, where the
muscle is deeper. If the operator uses the tactile
sensation of penetration of the needle through
fascia as a guide for injection, two penetrations
are necessary in this area. This latter injection is
probably very useful because the muscle in
this area is the thickest before insertion on
the coronoid process of the mandible.
Aspiration before injection is critical because
the superficial temporal artery and vein
course through this field.

Masseter

The masseter muscle is readily accessible
clinically. It is a thick muscle of trapezoidal
shape extending from the zygomatic arch
superiorly to the lower border of the mandible
inferiorly and from the posterior border of the
mandibular ramus posteriorly to midcheek
anteriorly. Approximately five diffuse injections
are recommended, preferably targeted to areas
of highest activity on EMG, greatest muscle
bulk, and greatest discomfort (Fig. 16-5).
Care must be taken with anterior and superior

injections of this muscle because diffusion of
BoNT to the zygomaticus major muscle nearby
may result in an adverse cosmetic effect, specif-
ically preventing the patient from raising the
corner of the mouth and thus causing an asym-
metric smile.

Medial Pterygoid

The medial pterygoid muscle lies on the medial
surface of the mandible and is somewhat
difficult to reach (Fig. 16-6). The utility of
injecting this muscle in most instances is ques-
tionable because adequate relaxation of the
masseter and temporalis jaw-closing muscles
appears to provide enough clinical effect to
relieve pain relief and reduce joint loading.
However, in some cases of OMD, in which
opening of the mouth remains difficult, the
internal pterygoid muscle may be treated.
The muscle can be injected extraorally via a
submandibular route. However, the angulation
does not lend itself to good visibility or easy
access to the superior aspect of the muscle.
The intraoral approach allows palpation of
the muscle before injection except when the
patient has a sensitive gag reflex or limitation
in oral opening. In either technique, care must
be taken to stay within the muscle because
superior medial injection can approach the
infratemporal fossa and its contents. Branches
of the external carotid artery, branches of the
trigeminal nerve, and muscles of the pharynx
can be adversely affected. Inferior medial
injection outside the medial pterygoid can
affect the submandibular gland as well as
muscles of the floor of the mouth. Therefore,
EMG guidance is required.

FIGURE 16-5. Markings are injection points for the masseter

muscle.

Internal
pterygoid
muscle

FIGURE 16-6. Anatomy of the medial pterygoid muscle.
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Lateral Pterygoid

This small muscle requires EMG guidance for
injection because of its size and location The
approach is operator dependent, either extra-
or intraoral. Using an extraoral approach, one
must establish the location of the condylar
head by palpation as the patient demonstrates
a full range of mandibular motion. The needle
is inserted through the skin, through the
coronoid notch area anteriorly, and slightly
deeper. The patient is then asked to mobilize
the mandible from side to side, listening for
bursts of activity on the EMG. Aspiration and
injection are performed once proper position is
ascertained. This approach, however, engages
the muscle perpendicularly and limits the
amount of the muscle that can be treated.
The intraoral approach engages the muscle in
a parallel fashion. The intraoral approach
involves palpation of the external pterygoid
plate posterior to the maxillary tuberosity.
Once the needle is inserted through mucosa,
it is helpful to visualize the patient’s ear
(knowing that the TMJ is just anterior to the
external auditory meatus) to guide the needle
laterally and posteriorly. This is performed with
EMG guidance to allow injection in several
places along the length of the muscle. There
are variations of these basic techniques.
Considerable caution must be taken while
injecting in this infratemporal fossa area, as
noted previously. It is also important to note
that the muscle is surrounded by the pterygoid
plexus of veins.

Because the lateral pterygoid is a relatively
small muscle and may not be the major
contributor to jaw opening dystonia, Jankovic
et al86 first showed in 1990 that an injection of
botulinum toxin into the submental muscle
complex in such patients may be beneficial.
Subsequent studies confirmed initial observa-
tion.87-89 Our standard approach now is to
inject the lateral pterygoids and the anterior
belly of the digastric muscle bilaterally.

CLINICAL EXPERIENCE

Our first TMD patient was treated in 1989.
The patient was a man who had severe daily
headaches; huge, tender masseter muscles;
TMJ clicking; and moderate trismus. Most treat-
ments were ineffective, and he chewed through
night guards each week. He required 75 units
of Botox in each masseter and 25 units in each
temporalis muscle every 3 to 4 months, but he

had near-complete cessation of pain and dys-
function after each treatment.

We then embarked on an open-label study,
treating patients with dose ranges of: masseter
muscle, 15 to 75 units per muscle; tempora-
lis muscle, 10 to 30 units; internal pterygoid
muscle, 10 to 20 units; and external pterygoid
muscle, 7.5 to 15 units. The muscles injected
were determined by the patients reporting
of location of pain, muscle tenderness to pal-
pation, and observed functional abnormalities.
We generally start with 25 units in each masse-
ter and 12.5 to 25 units in each temporalis
muscle (in patients who primarily clenched
their teeth) and 7.5 units in each lateral
pterygoid (for patients with bruxing and
grinding). Additional muscles were added,
depending on symptoms and clinical examina-
tion. The patient returned at 2 weeks for a
re-evaluation. If he or she continued to have
pain, a booster dose was given to the persis-
tently painful muscles.

In reviewing the first 200 patients, we found
a 70% response rate, with a response defined
as 50% or more reduction in pain and/or
frequency of pain. We noted that many of the
patients who still had pain had both a decrease
in resting pain and a decrease in the amount of
daily medication to control the pain. After
repeated injections, there was a trend for
increased response and increased duration of
benefit. This suggests a central increase in
pain threshold.

The adverse events were minimal. Less than
10% of the patients (usually those with doses
of 50 U or more in the masseter muscles)
complained of a decreased ability to chew
solid foods. A number of the patients could
not chew food before treatment due to pain.
Two patients reported a change in their smile,
due to slight weakness from diffusion of
toxin to the levator angli oris and zygomaticus
muscles. Slight tenderness at the site of injec-
tion and 3 patients with skin ecchymosis were
also reported.

Based on the promsing results of the
open-label study, we designed a multicenter
study. It was a double-blind, placebo con-
trolled dose comparison study with rando-
mized treatment into 4 arms: placebo,
75 units (25 U each masseter muscle, 12.5 U
each temporalis muscle), 100 units (25 U each
masseter and temporalis), and 150 units (50 U
each masseter, 25 U each temporalis).
The study population consisted of male and
female patients 18 years or older who
had TMD pain and no primary joint disease,
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met other entry criteria, and gave written
informed consent.

The primary objective of this study was to
examine the efficacy of Botox (Allergan,
Irvine, CA) relative to placebo in the manage-
ment of TMD. The primary end point addres-
sing this objective is the proportion
of responders, defined as those patients who
exhibit at least a 50% decrease in their
maximum temporomandibular pain at rest
measured by a Visual Analog Scale pain rating
scale, from baseline to week 8. The results will
be analyzed in the near future and published
when available.

SIDE/ADVERSE EFFECTS

The most common side effects were temporary
bruising and pain at the sites of injection.
Less common adverse effects reported were
difficulty chewing, dysphagia, and asymmetry
of the face.

CONCLUSIONS

Pain related to the TMJ and the associated
muscles of mastication is a very common
report. TMDs are a common cause of chronic
facial pain and headache. The disorder is
thought to be secondary to hyperfunction of
the muscles of mastication resulting in chronic
inflammation and pain. TMD is considered a
group of pathologies affecting the masticatory
muscles, the TMJ, and related structures. TMD
pain may be muscular pain or joint pain and
can be associated with headache, myofascial
pain of the back and shoulders and neck
pain. There can be associated disorders within
the TMJ such as ankylosis and arthritis;
however, these disorders can often be present
without any accompanying joint pathology.
Associated complaints include earache, head-
ache, neck pain, and facial swelling.

TMD is a widespread pain disorder of the
head and neck. Chronic pain and associated
symptoms significantly interfere with interper-
sonal relations, professional duties, and overall
quality of life. Patients suffering from chronic
pain have an increased risk of developing
psychiatric disorders, particularly affective
disorders such as depression.90 A detailed
examination with appropriate diagnostic
testing often allows the physician to classify
the specific disorder and initiate an effective
therapeutic plan.

BoNT provides significant relief from facial
pain in many of the patients, and reduces inten-
sity, frequency, and duration of recurrent epi-
sodes when properly administered. The exact
mechanism is still not completely understood.
We suggest that BoNT therapy be instituted after
standard conservative therapy failure and before
surgical interventions. Injection protocols,
including fixed-site and follow-the-pain techni-
ques, have provided lasting relief in patients
with TMD, idiopathic facial pain, trigeminal
neuralgia, and headache. The adverse effects
from BoNT are often mild, transient, and lim-
ited to adjacent muscle weakness, which can
often be avoided through the use of proper
injection technique. Further basic and clinical
trials are necessary to fully elucidate the efficacy
of this treatment, but BoNT therapy may pro-
vide a safe and effective means by which to treat
TMD and other chronic pain disorders in the
head and neck.
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17Botulinum Toxin in
Headache

Management

Stephen D. Silberstein

INTRODUCTION

Headache affects more than 45 million indivi-
duals in the United States, which makes it one
of the most common nervous system disorders
in existence.1 The International Headache
Society (IHS) diagnostic criteria for headache
disorders have been revised2 (International
Classification of headache Disoders-2
[ICHD-2], 2004) and continue to classify
primary headache disorders as those in which
headache itself is the illness, with no other
etiology diagnosed. Examples of a primary
headache disorder include migraine and
tension-type headache (TTH).3 Headache
disorders can be further classified as episodic
(<15 headache days per month) or chronic
(�15 headache days per month for more
than 3 months).3

Migraine is a primary episodic headache
disorder characterized by various combinations
of neurologic, gastrointestinal, and autonomic
changes. ‘‘Migraine’’ is derived from the
Greek word ‘‘hemicrania,’’ (Galen �200 AD).4

The diagnosis of migraine is based on the
retrospective reporting of headache characteris-
tics and associated symptoms.5 The physical
and neurologic examinations, as well as
laboratory studies, are usually normal and
serve to exclude other, more ominous causes
of headache.

The ICHD-2 (ICHD-2; 2004) provides crite-
ria for a total of seven subtypes of migraine.3

The ICHD-2 diagnostic criteria for migraine
include headache associated with at least two
of the following: unilateral location, pulsating
quality, moderate or severe pain intensity, and

aggravation by or causing avoidance of routine
physical activities; at least one of the following
during headache: nausea or vomiting, photo-
phobia and phonophobia; and headache not
attributable to another disorder.3

Migraine prevalence is similar and stable in
Western countries and the United States.6 It is
estimated that 28 million Americans, including
18% of women and 7% of men, are afflicted
with severe, disabling migraines.7 Migraine
prevalence varies by age, gender, race, and
income. Before puberty, migraine prevalence
is approximately 4%8; after puberty, it increases
more rapidly in girls than in boys. It increases
until approximately age 40, then declines.
Prevalence is lowest in Asian-Americans,
intermediate in blacks, and highest in whites.8

In the United States, migraine prevalence
decreases as household income increases.7-9

The World Health Organization ranks
migraine as one of the world’s most disabling
illnesses, profoundly impacting quality of life,
causing functional impairment and disruption
of household or social activities.10 The
economic burden of the disease to society is
also considerable. In the United States, the
yearly medical costs exceed one billion dollars,
and costs to employers due to migraine-
related absenteeism and reduced productivity
is 13 billion dollars.11

Chronic daily headache (CDH) is a hetero-
geneous group of headache disorders that
can include chronic migraine, chronic TTH
(CTTH), and other headache types that occur
15 days or more a month in the absence of
structural or systemic disease,12 and affects
4% to 5% of the general population
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worldwide.13-15 Patients with CDH often over-
use acute headache medications2 and have
greater disability and lower quality of life
than patients with episodic headache.15-17

TTH is the most common of the primary
headache disorders, with an annual prevalence
as high as 38%.15,18 TTH is associated with
bilateral pain that is pressing or tightening in
quality and mild to moderate in intensity. It is
not associated with nausea/vomiting or routine
physical activity but may be associated with
photophobia or phonophobia.3 Frequent
episodic (at least 10 episodes occurring on �1
but <15 days per month) or chronic (�15 days
per month) TTH is associated with greatly
decreased quality of life and high disability.3,18

PATHOPHYSIOLOGY OF
HEADACHE DISORDERS

Migraine is believed to arise from activation of
meningeal and blood vessel nociceptors, along
with a change in central pain modulation
mediated by the trigeminal system.19 In
response to stimulation of the trigeminal sen-
sory neurons, perivascular nerve fibers that
innervate blood vessels release peptide

mediators, neurokinin A, substance P, and cal-
citonin gene–related peptide (CGRP), which
transmit nociceptive activity to the brain stem
autonomic nuclei via glutamate-mediated
transduction. The trigeminovascular system
can be activated by cortical spreading depres-
sion, a process characterized by shifts in corti-
cal steady state potential; transient increases in
potassium, nitric oxide, and glutamate; and
transient increases followed by sustained
decreases in cortical blood flow (Fig. 17-1).19

Trigeminal activation results in release of vaso-
active peptide–producing neurogenic inflam-
mation, vasodilation, sensitization of nerve
fibers, and, ultimately, pain and associated
symptoms.19 Migraine pain is likely a result
of the combination of activation of pain-
producing intracranial structures and reduction
in endogenous pain control pathways.19,20

The pathophysiology underlying TTH is not
well understood. The relative contributions of
peripheral and central pain mechanisms to
TTH remain unclear.21

TREATMENT OF HEADACHE

Acute (abortive) migraine treatments, which
patients take at the time of occurrence in an
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FIGURE 17-1. Cortical spreading depression. AA,
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attempt to relieve pain and disability and
prevent progression, include migraine-specific
medications, such as ergots or triptans, and non-
specific agents, such as analgesics or opioids.19

Prescription nonsteroidal anti-inflammatory
drugs (NSAIDs) or combination analgesics
may also be used. Patients with acute TTH typ-
ically self-medicate with over-the-counter
analgesics, such as aspirin, acetaminophen, or
NSAIDs, which could lead to drug overuse.

Preventive treatments are designed to reduce
the frequency, severity, or duration of migraine
attacks. These are indicated when acute medi-
cations are ineffective or overused, or head-
aches are very frequent or disabling.19

Preventive agents include beta-adrenergic
blockers, antidepressants, calcium channel
and serotonin antagonists, anticonvulsants,
and NSAIDs.19

Although daily, oral prophylactic treatments
have proven effective, issues such as lack of
compliance with daily dosing regimens and
adverse effects have limited their useful-
ness19,22 and resulted in a search for other
modalities and agents, including botulinum
neurotoxins (BoNTs), as potential preventive
treatments.

BOTULINUM TOXIN IN
HEADACHE DISORDERS

Botulinum Neurotoxin
Formulations

The seven BoNT serotypes (A, B, C1, D, E, F,
and G) produced by Clostridium botulinum are
synthesized as single-chain polypeptides. All
serotypes inhibit acetylcholine release,
although their intracellular target proteins,
physiochemical characteristics, and potencies
are different.23,24 Botulinum toxin type A
(BoNT/A) has been the most widely studied
serotype for therapeutic purposes.23

At present, BoNT is available for clinical use
in the United States as BoNT/A products Botox
(Allergan, Inc., Irvine, CA) and Dysport (Ipsen
Ltd., Slough, UK), and the BoNTB product
Myobloc/Neurobloc (Solstice Neurosciences,
Inc., South San Francisco, CA, USA/Solstice
Neurosciences Ltd., Dublin, Ireland). Botox is
the only BoNT/A product approved by the
US Food and Drug Administration and is
indicated for the treatment of strabismus, ble-
pharospasm, cervical dystonia, axillary hyper-
hidrosis, and glabellar lines.25 It is also

approved in other countries for the treatment
of adult spasticity and juvenile cerebral palsy.
Lyophilized Botox is available in vials contain-
ing 100 units (U) of BoNT/A and is
diluted with 2 or 4 mL of preservative-
free 0.9% saline to yield a concentration of
5.0 or 2.5 U per 0.1 mL, respectively.25

Reconstituted solutions of Botox can be refri-
gerated but must be used within 4 hours.25

Myobloc is available in 0.5-, 1-, and 2-mL
vials containing 5000 U per mL.24

Mechanism of Action of
Botulinum Toxin in Headache

BoNT inhibits the release of acetylcholine at
the neuromuscular junction by binding to
motor or sympathetic nerve terminals, then
entering the nerve terminals and inhibiting
the release of acetylcholine, thereby blocking
neuromuscular transmission. This inhibition
occurs as the BoNT cleaves one of several
proteins integral to the successful docking and
release of acetylcholine from vesicles situated
within nerve endings. Following intramuscular
injection, BoNT produces partial chemical
denervation of the muscle, resulting in a local-
ized reduction in muscle activity.23,24

The association between BoNT/A use and
the alleviation of migraine headache symptoms
was discovered during initial clinical trials of
BoNT/A treatment for hyperfunctional lines
of the face.26 BoNT/A therapy has been used
for a variety of disorders associated with pain-
ful muscle spasms. Because migraine attacks are
frequently associated with muscle tenderness,27

it was generally believed that intramuscular
BoNT/A might prevent abnormal sensory
signals in the affected muscle from traveling
to the central nervous system (CNS). If abnor-
mal muscle physiology can trigger migraine,
one would predict that BoNT/A treatment
would work prophylactically only in patients
whose migraine attacks develop on the heels
of episodic or chronic muscle tenderness.

Jakubowski et al28 explored neurologic
markers that might distinguish migraine
patients who benefited from BoNT/A treatment
from those who did not. The prevalence
of neck tenderness, aura, photophobia, phono-
phobia, osmophobia, nausea, and throbbing
was similar between responders and nonre-
sponders. However, the two groups offered
different accounts of their pain. Among nonre-
sponders, 92% described a buildup of pressure
inside their head (exploding headache).
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Among responders, 74% perceived their head
to be crushed, or clamped, or stubbed by
external forces (imploding headache),
and 13% attested to an eye-popping pain
(ocular headache). The finding that exploding
headache is not as responsive to extracranial
BoNT/A injections is consistent with the view
that migraine pain is mediated by intracranial
innervation. The amenability of imploding and
ocular headaches to BoNT/A treatment suggests
that these types of migraine pain involve
extracranial innervation as well.29 The precise
mechanisms by which BoNT/A alleviates
headache pain are unclear. It inhibits the
release of glutamate and the neuropeptides
substance P and CGRP from nociceptive
neurons, suggesting that its antinociceptive
properties are distinct from its neuromuscular
activity.30

BoNT/A may inhibit central sensitization of
trigeminovascular neurons, which is believed
to be key to migraine’s development and
maintenance.30-33 Oshinsky et al34 used a
preclinical model of sensitizing dorsal horn
neurons in the trigeminal nucleus caudalis
(TNC) following chemical stimulation of the
dura as a model for testing the effects of
BoNT/A on central sensitization. They used
single-neuron electrophysiology of second sen-
sory neurons in the TNC with cutaneous recep-
tive fields and microdialysis of the TNC to
evaluate the effects of pretreatment of the peri-
orbital region of the rat with BoNT/A. In saline-
treated animals, extracellular glutamate
increased steadily after 100 minutes following
the application of inflammatory soup to the
dura. The increase of glutamate reaches
�3 times the basal level at 3 hours after the
inflammatory soup. Electrophysiologic record-
ings of neurons in the TNC before and after
sensitization confirmed these data. Following
the inflammatory soup, there was an increase
in the magnitude of the response to sen-
sory stimuli and an increase in the cutaneous
receptive field of the second sensory neurons in
the TNC.

Afferent-affferent communication happens
in the nerve through axon-axon glutamate
secretion, and at the level of the ganglion
through nonsynaptic release of glutamate and
peptides (CGRP and SP). Oshinsky’s proposal
is as follows: Following chemical stimulation
of the dura during a migraine attack and in
their rat model, the dural afferents may com-
municate with other trigeminal afferents on
the ophthalmic division of the trigeminal
nerve and recruit them to secrete glutamate

and neuropeptides. This would recruit more
afferents spreading activation and sensitization.
The number of afferents activated on the dura
is small compared with the total number of
afferents in the whole trigeminal system, so
activation of the dural afferents alone may
not be sufficient to produce the large changes
in the CNS that lead to central sensitization.

Oshinsky et al measured the extracellular
level of glutamate following a 5-minute chem-
ical stimulation of the dura and found that
there is a 2- to 3-fold increase more than 1.5
hours following the stimulation. This increase
was blocked by pretreating the face of the rat
with BoNT/A. Producing the large changes in
extracellular glutamate in the CNS requires a
massive sensory activation. The afferents of
the dura may recruit the afferents of the face
and head, which leads to the sensitization of
these areas seen in human and animal studies.
Botulinum toxin may block the axon-to-axon
and interganglionic communication of the
afferents and thus prevent central and periph-
eral sensitization outside of rat dura.
Electrophysiologic studies confirmed that
there is no change in the magnitude of the
sensory response in the TNC neurons or
their receptive field in the rats with BoNT/A
following the inflammatory soup. These data
show that peripheral application of BoNT/A
prevents central sensitization elicited by stimu-
lation of the dura with inflammatory
mediators.34

Treatment Guidelines

Selecting candidates for BoNT therapy begins
with accurately diagnosing and classifying
patients’ headache type based on their medical
history. BoNT/A therapy may be most appro-
priate for patients whose disabling headaches
interfere with their daily routines despite acute
therapy, or for patients who cannot tolerate
other preventive strategies. Table 17-1 lists
characteristics of headache patients who may
be candidates for BoNT/A therapy. BoNT/A
use is contraindicated for patients with sensitiv-
ity to toxins or with neuromuscular disorders,
such as myasthenia gravis.22

Botulinum Neurotoxin Treatment
Techniques

Sterile technique should be observed for the
entire BoNT injection procedure. Injections do
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not have to be intramuscular, but we use the
muscles as reference sites for injections, which
are most commonly administered in the glabel-
lar and frontal regions, the temporalis muscle,
the occipitalis muscle, and the cervical para-
spinal region (Fig. 17-2).

The injection protocols commonly used are
(1) the fixed-site approach, which uses fixed,

symmetric injection sites and a range of prede-
termined doses; (2) the follow-the-pain
approach, which adjusts the sites and doses
depending on where the patient feels pain
and where the examiner can elicit pain and
tenderness on palpation of the muscle
and often employs asymmetric injections; and
(3) a combination approach, using injections

TABLE 17-1 Candidates for Botulinum Toxin Type A (BoNT/A) Therapy For Headache17

� Patients with disabling primary headaches
� Patients who have failed to respond adequately to conventional treatments
� Patients with unacceptable side effects (from existing treatment)
� Patients in whom standard preventive treatments are contraindicated
� Patients in special populations or situations (the elderly, those at risk of unacceptable side effects from trial drugs or

traditional treatments, airplane pilots, students studying and preparing for examinations)
� Patients misusing, abusing, or overusing acute headache medications
� Patients with coexistent jaw, head, or neck muscle spasm
� Patients who prefer this treatment
� Patients with imploding migraine headache

Used with permission from Blumenfeld AM, Binder W, Silberstein SD, Blitzer A. Procedures

for administering botulinum toxin type A for migraine and tension-type headache. Headache. 2003;43:884-891.
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FIGURE 17-2. Injection site locations

for headache treatment. A, Glabellar
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muscle. (Reproduced with permission
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at fixed frontal sites, supplemented with
follow-the-pain injections (this approach
typically uses higher doses of BoNT/A).22

Table 17-2 lists recommended anatomic sites
of injection for headache and the BoNT/A
(Botox) dose per site.

Clinical Comparison of Efficacy of
Botulinum Neurotoxin in
Headache Disorders

Most studies on BoNT’s efficacy and safety in
headache treatment have used BOTOX�.35

No large, well-controlled studies using other
preparations have been published. Clinical
trial results discussed in the next section are
summarized in Table 17-3.35

Some studies support the efficacy of BoNT/A
in migraine treatment. A double-blind, vehicle-
controlled trial of 123 patients with moderate-
to-severe migraine found that subjects treated
with a single injection of 25 U BoNT/A
(but not those treated with 75 U) showed sig-
nificantly fewer migraine attacks per month, as
well as reductions in migraine severity, number
of days requiring acute medication, and
incidence of migraine-induced vomiting.36

The lack of significant effect in the higher dose
group may be related to baseline group differ-
ences, for example, fewer migraines or a longer
time since migraine onset in the higher-dose
group.36 Another double-blind, placebo-con-
trolled, region-specific study found a significant

reduction in migraine pain among patients who
received simultaneous injections of BoNT/A in
the frontal and temporal regions, as well as an
overall trend toward BoNT/A superiority to pla-
cebo in reducing migraine frequency and dura-
tion.36 A randomized, double-blind, placebo-
controlled study compared the efficacy of
placebo, 16 U BoNT/A, and 100 U BoNT/A
as migraine prophylaxis when injected into
the frontal and neck muscles.37 There were no
statistically significant differences in reduction
of migraine frequency among the groups,
but the accompanying migraine symptoms
were reduced in the 16 U BoNT/A group.37

New studies, however, have not demon-
strated significant improvements over placebo.
A recent study38 of patients (N = 232) with
moderate to severe episodic (four to eight epi-
sodes/month) migraine compared placebo
with regional (frontal, temporal, or glabellar)
or combined (frontal/temporal/glabellar)
treatment with BoNT/A. Reductions from base-
line in migraine frequency, maximum severity,
and duration occurred with BoNT/A and
placebo, but there were no significant
between-group differences.38 Elkind et al39

conducted a series of three sequential studies
of 418 patients with a history of four to eight
moderate-to-severe migraines per month with
re-randomization at each stage and BoNT/A
doses ranging from 7.5 to 50 U. BoNT/A
and placebo produced comparable decreases
from baseline in migraine frequency at each
time point examined, with no consistent,

TABLE 17-2 Anatomic Sites of Injection and Botulinum Toxin Type A (BoNT/A; Botox) Dose

Muscle BoNT/A U/Site Number of Injection Sites

Procerus* 2.5-5.0 1

Corrugator*
Medial
Lateral

2.5
2.5
2.5

2 (1 per side)
2 (1 per side)
2 (1 per side)

Frontalis* 2.5-5.0 2-4 per side

Temporalis* 2.5-5.0 8–10 (4-5 per side)

Occipitalis{ 2.5-5.0 2 (1 per side)

Splenius capitis area* { 2.5-5.0 2 per side

Masseter{ 2.5-5.0 1-2

Trapezius{ 2.5-5.0 2–8 (1–4 per side)

Sternocleidomastoid{ 2.5-5.0 2

Cervical paraspinal muscles{ 2.5-5.0 1–3 per side

*For fixed-site or follow-the-trigeminal-nerve protocol, injections should be bilateral.
{For follow-the-pain protocol, injections may be unilateral or bilateral, depending on signs and symptoms.

Adapted from Blumenfeld AM, Binder W, Silberstein SD, Blitzer A. Procedures for administering botulinum toxin type A for migraine

and tension-type headache. Headache. 2003;43:884-891.
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statistically significant, between-group differ-
ences observed.39

Several randomized, double-blind, placebo-
controlled studies support the efficacy of BoNT
for the treatment of CDH. In a large, placebo-
controlled study (N = 355), Mathew et al40

found that although BoNT/A did not differ
from placebo in the primary efficacy measure
(change from baseline in headache-free days at
day 180), there were significant differences in
several secondary end points, including a
greater percentage of patients with a �50%
decrease in headache frequency and a greater

mean change from baseline in headache
frequency at day 180.40 A subgroup analysis
of patients not taking concomitant preventive
agents (n = 228) found that BoNT/A patients
had a greater decrease in headache frequency
compared with those taking placebo after
two and three injections, and at most time
points from day 180 to 270.30 In a similar
study (N = 702) by Silberstein et al,12

which used several doses of BoNT/A (75, 150,
and 225 U), the primary efficacy end point
(mean improvement from baseline in head-
ache frequency at day 180) was also not met.

TABLE 17-3 Summary of Randomized, Double-blind, Controlled Studies of the Efficacy of
Botulinum Toxin Type A (BoNT/A) in the Treatment of Headache

Headache Type Study Outcome

Migraine

Silberstein et al 200036 � Decreased migraine frequency and severity and
acute medication use with BoNT/A 25 U but not
with BoNT/A 75 U

Brin et al 200043 � Decreased migraine pain compared with PBO with
simultaneous frontal and temporal BoNT/A
injections

Evers et al 200437 � No difference from PBO in decreased frequency of
migraine

� Greater decrease in migraine-associated symptoms with
BoNT/A 16 U

Saper et al 200738 � Decreased frequency and severity of migraine in
BoNT/A and PBO groups, with no between-group
differences

Elkind et al 200639 � Comparable decreases in migraine frequency in both
BoNT/A and PBO groups, with no between-group
differences

Chronic Daily Headache of Migraine Type

Mathew et al 200540 � No difference from PBO on primary efficacy end
point change in headache-free days from baseline
at day 180

� A significantly higher percentage of BoNT/A patients
had a �50% decrease in headache days/month at day
180 compared with those taking PBO.

Dodick et al 200530 � Greater decrease in headache frequency after two
and three injections compared with PBO

Silberstein et al 200512 � No difference from PBO on primary efficacy end
point—change in headache frequency from baseline
at day 180

� Greater decrease in headache frequency for BoNT/A 225
U and 150 U than PBO

Chronic Tension-Type Headache

Silberstein et al 200621 � No difference from PBO on primary efficacy
endpoint-mean change from baseline in CTTH
headache days

� Greater percentage of BoNT/A patients than PBO with
� 50% reduction in headache frequency at 90 and 120
days for several doses of BoNT/A

CTTH, chronic tension-type headache; PBO, placebo.
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However, all groups responded to treatment,
and patients taking 150 and 225 U of BoNT/
A had a greater decrease in headache frequency
at Day 240 than those taking placebo.12

Studies evaluating the efficacy of BoNT/A in
CTTH have been inconsistent. A double-blind,
randomized, placebo-controlled study21 of 300
patients found that although all treatment
groups, including those taking placebo,
improved in mean change from baseline in
CTTH-free days per month (primary end
point) at day 60, the group who received
BoNT/A did not demonstrate improvement
compared with the group taking placebo at
any dose or regimen (50 to 150 U). However,
a significantly greater percentage of patients
in three BoNT/A groups at day 90 and two
BoNT/A groups at day 120 had a �50%
decrease in CTTH days than the placebo
group.21 Furthermore, a review evaluating
clinical studies of TTH supports the benefit
of BoNT/A in reducing frequency and severity
of headaches, improving quality of life and
disability scales, and reducing the need for
acute medication,41 while another review,
which also included studies with both Botox
and Dysport, concluded that randomized,
double-blind, placebo-controlled trials present
contradictory results attributable to variable
doses, injection sites, and frequency of
treatment.42

Adverse Events Associated With
Use of Botulinum Neurotoxin

More than two decades of clinical use have
established BoNT/A as a safe drug24 with no
systemic reactions in clinical trials for head-
ache. Rash and flu-like symptoms can rarely
occur as a result of an allergic reaction.24

However, serious allergic reactions have never
been reported. Injection of anterior neck mus-
cles can cause dysphagia (swallowing difficul-
ties) in some patients.24 Dysphagia and dry
mouth appear to be more common with injec-
tions of BoNT/B (Myobloc) because of its wider
migration pattern.24 The most common side
effects when treating facial muscles are
cosmetic and include ptosis or asymmetry of
the position of the eyebrows.24 Another possi-
ble, but rare, side effect is difficulty in holding
the head erect because of neck muscle
weakness.24 Headache patients occasionally
develop a headache following the injection
procedure, although some have immediate
relief of an acute attack. The latter is most

likely due to the trigger point injection
effect.24 Worsening of headaches and neck
pain can occur and last for several days or,
rarely, weeks after the injections because of
the irritating effect of the needling and delay
in the muscle relaxing effect of BoNT.24

SUMMARY

Headache disorders, including migraine, CDH,
and TTH, are common debilitating conditions
that profoundly impact quality of life. Existing
preventive and acute pharmacotherapies
provide relief to some headache sufferers but
vary in efficacy and may be associated with
adverse events. Overuse and abuse of acute
pharmacotherapies is an important problem
in managing these conditions and should be
avoided. Clinical studies suggest that BoNT is
a safe treatment and may be efficacious for the
prevention of some forms of episodic
and chronic headache, including migraine
and CDH. Further research is needed to under-
stand the mechanism of action of BoNT
in headache, further establish its safety and
efficacy for these indications, and fully develop
its therapeutic potential.
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18Botulinum Toxin
Therapy in

Gastrointestinal
Disorders

Rajasekhara Mummadi and Pankaj J. Pasricha

INTRODUCTION

Except at both extremities, the muscle of the
gastrointestinal (GI) tract is dissimilar from
skeletal muscle in terms of form (smooth
versus striated), function, and control. Thus,
its contractions and relaxations are under the
immediate regulation of the intrinsic neurons
of the enteric nervous system (ENS) contained
within the wall of the GI tract itself, although
significant modulation is provided by extrinsic
autonomic nerves (both sympathetic and
parasympathetic). ENS neurons can be both
excitatory (predominantly cholinergic) and
inhibitory (predominantly nitrinergic), and at
any one time, the muscle tone in a given
segment of the gut reflects a balance between
these opposing influences.1 In several disor-
ders of motility, this system becomes
imbalanced, often from partial or complete
loss of inhibitory neurons. This provides the
rationale for most of the GI use of botulinum
neurotoxin (BoNT), which, by blocking excita-
tory neurotransmitter release, can reduce
hypertonicity in the affected muscle.
However, although many animal experiments
have suggested that BoNT reduces muscle tone
in the gut,2 the underlying mechanisms
remain to be clarified fully and there is
some suggestion that it may also inhibit
the responsiveness of smooth muscle to
exogenous stimuli, an effect that is unique to
the GI tract.3

After the pioneering work of Alan Scott, who
used botulinum toxin A (BoNT/A) to treat
strabismus in the 1970s,4 another decade
elapsed before the therapeutic potential of
BoNT/A was applied to the smooth muscle. In
1993, Pasricha et al5 demonstrated that BoNT/A
can be of therapeutic value in treating GI
smooth muscle disorders. Since then, BoNT/A
has been used for a variety of indications in
the gut with varying evidence of efficacy
(Table 18-1). This chapter attempts to provide
an overview of this emerging and exciting
therapeutic area.‘

CRICOPHARYNGEAL
DYSPHAGIA

Rationale

Unlike most of the other target muscles
described in this chapter, the cricopharyngeus
is a striated muscle. It is a major component of
the upper esophageal sphincter (UES), and its
dysfunction may be an important cause of
oropharyngeal dysphagia. This condition,
often called cricopharyngeal achalasia, is
characterized by failure of timely and sufficient
relaxation of the UES during the pharyngeal
phase of swallowing. It can occur as an isolated
abnormality or as part of a more generalized
neuromuscular problem. Some but not all
patients with this disorder may benefit from
a surgical myotomy, and BoNT/A injections

Dr. Mummadi does not reported any conflicts of interest. Dr. Pasricha is reporting that he is a consultant on the advisory board of the
following companies: Pentax, GI Supply, Proctor and Gamble, Amulet, Elixir, Transzyme, Dynogen, Altus, Apollo Endosurgery, Endopace,
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have been proposed both as a therapeutic trial
to select patients for surgery as well as primary
treatment for high-risk patients.‘

Technique

Because of its striated nature, the typical doses
of BoNT/A used for cricopharyngeal injection
are smaller than those for smooth muscle dis-
orders. Multiple techniques6-13 have been
described, including percutaneous and endo-
scopic approaches (using rigid or flexible
instruments), with guidance provided by elec-
tromyographic or radiologic techniques.‘

Efficacy

Multiple uncontrolled studies have been
published to date14-18 with mean short-term

response rates varying from 70% to 100%
and mean duration of around 7 months.
Some authors have reported improvement in
secondary cricopharyngeal dysfunction includ-
ing Parkinson’s disease12 and post-stroke
dysphagia.19 Finally, there is a single report
on the use of this drug for the poorly defined
syndrome of globus.20 Although generally safe,
concerns regarding exacerbation of dysphagia
and vocal cord paralysis exist.21‘‘

ACHALASIA

Achalasia (‘‘failure to relax’’) is a motor disorder
of the esophagus characterized by absent peri-
stalsis and incomplete relaxation of the lower
esophageal sphincter (LES). The latter appears
to be functionally more significant, resulting in
progressive dysphagia, chest discomfort, and
regurgitation. There is no curative treatment

TABLE 18-1 Applications of Botulinum Neurotoxin Type A in Gastrointestinal Disorders

Disorder Site of Action
Level of
Evidence* Clinical Practice

UES disorders Cricopharyngeus Level II-2 Response predicts benefit by CPM. Used
commonly in clinical practice.

Achalasia LES Level I Used routinely in clinical practice.
Alternative to myotomy in high risk patients.
Short term response 70-90%

Diffuse esophageal
spasm

Body of esophagus
and LES

Level II-3 Reserved for patients who do not
respond to medical therapy. Larger
placebo controlled trials are needed to
justify routine use.

Gastroparesis Pylorus Level I evidence for
no efficacy

Not efficacious. Benefit only in
uncontrolled trials. One randomized
controlled trial (2007) showed no
efficacy. Rarely used in routine practice.

Obesity Antrum Level I One small RCT showing weight loss at 8
weeks. Clinical significance is not clear.
Not used in clinical practice

Sphincter of Oddi
dysfunction

Sphincter of Oddi Level II-2 Can be used as a therapeutic trial to
select patients who would benefit from
ES

Anal fissure Internal anal
sphincter

Level I Strong evidence for efficacy. Used
routinely in clinical practice

Anismus EAS or puborectalis Level II-3 Evidence from small uncontrolled studies

CPM, cricopharyngeal myotomy; EAS, external anal sphincter; ES, endoscopic sphincterotomy; LES, lower esophageal sphincter;

RCT, randomized controlled trial; UES, upper esophageal sphincter.

*Levels of evidence:

� Level I: Evidence obtained from at least one properly designed randomized controlled trial.

� Level II-1: Evidence obtained from well-designed controlled trials without randomization.

� Level II-2: Evidence obtained from well-designed cohort or case-control analytic studies, preferably from more than one

center or research group.

� Level II-3: Evidence obtained from multiple time series with or without the intervention. Dramatic results in uncontrolled

trials might also be regarded as this type of evidence.

� Level III: Opinions of respected authorities, based on clinical experience, descriptive studies, or reports of expert committees.
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for achalasia, and all the current treatment
modalities aim to decrease the LES pressure,
allowing gravity-aided emptying of esophagus.
Conventional treatment options include pneu-
matic dilation (done endoscopically) of
the LES or laparoscopic surgical myotomy.
In 1993, Pasricha et al5 described the first
successful use of BoNT/A for the treatment
of achalasia.

Rationale

LES tone, like that of other GI muscle, is under
the influence of both excitatory and inhibitory
nerves. Pathophysiologically, achalasia appears
to result from a loss of the inhibitory
(mainly nitrergic) nerves, leading to relatively
unopposed excitatory cholinergic activity.
BoNT/A acts by blocking acetylcholine release
from these nerves and lowering resting LES
tone. However, the precise effects of BoNT/A
in this environment are incompletely under-
stood and there are probably significant
differences as compared with the skeletal
muscle system.‘

Technique

Endoscopic injection of BoNT/A is a fairly
simple and straightforward procedure.
Although some variations have been described
with minor differences in outcome, the tech-
nique used most often consists of 20 to 25 U
being injected under direct vision with a
sclerotherapy needle into each of the four
quadrants in LES.22‘

Efficacy

BoNT/A therapy is comparable to surgical
myotomy and pneumatic dilation in terms of
immediate improvement, and considerable
evidence exists to state that all three modalities
report early benefit in 80% to 90% of patients.
However, as expected, the effects of BoNT/A
generally wane over the next few months.
Overall, the remission rates drop to 67%
at 6 months and 50% or less at 12 months
according to a systematic review.22 In a
large randomized study by Vaezi et al23 in
Cleveland Clinic comparing BoNT/A and pneu-
matic dilation, 70% of patients treated
with pneumatic dilation were in remission at
the end of 12 months, whereas only 32% were

in remission in BoNT/A group. In general,
older patients (age>50 years) and those with
vigorous achalasia do better with this
modality.24‘

Safety and Other Concerns

In general, BoNT injections in the GI tract
appear to be safe for most patients, with
a small number of patients experiencing self-
limited chest or epigastric pain.25-27 Some
studies have reported technical difficulties
(in finding the submucosal plane) and a
higher incidence of mucosal perforations in
patients undergoing a myotomy after BoNT
therapy, possibly due to induction of inflam-
mation and fibrosis.28,29 However, BoNT/A
therapy does not appear to affect the outcome
after either surgery or pneumatic dilation.30,31‘

Role of Botulinum Neurotoxin
Type A Therapy in the Clinical
Management Strategies for
Achalasia

Because of its limited duration of action and its
lack of efficacy in younger patients, BoNT/A
therapy is not suitable for all patients. It is
best used under the following circumstances:

1. Very elderly patients or those with exten-
sive comorbidities in whom even the
small risk of perforation with pneumatic
dilation is unacceptable.

2. Patients with recurrence of symptoms
after surgery and or pneumatic dilation,
or in those whom the diagnosis of
achalasia has not been unequivocally
established. In such patients, BoNT
may provide a useful way to assess the
contribution of a dysfunctional LES to
the reported symptoms.‘‘

DIFFUSE ESOPHAGEAL
SPASM AND OTHER
PUTATIVE DISORDERS OF
ESOPHAGEAL MOTILITY

Diffuse esophageal spasm is a motor disorder
of the esophagus that is considered by some to
be part of the same spectrum as achalasia. In
many cases, LES dysfunction is a notable fea-
ture and can be treated by the same approaches
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used for achalasia including BoNT/A.
Generally, similar techniques are used with
similar outcomes, although some investigators
have not confined their injections to the LES
but also targeted the body of the esophagus,
where spasms is noticeable.32 Other investiga-
tors have reported good outcomes from uncon-
trolled trials of BoNT/A injections in patients
with noncardiac chest pain, presumably
of esophageal origin.33 However, these results
need corroboration from randomized con-
trolled trials.‘

GASTROPARESIS

Gastroparesis is a disorder of gastric motility
characterized by delayed gastric emptying in
absence of obstruction. Symptoms include
early satiety, bloating, nausea, and vomiting.
Etiologies include diabetes, previous gastric
surgery, neurologic and rheumatologic disor-
ders, or idiopathic causes.

Rationale

The pathologic and pathophysiologic basis
of gastroparesis remains unclear. BoNT/A is
injected into the pyloric muscle in these
patients on the basis that ‘‘pylorospasm’’ has
been reported in some patients, resulting in a
functional obstruction that impedes gastric
emptying.34-36‘

Technique

It can be difficult to localize the exact bound-
aries of the pyloric sphincter endoscopically,
and consequently, intrapyloric injection is
more difficult to perform. In the literature,
this technique is less well standardized as com-
pared with that used in achalasia. Furthermore,
generally higher doses (200 IU) are used, dis-
tributed among four or more sites within the
pyloric sphincter. Techniques reported are sim-
ilar to the technique used for achalasia.‘

Efficacy

Several small case studies report improve-
ment in gastric emptying and symptoms after
BoNT/A therapy. However, the first placebo
controlled randomized trial reported no bene-
fit from BoNT/A injection,37 and it is unlikely

that this treatment (using the current
approaches, at least) will prove to be of signif-
icant value in this group of patients.‘‘

OBESITY

Rationale

Gastric contractions, mediated principally by
acetylcholine are critical for normal gastric
emptying. By blocking cholinergic contrac-
tions, BoNT/A is expected to induce a delay
in gastric emptying and lead to premature
satiety, limiting further food ingestion.‘

Technique

This is a technique that is still evolving, and
investigators have variously targeted either
just the antrum or the entire stomach, using
100 to 400 IU of BoNT/A.‘

Efficacy

Initial pilot studies have generally been disap-
pointing.38-40 However, more recently, in a
placebo-controlled trial on 24 morbidly obese
patients randomized to either BoNT/A injec-
tion or saline, Foschi et al41 demonstrated
significant reduction in weight (11 +/� 1.09
vs 5.7 +/� 1.1 kg, P < 0.001) associated with
prolongation of gastric emptying and reduction
in maximal gastric capacity for liquid at 8
weeks. These results need to be reproduced by
other investigators but have provided consider-
able excitement about the use of endoscopic
injection of gastric BoNT/A as a relatively
simple method for producing mild to moderate
weight loss on a temporary basis. Such an
approach may have cosmetic appeal for consu-
mers but may also be of value in the preoper-
ative setting to reduce surgical risk.‘‘

SPHINCTER OF ODDI
DYSFUNCTION

The sphincter of Oddi is a small muscular ring
that surrounds the biliary and pancreatic ducts
at their opening into the duodenum, and its
dysfunction has been implicated in the patho-
genesis of several syndrome including postcho-
lecystectomy pain and recurrent pancreatitis.
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However, the scientific evidence for this is weak
at best. Furthermore, the usual treatment for
this condition is endoscopic sphincterotomy,
which may be associated with significant risk.
Hence, there is a need for a technique that is
both safer as well as more predictive of the role
of sphincter spasm in the genesis of symptoms.
Endoscopic injection of BoNT/A appears to
satisfy these requirements in animal experi-
ments,42 and indeed, this technique has been
used as a therapeutic trial with good effect in
both uncontrolled as well as controlled
studies.42‘

ANAL FISSURE

Rationale

Anal fissure is a tear in the mucosal lining of
the anal canal extending from anal verge to
dentate line that results in pain and bleeding.
The internal anal sphincter (IAS) beneath the
tear is often hypertonic, and this is postulated
to further aggravate the lesion by producing
vascular compression and ischemia.
Treatment of chronic anal fissure involves redu-
cing the tone of internal anal sphincter and
increasing blood flow to promote healing of
the mucosal defect. This can be accomplished
by various modalities like topical nitroglycerin,
BoNT/A therapy, and lateral sphincterotomy.
Lateral sphincterotomy is the most frequently
used surgical technique and has a high success
rate22 (71%–97%) but is associated with flatus
(0%–36%) and fecal incontinence (0%–9%).22

Topical nitrate therapy has a healing rate of
40% to 80%, but tachyphylaxis, need for
frequent applications, and headache limit its
widespread use. Some authors propose
that BoNT/A therapy also helps in healing
of the fissure owing to its antinociceptive
properties.43‘

Technique

The dosages and sites of BoNT/A injection have
widely varied among the studies. BoNT/A is
usually injected without endoscopic guidance
after palpating the lower round edge of the
IAS, about 1 to 1.5 cm proximal to the dentate
line. One report described retrograde endo-
scopic injection in 22 patients, and the authors
believed that this technique may be less pain-
ful.44 BoNT/A injected on either side of the

anterior midline seems to yield better results
than BoNT/A injected on either side of fis-
sure.45 The dosages ranged from 2.5 IU to 50
IU, and higher doses seem to result in better
short- and long-term healing rates.46 Injection
into the external anal sphincter has also been
shown to result in healing.47 This effect most
probably may be secondary to diffusion into
the IAS, but generally, injection into the IAS
is preferred due to lower incidence of side
effects, such as incontinence.47,48‘

Evidence

Multiple studies have provided good (Level I)
evidence in favor of the efficacy of BoNT/A
injections for the treatment of anal fissure,
with 2-month healing rates ranging from just
higher than 40% to more than 90%.49-66 The
durability of the response has not been well
characterized, but recurrence has been reported
to occur in a significant proportion of patients
in some series.49 However, these patients may
benefit from repeat injections with or without
higher doses.‘

Adverse Effects

Transient flatus incontinence and mild fecal
incontinence occur in less than 10% of
patients.47 However, two cases of long-term
fecal incontinence following BoNT/A injection
have also been reported.67,68‘‘

OTHER ANORECTAL
DISORDERS

Animus

Animus (also known as pelvic floor dyssener-
gia) is defined as inappropriate (paradoxical)
contraction or failed relaxation of the puborec-
talis and external anal sphincter (EAS), result-
ing in chronic constipation. This is usually
considered to be secondary to maladaptive
learning but sometimes could be the result of
systemic diseases like parkinsonism.
Uncontrolled trials of BoNT injections suggest
that 75% or more patients with this condition
may respond.69-71 However, technical aspects
like dose of BoNT/A, site of injection (pubor-
ectalis versus EAS) and the use of guidance with
electromyography or ultrasonography, need to
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be standardized, and placebo-controlled trials
are necessary. Anecdotally, BoNT/A injection
has also been found to be helpful in reducing
symptoms in various other conditions
such as posthemorrhoidectomy,72,73 proctalgia
fugax,74,75 and radiation proctitis.76‘‘

CONCLUSIONS

It is clear that BoNT can significantly affect GI
motility, a property that can be exploited for
therapeutic benefit in those conditions in
which a discrete region of muscle can be con-
fidently implicated in the pathophysiology.
Taking this a step further, one can make the
case that the clinical response to local injection
of BoNT (the ‘‘toxin test’’) reliably predicts the
need for more invasive treatments such as
surgical or endoscopic ablation of the target
muscle. Failure to respond is then either
because dysfunction of the muscle is not a
major contributor to the clinical symptoms,
or the targeted muscle is completely denervated
and its tone is generated by purely myogenic
mechanisms, which are not expected to
respond to BoNT.

Ongoing clinical trials are clarifying the util-
ity of BoNT in GI syndromes. It is unlikely, for
instance, that intrapyloric injections will be of
significant value in the management of gastro-
paresis. On the other hand, its use in obesity
may represent an exciting new application.
There is much that also needs to be learned
about the biologic mechanisms underlying
the observed effects on GI muscle, and such
research may provide the opportunity for
novel discoveries in the ENS.‘‘
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INTRODUCTION

Botulinum neurotoxins (BoNTs) are well
known for their ability to potently and selec-
tively disrupt and modulate neurotransmis-
sion. Only recently have urologists become
interested in the potential use of BoNT in
patients with detrusor overactivity and other
urologic disorders. We will review mechanisms
by which BoNT modulates acetylcholine (ACh)
and other biochemical messengers at presynap-
tic nerve terminals in the detrusor smooth
muscle and possibly the urothelium. We will
also review what is known about potentially
important noncholinergic mechanisms modu-
lating the function of detrusor smooth muscle
and bladder afferent sensory processing.

BoNT has received regulatory approval for
a number of conditions characterized by exces-
sive and unwanted muscle contractility or
tonus in striated muscle (e.g., cervical dystonia,
blepharospasm, hemifacial spasm, and limb
spasticity secondary to central nervous system
injury) or overactive secretion (e.g., hyperhi-
drosis). More recently, researchers have
discovered that BoNT is effective in the treat-
ment of conditions such as overactive bladder
and esophageal spasm, suggesting that BoNT’s
effects on neurotransmission in smooth muscle
appear to be similar to those in striated
muscle.1 BoNT is currently undergoing regula-
tory evaluation for urologic disorders in the
United States and the European Union.
However, as the uses of BoNT continue to

expand, it is important to be familiar with the
mechanism by which the toxin works and to
investigate any differences that may exist when
it is applied to different tissue types.

A stepwise mechanism of action for the
botulinum toxins was first suggested by
Simpson2 and involves toxin binding to, and
internalization within, the presynaptic mem-
brane of cholinergic neurons, followed by
translocation into the neuronal cytosol and
then inhibition of ACh release. his review
explores these processes with regard to BoNT,
its structure and its effects on the function of
the lower urinary tract.

ACTION OF BOTULINUM
NEUROTOXIN ON URINARY
TRACT STRIATED VERSUS
SMOOTH MUSCLE

None of the clinically available clostridial neu-
rotoxins cause death of neurons or myocytes,
or alteration of other cellular constituents.
Thus, these neurotoxins are not toxic to
tissue. Rather, in muscle, they act as biochem-
ical neuromodulators, temporarily inactivating
cholinergic transmission at the neuromuscular
junction. Historically, the molecular mechan-
isms of BoNT have mostly been elucidated in
studies of striated muscle. More recently, as a
result of recognizing new clinical applications
of BoNT, there have been studies conducted on

The authors of this chapter are disclosing that they have been research investigators and consultants for Allergan,
Inc., the manufacturer of Botox.
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the biological effects of BoNT on smooth
muscle.3-5

In striated muscle, BoNT administration
interferes with signaling between alpha motor
neurons and extrafusal muscle fibers, as well as
signaling between gamma motor neurons and
the intrafusal fibers of muscle spindles.6-9

In the initial weeks after injection, BoNT-trea-
ted muscles show some variability in muscle
fiber size and intracellular changes consistent
with denervation (i.e., central mitochondria
dispersed toward the periphery).10-12

However, these effects are temporary and
BoNT appears to produce no persistent changes
in muscle fiber internal architecture after
recovery from paralysis. BoNT may even
produce beneficial gross muscular changes,
such as reversing hypertrophy in dystonic
muscle groups.13

Physiologic changes induced by BoNT
include a fall of resting membrane potential,
fibrillation potentials, and the elimination of
extrajunctional acetylcholinesterase activity.14

Morphologically, there is evidence for subse-
quent compensatory nerve sprouting and the
creation of functional synapses extrajunction-
ally.15-18 When exocytosis at the parent
terminal eventually recovers, the sprouts are
retracted and endplate functioning returns to
normal.15,19

EFFECT OF BOTULINUM
NEUROTOXIN ON THE
DETRUSOR MUSCLE

Despite some apparent differences at the cellu-
lar level, BoNT administration has the same
clinical effect on both smooth and striated
muscle. In the case of BoNT administration to
the bladder wall, there is an increase in bladder
capacity, with a reduction in incontinence
episodes and symptoms of urgency. A more
complete neuromuscular blockade of the
detrusor results in impaired voiding andr
urinary retention if relatively larger doses of
BoNT are used.1,20-23

FROM CELLULAR ACTION
TO CLINICAL EFFECT

In normal bladders, the smooth muscle
bundles of the detrusor are not well coupled
electrically and thus the detrusor’s smooth

muscle requires dense innervation. During fill-
ing of the normal bladder, parasympathetic
excitatory neurons are silent and the detrusor
is relatively quiescent, allowing storage of urine
at a low pressure. Micturition is induced by
activation of the parasympathetic nerves and
release of ACh, which stimulates postjunctional
M3 receptors to induce a large amplitude
detrusor contraction. ACh also stimulates
prejunctional M1 muscarinic receptors on post-
ganglionic parasympathetic nerve terminals to
facilitate its own release and thereby amplify
excitatory input to the detrusor.24 The overac-
tive bladder meanwhile exhibits a number of
histologic and neurologic changes that disrupt
these processes and contribute to the disorder’s
symptoms.25

In overactive bladders, there is increased
coupling of the smooth muscle bundles of
the detrusor, which leads to greater excitability
in response to low-grade efferent stimuli.25

Experimentally, in bladder strips from spinal
cord–injured animals, there is upregulation of
presynaptic muscarinic facilitatory mechanisms
in cholinergic nerve terminals.26 This would
also contribute to a greater contractile response
to low-grade stimulation and suggests that such
increased synaptic activity would render the
neurons associated with the smooth muscle
of the detrusor highly susceptible to BoNT
binding and internalization.

Recent studies show that BoNT injected in
the overactive human bladder appears to
exert a complex inhibitory effect on vesicular
release of excitatory neurotransmitters as well
as on axonal expression of other SNARE-
complex–dependent proteins in the urotheli-
um and suburothelium.27

MECHANISM OF ACTION

Efferent Effect

Smith and colleagues found significant
decreases in the release of labeled ACh in
BoNT injected in normal rat bladders, suggest-
ing that BoNT could reduce cholinergic
nerve–induced bladder activity (Fig. 19-1).23

Although BoNT is known to exhibit cholinergic
specificity, release of other transmitters can be
inhibited, particularly if adequate concentra-
tions are used.28-31 For example, contractile
data suggest that BoNT may impair atropine
triphosphate (ATP) release in addition to ACh
release from isolated bladder tissue
(Fig. 19-2).32 These results have clinical
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significance in lieu of recent investigations
demonstrating alterations in P2X receptor
expression and increased purinergic bladder
response in patients with idiopathic detrusor
instability. In fact, O’Reilly and colleagues33

found that approximately 50% of the nerve-
mediated contractions in bladder tissues
extracted from patients with idiopathic detru-
sor overactivity were purinergic in origin.

Afferent Effect

BoNT’s efficacy in conditions of detrusor over-
activity may result not only from an inhibitory
effect on detrusor muscle, but some effects of
the drug may be mediated by altering afferent
(sensory) input. Urothelium possesses musca-
rinic receptor populations with a density two
times as high as detrusor smooth muscle, and
dorsal root ganglionectomy experiments
demonstrating the persistence of acetylcholin-
esterase staining nerves near the urothelium
suggest that parasympathetic nerves supply
some innervation to urothelium.34,35 Besides
receiving cholinergic innervation, human uro-
thelium has also been shown to release the

neurotransmitter ACh at rest.36 Thus, ACh,
released from urothelium and acting on
nearby muscarinic receptor populations
(i.e., urothelium or afferent nerves) or neuro-
nal sources of ACh binding to muscarinic
receptors within urothelium or afferent
nerves, could have a significant impact on blad-
der sensory input to the central nervous system
and may be affected by BoNT treatment.

In addition, recent basic and clinical
evidence suggests that BoNT may have sensory
inhibitory effects unrelated to its actions on
ACh release. For example, an in vitro model
of mechanoreceptor-stimulated urothelial ATP
release was tested in spinal cord–injured rat
bladders to determine whether intravesical
botulinum neurotoxin A (BoNT/A) administra-
tion would inhibit urothelial ATP release,
a measure of sensory nerve activation.37

The results demonstrated that hypoosmotic
stimulation of bladder urothelium evoked a
significant release of ATP that was markedly
inhibited by BoNT/A (e.g., 53%, Fig. 19-3),
suggesting that impairment of urothelial ATP
release may be one mechanism by which
BoNT reduces detrusor overactivity. BoNT has
also been shown to inhibit release of
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neuropeptides such as calcitonin gene–related
peptide (CGRP), substances thought to play a
role in overactive bladder conditions such as
sensory urgency or chronic bladder inflamma-
tion (i.e., interstitial cystitis).38,39

Effects on Acetylcholine and
Atropine Triphosphatase Release

In animal bladder models, BoNT inhibited
the release of ACh in response to high-grade
stimulation but not low-grade stimulation
(see Fig. 19-1),23 suggesting that it may act on
the muscarinic facilitatory mechanism
mediated by protein kinase C.

ATP has also been implicated as a neuro-
transmitter in the generation of unstable
contractions in idiopathic detrusor overactivity
(IDO).33,40 Studies on guinea pig28 and rat23

bladder strips have shown that BoNT is
capable of inhibiting the release of both
ACh and ATP, providing a rationale for its
possible use in treating patients with IDO
(see Fig. 19-2).

Although ATP release has been widely
demonstrated from efferent cholinergic and
adrenergic terminals,41-43 ATP release from
bladder urothelial cells has only recently been
confirmed.44-47

Bladder urothelium may play an important
role in the sensory transduction mechanisms
modulating micturition, particularly in condi-
tions of increased sensory nerve transmission
following chronic inflammation and spinal
cord injury (SCI).37 Urothelial cells can release
ATP,45,47 and the increased release of ATP from
the urothelium of SCI bladders could activate
P2X3 receptors in epithelial and subepithelial
layers to increase afferent nerve activity,
accounting for the higher frequency of bladder
contractions seen in both human and animal
models of SCI.

Recently BoNT was shown to inhibit ATP
release from the urothelial but not the serosal
side of the bladder, suggesting that BoNT

treatment inhibits transmitter release not only
from efferent nerve endings but from sensory
nerve terminals and urothelium as well
(see Fig. 19-3).37 That BoNT significantly
impairs urothelial ATP release following SCI
presents a plausible explanation for its clinical
efficacy in the treatment of human neurogenic
bladder dysfunction.

Effect on P2X3 and Capsaicin-
Sensitive TRPV1 Sensory
Receptors

Extracellular ATP is implicated in a large
number of sensory processes that range from
pain response to regulation of organ motility.
The ATP receptor P2X3 is almost exclusively
expressed in sensory neurons. There is accumu-
lating evidence that this receptor has a specific
role in nociception. For example, activation of
P2X3 by ATP leads to a much stronger nocicep-
tive effect in inflamed compared with normal
tissue.48,49

Originally described as a capsaicin receptor
related to natural irritants (called vanilloids),
the Transient Receptor Potential channel,
Vanilloid family member 1 (TRPV1) receptor is
believed to function as an integrator of noxious
stimuli, such as acids, heat, pollutants with a
negative electronic charge, and endogenous
proinflammatory substances.50 Specifically,
TRPV1 plays a key role in the perception of
peripheral thermal and inflammatory pain.51

Recent findings indicate that BoNT
blocks TRPV1 membrane translocation
induced by protein kinase C, suggesting that
activity-dependent delivery of channels to
the neuronal surface may contribute to the
buildup and maintenance of thermal inflam-
matory hyperalgesia in peripheral nociceptor
terminals.51

Successful BoNT treatment for overactive
bladder is associated with a significant decrease
of TRPV1 and/or P2X3 in suburothelial nerve
fibers.52 These changes may reflect a direct
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effect of BoNT on the afferent innervation of
the bladder or may occur as a secondary effect
to the action of BoNT on the efferent innerva-
tion of the detrusor.52a

Clinical Effects on Calcitonin
Gene-Related Peptide and
Substance P Release

Sensory axons in the bladder contain both
CGRP and substance P. These neuropeptides,
which are released from nociceptive sensory
endings in response to noxious stimuli, func-
tion as inflammatory response mediators.53

Substance P acts on mast cells to produce
degranulation, resulting in release of histamine
and cytokines, which directly sensitize or excite
nociceptors. In addition, both substance P and
CGRP produce edema (substance P through
plasma extravasation, and CGRP through
dilation of peripheral blood vessels), causing
liberation of bradykinin, all of which can lead
to further activation of primary afferent
fibers.53 Together with bradykinin and prosta-
glandins, substance P and CGRP also cause
migration of leukocytes to the site of injury
and clotting responses.54,55

BoNT has been shown in several preclinical
models to block the release of CGRP, SP, and
glutamate from afferent nerve terminals.39,54

The effect of BoNT on sensory pathways is
supported by results reported in preclinical
models of bladder pain, in which intravesical
application of BoNT significantly reduced pain
responses and inhibited CGRP release from
afferent nerve terminals, suggesting that BoNT
may have clinical applications for the treatment
of disorders such as interstitial cystitis and
sensory urgency.38,39

Inhibition of Nerve Growth
Factor Release and Receptor
Transport

In both animals and humans, the bladder
increases production of nerve growth factor
(NGF) in response to conditions such as SCI,
denervation, inflammation, distension, or
hypertrophy.56 NGF is a signaling protein that
interacts with specific receptors along auto-
crine, paracrine, and endocrine pathways. It is
produced in the smooth muscle of the urinary
tract and urothelium of the bladder, and
elevated NGF levels have been reported to
trigger bladder overactivity, such as that seen

in men with benign prostatic hyperplasia,
women with interstitial cystitis, and in patients
with IDO.

Intravesical BoNT injection reduces NGF
content in the bladder tissue of patients with
neurogenic detrusor overactivity, but it is
unknown whether reduced bladder NGF results
from decreased production, decreased uptake
or a combination of both.56 The result of this
action of BoNT is to decrease the hyperexcit-
ability of C-fiber bladder afferents, thereby
reducing neurogenic detrusor overactivity.57

Sensory Effects of Botulinum
Neurotoxin: Evidence from
Nonurologic Medical Specialties

Neurologists have long recognized the relief of
pain induced by intramuscular injection of
BoNT; the benefit can be seen before evidence
of muscle relaxation, and pain relief often
outlasts reduction in spasm, suggesting a
direct analgesic effect.58-60 In patients receiving
BoNT for cervical dystonia, pain relief often
exceeds motor benefit; thus pain relief by
BoNT cannot be entirely due to its effects on
muscle contraction.61,62

Changes in afferent activity may influence
pain through both direct sensory effects and
via central reorganization due to prolonged
reduced muscle spindle feedback into the
CNS; that is, reduced Ia afferent input from
muscle spindle fibers to the spinal cord due
to inhibition of ACh release from g-motor
neurons.59

Histologic Impact of Botulinum
Neurotoxin Type A Injection

Only one study has looked at ultrastructural
changes in overactive human detrusor tissue
following BoNT injection. Haferkamp et al63

collected 30 biopsies from 24 patients with a
diagnosis of neurogenic overactive bladder.
Biopsies were taken before and 3 months
after BoNT injection and during the wearing-
off phase of the toxin’s efficacy. They observed
no significant changes in muscle cell fascicles,
intercellular collagen content, or muscle cell
degeneration when comparing biopsies taken
before and after BoNT administration,
although these results cannot be extrapolated
to the possible structural effects of repeat injec-
tions. Unlike striated muscle, axonal sprouting
in detrusor smooth muscle was limited
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following BoNT administration, and further
research is required to determine if prolonged
toxin dosing will elicit such a response.
The results of an immunohistochemical study
also suggested no significant axonal sprouting
in the suburothelium of successfully treated
patients.52

A single published study to date has retro-
spectively investigated histopathologic changes
in excised human neurogenic overactive
bladders that could be associated with intrade-
trusor BoNT injections. Full-thickness
specimens from bladders previously treated
with one or more injections of BoNT showed
significantly less fibrosis, but no differences in
inflammation and edema compared with
untreated ones; degrees of inflammation,
edema, and fibrosis were comparable in the
two groups. Treated bladders had been injected
with a mean number of 1.5 ± 0.8 injections,
and the mean time between the last injection
and surgery was 6.8 ± 2.8 months.64

Because the action of BoNT is reversible over
time and does not appear to induce any endur-
ing pathologic changes, it has theoretical
longevity in terms of its clinical usefulness in
urologic dysfunction. Indeed, regular BoNT
blockade of striated muscle activity over a
12-year period was shown to be clinically safe
and effective.65 However, because biopsies
were not performed, the long-term effects at a
cellular level cannot be determined.

Although the majority of long-term results
are positive, more data are needed from both
smooth and striated muscle. A case study by
Coletti Moja and colleagues has described
acute neuromuscular failure in a patient who
had a 2-year history of regular BoNT treatment
(Dysport [Ipsen, Milford, MA] 800–1000 U
every 3 months for limb spasticity).66 Biopsy
investigations showed subacute denervation
and inflammation of the deltoid muscle with
unspecified diffuse abnormalities of group II
afferent fibers at a site distal to the area of
drug administration, with clinical features
resembling an acute myasthenic-like syndrome.
Such findings indicate that there is still much
to learn about the effects of long-term exposure
to BoNT.

Repeat Botulinum Neurotoxin
Type A Injections

Grosse and colleagues67 evaluated the effective-
ness of repeated detrusor injections of BoNT/A.
A total of 49 patients with refractory

neurogenic detrusor overactivity received
between two and five injections of BoNT/A.
The authors found significant and similar
reductions in detrusor overactivity and in the
use of anticholinergic medication, in addition
to significant increases in bladder capacity and
compliance after both the first and second
injection with BoNT/A. The average interval
between injections was 11 months. As more
patients are repeatedly treated with BoNT/A
injections into the lower urinary tract, urolo-
gists will gain better insight into patients’
risk of developing antibodies and becoming
clinically nonresponsive. Similar to studies in
adults, investigators have also found that
children respond favorably to repeated injec-
tions with BoNT/A.68-70

ADVERSE LOCAL EFFECTS

Most patients would refuse to choose BoNT/A
treatment if there was a significant risk of long-
term catheterization. Surprisingly, Popat and
colleagues21 described de novo self-catheteriza-
tion rates of as high as 69% in neurogenic and
19% in idiopathic patients after injection of
300 units and 200 units of BoNT/A, respec-
tively. In addition, Kessler et al71 described de
novo catheterization rates of 45% in idiopathic
and neurogenic overactive bladder patients
following detrusor injection of 300 units of
BoNT/A. The high rates of self-catheterization
observed in some series might be explained by
differences in what each study defines as a clin-
ically relevant post-void residual (PVR); e.g.,
>100 mL in the study by Popat et al21 versus
>150 mL in the study by Kessler et al.71

However, two other series reported low postin-
jection PVRs of 15 mL69,70 and 42 mL22 after
injection of 300 units and 100 to 300 units of
BoNT/A, respectively. Although the efficacy of
BoNT/A treatment has been demonstrated in
all the studies to date, the impact of toxin
dosage and delivery (i.e., toxin dose and
dilution, and the site and depth of injections)
on the development of adverse events remains
to be established.

CONCLUSION

BoNT is efficacious across a wide variety of
disorders that involve pathologic neuromus-
cular activity. Advances have been made
in our understanding of how BoNT works at
a molecular level, yet questions remain.
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Further research is needed to characterize the
protein receptors to which BoNT binds, to
expand our understanding of light chain
translocation within the motor neuron, to
establish the process by which the light
chain interacts with SNAP-25, and to explore
the toxin’s long-term effects on smooth
muscle cells. Although there has been specu-
lation that diffusion or proteolysis of the
toxin’s light chain eventually occurs, the
mechanism that accounts for the durability
as well as the loss of toxin action remains
to be determined.

Commonly occurring urologic conditions
like detrusor overactivity are often character-
ized by involuntary contractions of the detru-
sor muscle. BoNT acts by binding to the nerve
endings within muscles, blocking the release of
ACh, and probably other neurotransmitters, to
modulate muscle contraction and reduce the
sensitization of sensory nerve endings
(Fig. 19-4). Selective injection permits specific
paralysis of the detrusor muscle while leaving
surrounding tissues and distant muscles unaf-
fected. Therapy with BoNT would appear to not
only help alleviate muscle spasticity but, in
view of its proposed anti-nociceptive properties
and impact on sensory feedback loops,
could provide substantial relief of hyperalgesia

associated with a variety of lower urinary tract
disorders.
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Overactive Bladder
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SUMMARY

Anticholinergics are usually the gold standard
used to treat overactive bladder (OAB). Side
effects and lack of efficacy are the two main
causes for considering alternative treatments.
Until recently, invasive surgery (mainly bladder
augmentation) was the only available treatment
option for these intractable bladders. This chap-
ter considers botulinum neurotoxin (BoNT)
injection as an alternative treatment to surgery
in patients with detrusor overactivity (DO) in
whom anticholinergic therapy has failed.

There is convincing evidence that BoNT
injection into the detrusor is a very effective
method to treat urinary incontinence second-
ary to neurogenic detrusor overactivity (NDO)
as well as to idiopathic detrusor overactivity
(IDO). In both conditions, the duration of
effect is at least 6 months. The overall success
rate seems to be similar in both patient
populations. For NDO, two evidence-based
medicine level 1 studies are available; for
IDO only evidence-based medicine level 3 or
4 studies have been published. Injection tech-
nique and outcome parameters vary from study
to study, and standardization is required.
Outcome following repeated injections has
been the object of several publications: the effi-
cacy remains as good as after the first injection,
and there is no evidence of change in bladder
compliance or detrusor fibrosis. However,
long-term observation studies remain necessary
to assess these last points. To date, there is no
proposed clear ratio for Botox or Dysport for
treatment of NDO or IDO. However, clinical
experience using 200-300 units Botox or 500-
750 units Dysport are comparable. The current
BoNT/A (Botox versus Dysport) reported dose

appears to be safe, and few side effects have
been reported by using these toxins.

INTRODUCTION

The report of the International Continence
Society (ICS) of 2002 has defined the overac-
tive bladder syndrome as urgency, with or
without urge incontinence, usually with
frequency and nocturia, in the absence of
local pathologic or hormonal factors.1 DO is
defined as urodynamic observation character-
ized by involuntary detrusor contractions
during the filling phase that may be spontane-
ous or provoked. Detrusor overactivity is
subdivided into NDO when there is an estab-
lished neurologic cause, or IDO when no
known cause for the overactivity is present.
Anticholinergic medication has been the
primary treatment for patients with OAB in
recent years. These drugs act on muscarinic
receptors as competitive inhibitors of acetyl-
choline (Ach) and inhibit involuntary bladder
contractions. Unfortunately, they are also
associated with troublesome side effects,
including dry mouth, constipation, blurred
vision, drowsiness, and tachycardia. Newer,
slow-release or long-acting preparations of
tolterodine and oxybutynin, the two most
common drugs prescribed in OAB, have fewer
side effects.2,3 However, some patients cannot
tolerate even these side effects and suffer from a
poor quality of life (QoL).

Alternative pharmacologic agents are being
investigated and include potassium channel
openers,4 beta-3 adrenoreceptor agonists,5

alpha-1 adrenoreceptor antagonists,6 and
neurokinin receptor antagonists.7 Alternative
methods of drug delivery for traditional antic-
holinergics have also been tried and include
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intravesical preparations8 and transdermal
application of oxybutynin.9 Intravesical appli-
cation of vanilloid substances has been tried as
an alternative treatment for patients with severe
DO who did not tolerate side effects from an-
ticholinergic drugs.10,11 However, results have
been disappointing or not yet fully evaluated.
BoNT is another highly effective second-line
treatment for patients who have urodynami-
cally proven DO. After systemic absorption,
BoNT binds irreversibly to the presynaptic
nerve endings, where it inhibits the release of
Ach and blocks the signal transduction to the
target organ: muscle or gland. In the initial
report of botulism, an often deadly poisoning,
a complete urinary retention and bowel
paralysis were mentioned.12 After weeks or
even months of recovery, the symptoms of
the intoxication disappear in inverse order
and a restoration of all disturbed body func-
tions can be observed. The action of the toxin
is reversed by the synthesis of new SNARE
proteins; therefore, for medical purposes,
BoNT treatment must be repeated to guarantee
a constant therapeutic effect.

MECHANISM OF ACTION

The mechanism of action of BoNT in the
detrusor has been described in detail in
Chapter 19 and will be only summarized here.

Most of the effects of BoNT are thought to
result from the inhibition of Ach release from
the presynaptic nerve terminal. When this
occurs, Ach receptors in the muscle are not
stimulated. Specifically with intradetrusor
injections, affected muscarinic receptors in the
detrusor muscle cannot be stimulated and de-
trusor in voluntary contractions are suppressed.
Review of the clinical data shows a profound
effect of BoNT on involuntary detrusor contrac-
tions and elevated detrusor pressures. However,
it is clear that neurotransmitters other than
Ach are also affected by BoNT, including
sensory/afferent neurotransmitters. It is likely
that these also play a role in the therapeutic
effects of BoNT in OAB. Botulinum toxin type
A (BoNT/A) has been found to inhibit Ach and
adenosine triphosphate release from urotheli-
um in rats and guinea pigs.13,14 BoNT/A has
been shown to inhibit stimulated (but not
basal) release of calcitonin gene–related pep-
tide (CGRP) from trigeminal ganglia neurons15

and sensory neurons in the isolated rat blad-
der.16 BoNT/A has also been shown to inhibit
the release of glutamate17 and substance P18

from sensory neurons. Apostolidis and
colleagues19 studied human bladder biopsy
specimens from patients with NDO and IDO.
They found that BoNT/A-treated bladders had
decreased levels of TRPV1 (vanilloids) and
P2X3 (purinergic), two sensory receptors
found in the suburothelium.

Two recent publications addressed the
effects of acute BoNT/A treatment on the detru-
sor muscle. Comperat et al20 studied cystecto-
my specimens from patients with NDO who
received or did not receive BoNT/A injections.
The investigators found no difference in
inflammation or edema between the groups,
but there was significantly less fibrosis in the
BoNT/A-treated bladders. Giannantoni et al21

found that BoNT/A decreased bladder tissue
content of nerve growth factor (NGF) at
1 and 3 months after treatment. They theorized
that this occurred either as a result of decreased
Ach or other neurotransmitter release at the
presynaptic level. NGF has a key role in the sur-
vival of sensory neurons maintaining the
normal properties of C afferent fibers. All
of these data help support the belief that
BoNT/A works to treat DO and OAB by both
sensory and motor pathways and may have
a positive effect on bladder wall structure and
fibrosis. Confirmatory studies regarding the
latter are necessary to make definitive
conclusions.

BOTULINUM NEUROTOXIN:
INTRADETRUSOR INJECTION
TECHNIQUE

A number of variables must be considered for
BoNT administration, including type and
amount of toxin; dilution volume; location,
number, and depth of injections; instrumenta-
tion; and anesthesia technique. A number of
protocols have been proven to work well; how-
ever, the optimal amount and dilution of toxin
and injection site protocol have not been estab-
lished. Tables 20-1 and 20-2 summarize these
variables for the trials discussed in this chapter.
As one can imagine, with so many variables
involved, establishing an ‘‘optimal protocol’’
is very challenging. Most of the work on IDO
and NDO has been done with BoNT/A,
with few studies on BoNT type B. The Botox
formulation of BoNT/A has been studied the
most; however, there are a number of studies
on Dysport as well. At this time, Botox is
the only formulation of BoNT/A available in
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TABLE 20-1 NDO and BoNT Injection

Author Year
Number of
Patients NDO Dose (U) Vol/Inj (mL)

Number of
Injections

Duration
(Months)

Success
Rate*

Reported Side
Effects:
(Number of
Patients)

Adults

Schurch et al25 2000 21 Botox 300 1.0 30 sparing
trigone

9 89%

Del Popolo et al37 2003 93 Dysport 500,
750, 1000

Not reported 20–30 sparing
trigone

At least 4
months

100% Hypoastenia (5)

Harper et al76 2003 39 (mixed cohort
NDO and IDO)

Botox 300
Botox 200

1.0
1.0

20–30 sparing
trigone

4 100%

Loch et al54 2003 30 (mixed cohort
NDO and IDO)

Botox 200 Not reported 20 sparing
trigone

8 67% Acute retention (1)

Kennely et al39 2003 10 Botox 300 1.0 30 sparing
trigone

Up to 6 73%

Reitz et al33 2004 200 Botox 300 1.0 30 sparing
trigone

9 96%

Giannantoni et
al34

2004 40 Botox 300 1.0 30 sparing
trigone

6–8 73% Mild asthenia (1)

Giannantoni et
al39

2004 12 Botox 300 1.0 30 sparing
trigone

75%

Kuo40 2004 12 Botox 200 0.2 40 sparing
trigone

5.3 (3–9) 73.3% Not reported

Bagi and
Petersen87

2004 15 Dysport 500,
750, 1000

1.0 30 sparing
trigone

7 87%

Patki et al35 2006 37 Dysport 1000 Not reported 30 trigone not
stated

9 82% Transient general
weakness (2)
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Grosse et al77 2005 66 Botox 300
Dysport
750

0.5
0.2

30 sparing
trigone

25 sparing
trigone

>9 86.3% Muscle
weakness (4)
(Dysport group)

Kessler et al58 2005 11 Botox 300 1.0 30 sparing
trigone

5 72% CISC (5)

Smith et al24 2005 21 Botox
100–300

1.0 10-30 sparing
trigone

6 80%

Klaphajone et al42 2005 10 Botox 300 1.0 30 sparing
trigone

At least 4 70%

Hajebrahimi et al41 2005 10 Botox
300–400

1.0 30-40 sparing
trigone

At least 3 33%

Popat et al57 2005 44 Botox 300 1.0 30 sparing
trigone

4 97.4%
64.1%
continent

CISC (30)

Schurch et al32 2005 59 Botox 200/
300/
Placebo

1.0 30 sparing
trigone

At least 6 83%

Children

Schulte-Baukloh
et al44

2002 17 children with
NDO

Botox Max
300
(12 U/kg)

Not reported 30–40 sparing
trigone

6 100%

Schulte-Baukloh
et al45

2003 20 children with
NDO

Botox Max
300
(12 U/kg)

0.3-0.5 30–50 sparing
trigone

6 54%

Riccabona et al46 2004 15 children with
NDO

Botox Max
300
(10 U/kg)

1.0 25–40 sparing
trigone

10.5 100%
86.6%
continent

Corcos et al47 2004 20 children with
NDO

Botox Max
300 (5/kg)

Not reported 10–30 sparing
trigone

8.1 81%
68%
continent

CISC, clean intermittent self-catheterization; IDO, idiopathic detrusor overactivity; NDO, neurogenic detrusor overactivity.

*Based on reduced incontinence episode.
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TABLE 20-2 IDO and BoNT injection

Authors Year

Number of
Patients
IDO Dose (U) Vol/Inj

Number of
Injections

Duration
(months)

Success
Rate*

Reported
Side Effects:
(Number of
Patients)

Radziszweski
et al55

2002 12 Dysport 300 0.1-0.2 10–15 sparing
trigone

1 (follow-up) 100%

Loch et al54

See Table 20-1
2003

Flynn et al56 2004 7 Botox 150 0.2 10-12 sparing
trigone

3-6 100%

Kuo40 2004 30 Botox 200 0.2 40 sparing
trigone

5.3 (3-9) 73.3%

Harper et al76

See Table 20-1
2003

Rapp et al16 2004 29 Botox 300 0.1 30 including
trigone

6 60% 0

Sahai et al51 2005 18 Botox 200 vs
placebo

3 (follow-up) Retention (3)

Kessler et al58 2005 11 Botox 300 1.0 30 sparing
trigone

5 91% Retention (4 plus
1 SPC)

Rajkumar et al52 2005 15 Botox 300 1.0 30 sparing
trigone

6 96%

Dykstra et al53 2005 15 Myobloc BTXB 2500,
3750, 5000, 10000,
15000

0.4 10 sparing
trigone

mean 6 weeks
(range
10-52)

93% General malaise
and dry mouth
(2 receiving
15000 units)

Schulte-Baukloh
et al44

2005 7 Botox 300 including
trigone

50–100 into
sphincter if
evidence of PVR

<0.5 40 >6 86%
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Schulte-Baukloh
et al44

2005 44 Botox 200–300
including trigone

50–100 into
sphincter if
evidence of PVR

<0.5 40–50 6 86%

Ghei et al65 2005 20 (3 NOB) BoNT/B—5000 or
placebo

0.2 20 sparing
trigone

>6 weeks Decrease
frequency
and
incontinence
episode

Retention (2)
Dry mouth and
malaise (2)

Kuo22 2005 20 Botox 200 0.4 10 suburothelial,
sparing trigone

>6 85%
45%
continent

Retention (6)
Difficulty in
voiding (15)

Popat et al57 2005 31 Botox 200 1.0 20 sparing
trigone

4 92%
54.2%
continent

Retention (6)

Werner et al49 2005 26 Botox 100 1.0 30 sparing
trigone

>9 100%

Schmid et al60 2006 100 Botox 100 1.0 30 sparing
trigone

9 (7–11) 88% Retention (4)

BoNT/B, botulinum neurotoxin type B; IDO, idiopathic detrusor overactivity; PVR, postvoid residual volume; SPC, suprapubic catheter.

*Based on reduced incontinence episode. Reduction of number of incontinence has not been analyzed here because most of the papers differ, some authors using the percentage of patients who

improved and others using the percentage improvement in the number of urinary incontinence episodes. Also assessment of frequency and urgency differs from author to author.
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the United States. BoNT has been injected
directly into the detrusor in almost all studies.
One investigator has reported on submucosal
injections, perhaps to take advantage of the
presumed effect on afferent sensory nerves.22

In the initial studies, toxin was injected into
the lateral and posterior bladder wall, sparing
the dome (to avoid intraperitoneal injection)
and the trigone. The trigone was avoided
because of the fear of reflux, but this has not
turned out to be a problem in series in which
the trigone was injected.23 Nevertheless,
because initial protocols spared the trigone,
many subsequent studies did as well (see
Tables 20-1 and 20-2).

Some investigators have proposed injecting
the bladder base and trigone only, but the
usefulness of this technique needs to be con-
firmed.24 The dilution of toxin and the amount
of liquid injected into the bladder have also
varied. Initial studies diluted 100 U of Botox
in 10 mL of preservative-free normal saline.25

Although more concentrated dilutions have
been used, most experts agree that a higher
volume (e.g., at least 5 mL per 100 U Botox)
provides better coverage of the bladder.26 Thus,
based on the current literature, 10 to 30 mL of
total volume injected (the same would apply
for Botox, Dysport, or type B toxin) seems a
reasonable estimate. The number of injection
sites has varied from 10 to 50, with most
studies doing 20 to 30 injections (see Tables
20-1 and 20-2). To see how much of the
bladder was covered by injections, Boy and col-
leagues27 injected six patients who had NDO
with BoNT/A (Botox) plus a magnetic tracer
and then studied the patients with magnetic
resonance imaging to determine the dispersion
of the injected liquid. Two common volumes
were used: three patients received 300 U in 30
mL normal saline at 30 sites (10 U/site), and
three patients received 300 U in 10 mL normal
saline at 10 sites (30 U/site). Both protocols
achieved good coverage, with the larger
volume covering 33% of bladder versus 25%
for the smaller volume. Overall, 12.9% of the
liquid was found in the perivesical fat.

BoNT can be delivered with a rigid or flexi-
ble cystoscope, depending on patient or
surgeon preference. Rigid systems allow for
quicker, more controllable injections, whereas
flexible scopes are generally more comfortable
for patients, especially men. Both local and
general anesthesia has been used for BoNT
injection. We have found local anesthesia to
work well, with excellent patient tolerability,

and to be ideal for the office setting.
Conscious sedation may also be used for
more anxious or sensitive patients, although
we rarely find it necessary. General anesthesia
may be considered for extremely anxious or
sensitive patients and for neurogenic patients
who are at high risk for autonomic dysreflexia.
General anesthesia is required for most pediat-
ric applications.

FIGURE 20-1. Flexible injection needle for detrusor muscle

injection (Storz, Charr. 8, length: 50 cm).

FIGURE 20-2. Detrusor mapping.
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NEUROGENIC DETRUSOR
OVERACTIVITY

Especially in neurogenic patients, side effects of
oral anticholinergic medication like dry mouth,
constipation, dyspepsia, changes in visual
accommodation, dizziness, and somnolence
are troublesome and reduce patient compli-
ance.28-31 The effect of injecting BoNT/A
into the human detrusor muscle in spinal
cord–injured patients was first reported by
our group in a nonrandomized prospective
study.25 The patients with spinal cord injury
selected for this first clinical study had severe
NDO and suffered from incontinence resistant
to anticholinergic drugs. One of the main
inclusion criteria was that patients had to be
able to perform intermittent self-catheteriza-
tion. Patients with low bladder compliance
due to organic detrusor muscle changes or
fibrosis were excluded. Using a rigid cysto-
scope, 200 to 400 U Botox were injected into
the detrusor muscle, sparing the trigone (Figs.
20-1 and 20-2). The reason for sparing the
trigone was to avoid vesicorenal reflux (see ear-
lier) and the lack of knowledge about the effect
of BoNT/A on the adrenergic nerves and on the
release of nociceptive neuropeptides. In total,
19 of the 21 treated patients could be regularly
observed over a period of 9 months by clinical
and urodynamic checks. Six-week follow-up
showed a significant increase in the reflex
volume (RV) and in the maximum cystometric
bladder capacity. There was also a significant
decrease in the maximum detrusor voiding
pressure. At the 36-week follow-up, ongoing
improvement occurred. The amount of oral
anticholinergics could be reduced or even
completely abolished. Continence was restored
in all but two patients, and patients’ satisfac-
tion was high. The further experience of the
European group increased to 200 patients
with the same result profile.33

The first controlled study of BoNT/A in
NDO was reported by Giannantoni et al34 in
2004. They randomized patients with NDO to
receive either 300 U BoNT/A (Botox) (diluted
in 30 mL, 30 injection sites) or 0.6 umol/L
of intravesical resiniferotoxin (RTX) in 50 mL
of sodium chloride (NaCl) 0.9%. Repeat injec-
tions or instillations were allowed. Both treat-
ments resulted in improvement in continence
and urodynamic parameters at 6, 12, and
18 months; however, the improvements were
significantly better with BoNT/A for all

variables at all time points. In addition,
patients administered RTX received a mean of
8.6 instillations, whereas patients administered
BoNT/A received a mean of 2.1 injections over
an 18-month period.

A recent multicenter, randomized, placebo-
controlled, 24-week study, examining the effect
of two different doses of BoNT/A (200 and 300
Botox U) injected into the detrusor to treat
NDO has confirmed the efficacy and safety
of this treatment.32 Out of the recruited
59 patients, 57 completed the study. The
mean reduction of urinary incontinence (UI)
was about 50% at all posttreatment time
points in the BoNT/A groups and none in the
placebo group (P < 0.05). Overall, 29 patients
(49.2%) reported no UI episodes for at least
1 week post-treatment period, of whom
24 (82.8%) were in the BoNT/A treatment
group. Significant changes in key urodynamic
parameters versus baseline were observed in
each BoNT/A group at all time points after
treatment, which was not the case for the pla-
cebo group (P < 0.05). There were robust
improvements in the mean change from base-
line in incontinence quality of life (QoL) ques-
tionnaire (I-QOL) total scores in patients
treated with BoNT/A at all post-treatment
time points (P < 0.002), which were main-
tained throughout the 24 study weeks. Two
hundred units appeared to work as well as
300 units regarding all outcome parameters
(clinic and urodynamic). However, no defini-
tive conclusion can be drawn regarding the best
dose to be used for NDO because the study was
not powered to compare 200 and 300 units.
Moreover, differences between 200 and 300
units might have been seen if the study
would have been prolonged into a 36-week
study.

Recently, Patki et al35 reported on the first
prospective assessment of intradetrusor injec-
tions of Dysport as treatment for drug-resistant
NDO in spinal cord–injured patients. One
thousand units were cystoscopically injected
(30 injection sites) into the detrusor, in 37
patients with drug-resistant NDO. Maximum
cystometric capacity (MCC), maximum detru-
sor pressure (MDP), NDO, continence and oral
anticholinergic requirement were used as
outcome parameters. The International
Consultation on Incontinence questionnaire
(ICIQ) was used to assess QoL pre- and post-
injection. Mean follow-up was 7 months.
Maximum cystometric capacity increased from
a mean 259 mL to 521.5 mL. Maximum
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detrusor pressure decreased from a mean
54.3 cmH2O to 24.4 cmH2O. Incontinence
and NDO were abolished in 82% and 76%
patients, respectively. Eighty-six percent of the
patients were able to stop or reduce anticholi-
nergics, with a similar number of patients
scoring favorably on ICIQ. The mean period
of improvement was 9 months. Acceptable
failure rates with 24% persistence of NDO
and 18% persistence of incontinence were
observed. An even more recently published
study compared a single injection of BoNT/A
(500 units Dysport, diluted in 25 mL saline
and injected into 25 injection sites) with
placebo in 31 patients with NDO and urinary
incontinence. Time of follow-up was 26 weeks.
Patients in the BoNT/A group had a significant
change regarding intake of anticholinergic
drugs, cystometric bladder capacitiy, maximum
detrusor pressure, frequency of urinary leakage,
and QoL parameters.36

Other groups have also reported positive
effects of BoNT/A injected into the detrusor to
treat NDO.22,34,37-42 Their results are summar-
ized in Table 20-1.

Myelomeningocele

About 10% of the children with myelomenin-
gocele (MMC) and NDO are nonresponders to
anticholinergic medication or suffer of side
effects from anticholinergic drugs, even if
administered intravesically.43 There is increas-
ing evidence that BoNT is a highly effective
second-line treatment for children with MMC
and NDO. Only four prospective studies have
evaluated the efficacy of BoNT/A injection in
the pediatric neurogenic population and
NDO. Schulte-Baukloh injected 20 children
with NDO and MMC with 12 U/kg (maximum
300 U) Botox. Urodynamic follow-up at 2 and
4 weeks revealed significant increases in mean
MCC (35% increase) as well as significant
decreases in MDP (41% decrease).44,45

However, while significant increases in MCC
were demonstrated up to 6 months after treat-
ment, no significant difference in MDP was
seen at 3- to 6-month follow-up.

A more recent pediatric study with longer
follow-up in 15 patients (mean age 5.8 years)
supports earlier studies by demonstrating
118% increase in MCC (P< 0.001) and a
46% decrease in MDP (P< 0.001) following
BoNT/A injection.46

Corcos et al47 evaluated 20 children with
MMC and NDO. Their results were less positive

than those of Schulte-Baukloh and Ricabonna.
The lower dose they used might be a reason
for this lower efficacy. The clinical effects of
BoNT/A in MMC children with NDO lasted
on average 6 to 10.5 months and were similar
after repeated injection.46-48 None of these
studies reported side effects related to the
toxin or the injection procedure.

The results of BoNT injection into the detru-
sor in children are summarized in Table 20-1.

In Summary

The preliminary results of these prospective
studies on NDO are overwhelming, especially
considering the fact, that in all these studies the
included patients were difficult cases for
conservative treatment. This treatment option
seems to establish its indication in cases in
which anticholinergic medication fails or is
intolerable and self-intermittent catheterization
can be performed by the patient. This new ther-
apeutic approach also appears to be a valuable
alternative to surgery.

IDIOPATHIC OVERACTIVE
BLADDER WITH OR
WITHOUT DETRUSOR
OVERACTIVITY

Experience of BoNT application for IDO differs
in dosage, dilution, injection sites, number of
injections and injection rate. Most of the pub-
lished studies deal with low patient numbers
and there is often a mixture of both IDO and
NDO (see Table 20-2).22,40,45,49-53

In 2003, Loch et al54 reported on the effect
of injections of 200 U Botox into the detrusor
muscle in 30 patients with severe DO.
Twenty of the 30 patients reported improved
continence, the effect lasting 8 months.
Therapy-resistant patients were all patients
with interstitial cystitis. These authors noted
high residual volume and one acute retention,
that might be explained by the high amount of
toxin used for this indication. On the other
hand, Radzieszweski and Borkowski observed
marked improvement of DO in 12 patients at 1
month follow up without change in the resid-
ual volume by using 300 Dysport U.55

Flynn et al56 reported on their open-label
uncontrolled clinical trial on seven patients
who received 150 U Botox (50 U/mL) at
12 sites for severe urge urinary incontinence.
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They saw a decrease of more than 50% of
symptoms at all visits up to 3 months,
with signs of recurrence by 6 months in all
subjects.

In a prospective, open-label study, Popat
et al57 injected patients (44 NDO, 31 IDO)
who had urgency or urgency incontinence due
to urodynamically proven intractable DO with
300 units NDO or 200 Botox U (IDO). All
patients improved after BoNT/A treatment,
and complete continence was achieved in
60.3%. The continence rate appeared better in
patients with NDO at 4 weeks, whereas no dif-
ference was noted between the 2 groups at
16 weeks. Of patients with NDO, 69.2% had
to perform de novo clean intermittent self-
catheterization (CISC) after BoNT/A. Despite
using a lower dose, post-treatment incomplete
emptying associated with lower urinary
tract symptoms (LUTS) that necessitated the
use of CISC developed in 19.3% of patients
with IDO.

In their prospective study, Kessler et al58

injected 300 Botox U into the detrusor in 11
patients with IDO and 11 with NDO resistant
to anticholinergic treatment. BoNT/A injec-
tions into the detrusor had a significant and
comparable therapeutic effects in both groups.
However, owing to postvoid residuals
(PVR)> 150 ml following BoNT/A injections,
de novo CISC was necessary in nine patients
(four with IDO [36%] and five [45%] with
NDO), and in one patient with IDO, a supra-
pubic catheter was placed.

In their prospective nonrandomized ongo-
ing study, Schmid et al59,60 evaluated the effi-
cacy and safety of BoNT/A injections into the
detrusor muscle to treat patients suffering from
IDO resistant to conventional treatment such
as anticholinergic drugs. One hundred patients
suffering from IDO (including urgency-
frequency syndrome) and incontinence despite
administration of maximal doses of anticholi-
nergics were consecutively treated by injections
of 100 Botox U into the detrusor muscle at 30
different sites under cystoscopic control.
Micturition diary, full urodynamics, neurologic
status, and urine probes were performed in all
participants before treatment. Special attention
was given to RV, MCC, detrusor compliance
(DC), PVR, urgency, and frequency/nocturia.
Clinical and urodynamic checks and QoL
assessment (King’s Health Questionnaire)
were performed at baseline and 4, 12, and 36
weeks after BoNT/A treatment. Overall, after 4
and 12 weeks, 88% of the patients showed a
significant (P < 0.001) improvement of their

bladder function in regard to subjective symp-
toms, QoL as well as to urodynamic para-
meters. Urgency disappeared in 82% and
incontinence in 86% within 1 to 2 weeks
after BoNT/A injections. Frequency decreased
from mean 14 to 7 micturitions/day (-50%)
and nocturia from mean 4 to 1.5, respectively.
Maximum cystometric bladder capacity
increased from mean 246 to 381 mL (+56%),
DC rose from mean 24 to 41 mL/cmH2O and
pretreatment DO (RV mean 169 mL) improved
in 74% of patients. Volume at first desire to
void increased from mean 126 to 212 mL,
and urge volume increased from mean 214 to
309 mL. There were no severe side effects
except four patients had temporary urine reten-
tion. In only eight patients, clinical benefit was
poor and analysis revealed preoperative very
low DC. Efficacy duration lasted 9 (± 2)
months.

Only one study showed benefit of BoNT/A
in treating children with IDO.61 Twenty-one
children, with a mean age of 10 years, with
IDO and daytime incontinence, in whom
medical therapy had failed, were injected
with 100 U of BoNT (Botox). The authors
reported an increase in functional bladder
capacity, with a reduction in DO and urgency
symptoms.

One of the downsides of using the BoNT/A
for IDO is the risk of CISC, which can occur
according to the literature in 5% to 45% of
patients. This is particularly important in this
patient group because they do not usually need
any auxiliary means for emptying their bladder.
According to the above-mentioned studies, it
appears that the risk of needing CISC in IDO
increases with the injected dose. However,
because only few escalation dose studies have
yet been performed, it remains difficult to
decide which dose is the best for IDO.62

Moreover, it is well known that the duration
of the effect of the toxin depends on the inject-
ed amount.

Thinking in another way, Schulte-
Baukloh50,63 investigated the effect of BoNT/A
injections into the detrusor and external
sphincter in patients with IDO. They were
interested in the benefit of additional sphincter
injection in these patients. When small
amounts of preoperative residual urine
(�15 mL) were detected, the patients were
believed to be at risk for symptomatic residual
volume after BoNT/A detrusor injection alone.
Twenty-two patients received 200 to 300 Botox
U into the detrusor (group D) and 22 ‘‘at-risk’’
patients 200 to 300 Botox U distributed
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between the detrusor and the external sphincter
(group D + S), by which 50 to 100 units of the
200 to 300 units were separately applied
into the sphincter. There was no significant
difference between the groups after either
treatment concerning the primary outcomes
(continence, improvement of QoL, and urody-
namic parameters). The only difference was
that the post-treatment residual volume was
higher in the D group than in the D + S
group. The authors concluded that for patients
who might be expected to have residual urine
after injection only into the detrusor, addi-
tional injection of a low dose of BoNT/A into
the external sphincter muscle could be one
option to reduce that risk. However, the defini-
tion of ‘‘at-risk’’ patients and especially the
volume at which the residual volume has to
be considered as problematic. In the Schulte-
Baukloh paper,63 this volume has a mean of
20 mL, which might be entirely physiologic.
Moreover, residual volume of the group D
patients was on average 80 mL after treatment,
indicating that they may not have needed
CISC unless symptomatic. Indeed, there is
no mention of the need of CISC in the
author’s report. Different doses between
groups were employed, and it is difficult to
make a firm judgment on the dose needed in
any particular clinical situation. Finally using
an additional injection into the external ure-
thral sphincter, one has to carefully counsel
these patients about the possible risk of de
novo stress incontinence after combined injec-
tions because this is a symptom they did not
previously have. The authors themselves agreed
with the fact that according to the answers
given by the patients to the urogenital-
distress-distress inventory (UDI-6) question-
naire, a slightly higher incidence of urinary
stress incontinence after additional injection
into the sphincter muscle could not be
excluded. In our opinion, additional sphincter
injection might be of value to minimize the
risk of retention in IDO at the price of a possi-
ble de novo stress incontinence.

In Summary

BoNT injections into the detrusor muscle
might represent an alternative treatment for
patients with severe IDO resistant to conserva-
tive treatment. Before reasonable randomized
control studies aiming at comparing different
techniques and different dosages are done, it

remains difficult to decide what is the best tech-
nique to treat patients who suffer from IDO
who are not willing to perform CISC. Such stu-
dies remain necessary to compare different
dosages with the risk of needing CISC in
regard to the duration of the effect.

BOTULINUM TOXIN TYPE B
AND OVERACTIVE BLADDER

There are only three reports on the primary use
of botulinum toxin type B (BoNT/B) in urol-
ogy. The first is a case report in a female patient
with multiple sclerosis, NDO, and reflex incon-
tinence, who was injected with 5000, 7500,
and 10000 U Myobloc diluted in 3 mL saline
(500 units/injection site in 0.3 mL).64 After
each injection, she was dry without having
to catheterize herself. The effect lasted for
4 months. In an open-label dose-escalation
study, the same authors aimed at testing the
efficacy of BoNT/B in the treatment of
15 patients with non-neurogenic OAB (see
Table 20-2).53 The doses used in this study
were 2500, 5000, 7500, 10000, and 15000 U
Myobloc diluted in 4 mL normal saline
(0.4 mL at 250 units per injection site).
A paired t-test of the pre and post frequency
difference indicates that these 15 patients expe-
rienced an average of 5.27 fewer frequency
episodes per day after treatment (P < 0.001).
The longest duration effect was 3 months using
10000 to 15000 units (P < 0.001). Recently,
Ghei et al65 tested the efficacy and safety of
BoNT/B for the treatment of the OAB in a ran-
domized, double-blind, placebo-controlled
crossover trial. A total of 20 patients, 18 to
80 years old, with DO unresponsive to oral
antimuscarinic agents participated in the
study. They were injected with either placebo
(20 mL normal saline, 10 injection sites) or
BoNT/B (5000 units diluted up to 20 mL,
10 injection sites) intravesically in an outpati-
ent setting. After 6 weeks, the treatments were
crossed over without washout period. The pri-
mary outcome was the paired difference in
change in average voided volumes. Frequency,
incontinence episodes and paired differences
in QoL measured by the King’s Health
Questionnaire were the secondary outcome
measures. The Wilcoxon signed ranks test was
used to test the paired difference in change
between treatment phases. Little carryover
effect was noted in the second-arm placebo,
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and the placebo data from both arms were
included in the analysis. There were statistically
significant paired differences in the change in
average voided volume, urinary frequency
and episodes of incontinence between active
treatment and placebo (respectively, P= 0.012,
P = 0.033, P = 0.001). There were similarly
significant paired differences in the change in
QoL affecting five domains of the King’s Health
Questionnaire (see Table 20-2). The strength of
this article is that it is a prospective randomized
placebo-controlled study of BoNT/B injection
for bladder overactivity. However, one undesir-
able feature of the study is that the hypothesis
was tested on a mixed population of patients
(patients with mixed etiologies of DO, three
neurogenic and 17 non-neurogenic with
detrusor overactivity). This limits the general-
izability of the findings. The authors made a
strong argument why a crossover design was
appropriate, and their data were valid.
However, because some studies have shown
that BoNT/B might have duration of efficacy
of approximately 3 to 4 months, most experts
in the field would still question the merit of a
crossover at 6 weeks because not all
the patients returned to preinjection clinical
and urodynamic values assessed at 6 weeks.
Most experts would submit that a washout
period after the crossover might have been
appropriate. Moreover, because there are lim-
ited experiences with BoNT/B in the bladder,
assessment of duration of response would
have been of value.

In two case reports BoNT/B injections (5000
to 7500 U diluted in 20 mL normal saline and
20 injection sites) into the detrusor were used
in patients with neurogenic incontinence
showing acquired resistance to BoNT/A.66,67

Resistance to BoNT/A was confirmed by mea-
suring the extensor digitorum brevis com-
pound muscle action potential (CMAP)
amplitude elicited by electrical stimulation of
the peroneal nerve.68 Results on bladder dys-
function observed after BoNT/B injections were
comparable to those obtained after BoNT/A.
However, duration of effect was only 4 to 6
weeks. There is no study published on the use
BoNT/B to treat OAB in children.

In Summary

According to these reports, it appears that
BoNT/B may be an option for patients with
DO who became secondarily resistant to the

BoNT/A after repeated injections. However, it
must be pointed out that in animal models and
in human experiments, the injection of type B
toxin in striated muscles has been shown to
have a shorter duration of action than the
type A toxin.69,70 This was also observed in
the few urologic reports on injection of
BoNT/B into the detrusor. When using the
type B toxin, this needs to be considered, espe-
cially if the intention is to treat the patient pri-
marily with BoNT/B. It should be clear that
antibody production against the type A toxin
does not necessarily interfere with the type B
toxin. Therefore, we think that in patients with
a primary resistance to the type A toxin, which
we define as the absence of a clinical and
urodynamic effect after injection of an ade-
quate dose of the type A toxin in the detrusor
smooth muscle, an attempt with the type B
toxin may be justified. Both toxins interact
with different target proteins, and a primary
lack of response to the type A toxin does
not necessarily imply a lack of response to the
type B toxin.

DURATION OF EFFECT AND
REPEATED INJECTION

The recovery of the paralyzed functions has
been understood as a nerve sprouting from
the nerve terminal, which establishes new neu-
romuscular junctions.71,72 However, de Paiva
et al73 observed in a study in mice that the
blocked original nerve ending may regain its
function after several weeks and that with the
return of synaptic function of the original nerve
endings the so-called functional nerve sprouts
lose their exocytotic activity and disappear.
When injected into the smooth detrusor
muscle, the effect of BoNT/A lasts usually 6 to
9 months (occasionally up to 12 months), as
opposed to BoNT/B, which lasts only a few
weeks, as mentioned before.25,33,74 The reason
for the prolonged efficacy in the smooth
muscle is unknown, the lack of axonal sprout-
ing observed in detrusor biopsies after toxin
injection has been recently discussed.75 As
BoNT injections into the detrusor gain more
and more clinical significance in the treatment
of DO, a constant efficacy even after repeated
injections needs to be ensured. The purpose of
one of our recent studies was to assess the effect
of repeated BoNT/A injections (300 U Botox)
into the detrusor in patients with NDO and
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incontinence. We evaluated the safety of
repeated injections, persistence of the clinical
and urodynamic treatment efficacy, and poten-
tial changes in bladder compliance. Seventeen
patients with NDO who had three or more
BoNT/A injections into the detrusor were stud-
ied. Clinical and urodynamic data were ana-
lysed before the first injection, after the first
injection, and after the last repeated injection.
No systemic side effects were observed for the
total number of 91 injections. Mean number of
injections per patient was 5.4, with a range
of three to nine. The mean number of inconti-
nence episodes per day decreased from 2.6 per
day at baseline to 0 after the first injection, and
remained 0 after the last injection. Maximum
cystometric bladder capacity and RV increased
significantly after the first and last reinjection
compared with baseline. Maximum detrusor
pressure decreased significantly after the first
and last reinjection compared with baseline.
No difference in compliance was found
among examination 1, 2, and 3.

From the clinical point of view, repeated
injections in our patients were as efficient as
the first injection. From the urodynamic point
of view, repeated injections of BoNT/A
remained effective on maximum cystometric
bladder capacity and maximum detrusor pres-
sure, and did not have a negative effect on
bladder compliance. In particular, the
unchanged bladder compliance even after
repeated injections suggest that repeated injec-
tions into the detrusor muscle do not induce
fibrosis of the bladder wall. There was neither
evidence of drug tolerance nor exacerbation of
regional symptoms, which could have occurred
from enhancement of pathological innerva-
tion.76 Our findings are in line with those
reported by other teams.

Grosse et al77 evaluated the effect of two to
seven repeated injections of BONT/A to treat
NDO due to acquired spinal cord lesions in
adults. A sustained clinical improvement was
observed at all follow-up examinations.
Persistent urodynamic improvement as well as
absence of change in the DC was also docu-
mented, although only after two reinjections.
No increase in drug tolerance after multiple
treatments was observed. Recently, in a paedia-
tric population Schulte-Baukloh et al48

reported on the outcome of repeated BoNT/A
injections in children with NDO who had
received at least three injections. Although
without statistical analysis, there was no evi-
dence for drug tolerance or lack of efficacy as

measured by RV, maximum detrusor pressure,
MCBC, and bladder compliance.

Corcos et al47 reported on repeated injec-
tions in a population of 20 patients with
MMC (average age 13 years); they showed
that the MCC increased from 197.7 mL to
285.3 mL (P< 0.01) after the first injection,
the maximum detrusor pressure decreased
from 44.7 to 29.9 cmH2O (P< 0.01), and the
compliance increased from 4.95 to 12.75 mL/
cmH2O (P< 0.01). After a second and subse-
quent treatments (up to four), the same range
of improvement was observed in these three
parameters.

SIDE EFFECTS OF
BOTULINUM TOXIN-A
INJECTIONS

In more than 6 years of clinical use of BoNT/A
(Botox) in more than 300 patients, including
multiple repeated injections in some patients,
we have not observed any systemic side
effects.32,33 However, occasionally, systemic
side effects have been reported, including a
case of fatal heart block after BoNT injection
for achalasia, although no direct causal link
was established.78 In general, weakness is an
uncommon event following BoNT therapy,
although it has been reported as an adverse
event in nine patients with NDO following
bladder injection with 1000 U Dysport as
well as in three patients with NDO following
bladder injection with 300 U Botox.74,79,80 In
Patki’s study,35 two cases (5.4%) reported tran-
sient self-limiting (4–6 weeks) generalized
muscle weakness after injection of 1000 U
Dysport into the detrusor. It could be argued
that the reduction of total dose to 750 U would
avoid this side effect.74,79 Dykstra and Sidi also
noted mild generalized upper extremity weak-
ness in three patients with spinal cord injury
following injection of 140 to 240 U Botox
into the urethral sphincter.81 In contrast to
the patients treated by Dykstra and Sidi81 and
Del Popolo,79 who recovered upper extremity
function within 2 to 4 weeks, Wyndaele and
Van Dromme80 noted that in their patients
with bladder injection, muscle weakness
lasted 3 months.

When considering the dose equivalence
between the different commercially available
BoNTs like Dysport and Botox, it is important
to note the different range of ratios mentioned
in the literature.82,83 However, the weight of
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information from the studies in skeletal muscle
diseases would suggest an approximate ratio of
1:3 Botox to Dysport units.83 As reported by
Leippold et al,84 this ratio has not been estab-
lished for smooth muscle. Also the technique
being the same as for Botox,32 it is likely that
the higher diffusion of Dysport in smooth
muscle may be the reason for the systemic
side effects.85 A prior dose-escalation study or
randomization to different dosage arms is nec-
essary for deciding optimum Dysport dosage
for DO.

COST OF BOTULINUM
NEUROTOXIN THERAPY

By using BoNT in urology, one has to be aware
that it is a ‘‘off-label use’’ indication. Therefore,
treatment is not reimbursed by health insur-
ance. When deciding on long-term or, in case
of spinal cord-injured patients, lifetime treat-
ment, the cost factor becomes prohibitive.
This issue was assessed by Kalsi et al86 propos-
ing a cost-effectiveness model for BoNT/A
in the treatment of DO. The average cost per
patient per injection was 826 pounds. Studies
aiming at comparing BoNT costs over years
with costs related to enterocystoplasty would
be of relevance to evaluate long-term cost-effi-
ciency of each treatment. Also, it is anticipated
that the number of patients requiring repeated
injections will continually increase. This may
have a significant impact on the procedure
time required by the urologist.

CONCLUSION

BoNT injections have an increasing place in the
urologic therapeutic arsenal. However, it
should be pointed out that most of the indica-
tions for using BoNT are for diseases refractory
to usual conservative treatment and before
irreversible surgery. Moreover, large rando-
mized controlled studies are still lacking. They
are necessary to prove the efficacy of BoNT
injections on an evidence-based medicine level.
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Wirkungen auf den tierischen Orgismus; ein Beytrag zur
Untersuchung des in Verdorbenen Würsten giftig wirken-
den Stoffes, Stuttgart, Cotta. 1822.

13. Smith CP, Franks ME, McNeil BK, Ghosh R, de Groat
WC, Chancellor MB, et al. Effect of botulinum toxin
A on the autonomic nervous system of the rat lower
urinary tract. J Urol. 2003;169:1896-1900.

14. MacKenzie I, Burnstock G, Dolly JO. The effects of
purified botulinum neurotoxin type A on cholinergic,
adrenergic and non-adrenergic, atropine-resistant auto-
nomic neuromuscular transmission. Neuroscience.
1982;7:997-1006.

15. Durham PL, Cady R. Regulation of calcitonin gene-
related peptide secretion from trigeminal nerve cells
by botulinum toxin type A: implications for migraine
therapy. Headache. 2004;44:35-42; discussion 43.

16. Rapp DE, Turk KW, Bales GT, Cook SP. Botulinum
toxin type a inhibits calcitonin gene-related peptide
release from isolated rat bladder. J Urol.
2006;175(3 Pt 1):1138-1142.

17. Cui M, Khanijou S, Rubino J, Aoki KR. Subcutaneous
administration of botulinum toxin A reduces formalin-
induced pain. Pain. 2004;107(1-2):125-133.

18. Lucioni A, Bales GT, Turk KW, Lotan T, Cook SP, Rapp
DE. Botulinum toxin type A inhibits substance P

253BOTULINUM TOXIN IN OVERACTIVE BLADDER



release in inflammatory rat bladder model. J Urol.
2006;175(4 suppl):91-93.

19. Apostolidis A, Popat R, Yiangou Y, Cockayne D, Ford
AP, Davis JB, et al. Decreased sensory receptors P2X3
and TRPV1 in suburothelial nerve fibers following
intradetrusor injections of botulinum toxin for
human detrusor overactivity. J Urol. 2005;174:977-
982; discussion 82-83.

20. Comperat E, Reitz A, Delcourt A, Capron F, Denys P,
Chartier-Kastler E. Histologic features in the urinary
bladder wall affected from neurogenic overactivity—a
comparison of inflammation, oedema and fibrosis
with and without injection of botulinum toxin type
A. Eur Urol. 2006;50:1058-1064.

21. Giannantoni A, Di Stasi SM, Nardicchi V, Zucchi A,
Macchioni L, Bini V, et al. Botulinum-A toxin injec-
tions into the detrusor muscle decrease nerve growth
factor bladder tissue levels in patients with neurogenic
detrusor overactivity. J Urol. 2006;175:2341-2344.

22. Kuo HC. Clinical effects of suburothelial injection of
botulinum A toxin on patients with nonneurogenic
detrusor overactivity refractory to anticholinergics.
Urology. 2005;66:94-98.

23. Karsenty G, Elzayat E, Delapparent T, St-Denis B,
Lemieux MC, Corcos J. Botulinum toxin type A injec-
tions into the trigone to treat idiopathic overactive
bladder do not induce vesicoureteral reflux. J Urol.
2007;177:1011-1014.

24. Smith CP, Nishiguchi J, O’Leary M, Yoshimura N,
Chancellor MB. Single-institution experience in 110
patients with botulinum toxin A injection into bladder
or urethra. Urology. 2005;65:37-41.

25. Schurch B, Stohrer M, Kramer G, Schmid DM, Gaul G,
Hauri D. Botulinum-A toxin for treating detrusor
hyperreflexia in spinal cord injured patients: a new
alternative to anticholinergic drugs? Preliminary
results. J Urol. 2000;164(3 Pt 1):692-697.

26. Karsenty G, Carsenac A, Boy S, Reitz A, Tournebise H,
Bladou F, et al. Botulinum toxin-A (BTA) in the treat-
ment of neurogenic detrudor overcativity (NDOI)—A
prospective randomized study to compare 30 vs. 10
injection sites. Eur Urol. 2007;2:245.

27. Boy S, Schmid M, Reitz A, Von Hessling A, Hodler J,
Schurch B. Botulinum toxin injections into the bladder
wall—A morphological evaluation of the injection
technique using magnetic resonance imaging. J Urol.
2006;175(4 suppl):415.

28. Abrams P, Freeman R, Anderstrom C, Mattiasson A.
Tolterodine, a new antimuscarinic agent: as effec-
tive but better tolerated than oxybutynin in
patients with an overactive bladder. Br J Urol.
1998;81:801-810.

29. Drutz HP, Appell RA, Gleason D, Klimberg I,
Radomski S. Clinical efficacy and safety of tolterodine
compared to oxybutynin and placebo in patients with
overactive bladder. Int Urogynecol J Pelvic Floor Dysfunct.
1999;10:283-289.

30. Appell RA. Clinical efficacy and safety of tolterodine in
the treatment of overactive bladder: a pooled analysis.
Urology. 1997;50(6A suppl):90-96; discussion 7-9.

31. Kreder K, Mayne C, Jonas U. Long-term safety, toler-
ability and efficacy of extended-release tolterodine in
the treatment of overactive bladder. Eur Urol.
2002;41:588-595.

32. Schurch B, de Seze M, Denys P, Chartier-Kastler E,
Haab F, Everaert K, et al. Botulinum toxin type A is a
safe and effective treatment for neurogenic urinary
incontinence: results of a single treatment,

randomized, placebo controlled 6-month study. J
Urol. 2005;174:196-200.

33. Reitz A, Stohrer M, Kramer G, Del Popolo G, Chartier-
Kastler E, Pannek J, et al. European experience of 200
cases treated with botulinum-A toxin injections into
the detrusor muscle for urinary incontinence due to
neurogenic detrusor overactivity. Eur Urol.
2004;45:510-515.

34. Giannantoni A, Di Stasi SM, Stephen RL, Bini V,
Costantini E, Porena M. Intravesical resiniferatoxin
versus botulinum-A toxin injections for neurogenic de-
trusor overactivity: a prospective randomized study. J
Urol. 2004;172:240-243.

35. Patki P, Hamid R, Arumugam K, Shah J, Craggs M.
Botulinum-A txoin (Dysport) in the treatment of
drug resistant neurogenic detrusor overactivity follow-
ing traumatic spinal cord injury. BJU Int.
2006;98:77-82.

36. Ehren I, Volz D, Farrelly E, Berglund L, Brundin L,
Hultling C, et al. Efficacy and impact of botulinum
toxin A on quality of life in patients with neurogenic
detrusor overactivity: a randomised, placebo-con-
trolled, double-blind study. Scand J Urol Nephrol.
2007;41:335-340.

37. Del Popolo G, Li Marzi V, Panariello G, Lombardi G.
English Botulinum toxin-A in the treatment of neuro-
genic detruos overactivity. Neurourol Urodyn.
2003;22:498.

38. Giannantoni A, Merini E, Di Stasi SM, Constantini E,
Zuchhi A, Mearini L, et al. New therapeutic option for
refractory neurogenic detrusor overactivity. Minerva
Urol Nephrol. 2004;56:78-87.

39. Kennely M, Kang J. Botulinum-A toxin injection into
the detrusor as treatment for refractory detrusor hyper-
reflexia. Top Spinal Cord Inj Rehabil. 2003;8:46-53.

40. Kuo HC. Urodynamic evidence of effectiveness of
botulinum A toxin injection in treatment of detrusor
overactivity refractory to anticholinergic agents.
Urology. 2004;63:868-872.

41. Hajebrahimi S, Altaweel W, Cadoret J, Cohen E,
Corcos J. Efficacy of botulinum-A toxin in adults
with neurogenic overactive bladder: initial results.
Can J Urol. 2005;12:2543-2546.

42. Klaphajone J, Kitisomprayoonkul W, Sriplakit S.
Botulinum toxin type A injections for treating neuro-
genic detrusor overactivity combined with low-compli-
ance bladder in patients with spinal cord lesions. Arch
Phys Med Rehabil. 2005;86:2114-2118.

43. Hernandez RD, Hurwitz RS, Foote JE, Zimmern PE,
Leach GE. Nonsurgical management of threatened
upper urinary tracts and incontinence in children
with myelomeningocele. J Urol. 1994;152(5 Pt
1):1582-1585.

44. Schulte-Baukloh H, Michael T, Schobert J, Stolze T,
Knispel HH. Efficacy of botulinum-A toxin in children
with detrusor hyperreflexia due to myelomeningocele:
preliminary results. Urology. 2002;59:325-327; discus-
sion 7-8.

45. Schulte-Baukloh H, Michael T, Sturzebecher B, Knispel
HH. Botulinum-A toxin detrusor injection as a novel
approach in the treatment of bladder spasticity in
children with neurogenic bladder. Eur Urol. 2003;44:
139-143.

46. Riccabona M, Koen M, Schindler M, Goedele B, Pycha
A, Lusuardi L, et al. Botulinum-A toxin injection into
the detrusor: a safe alternative in the treatment of chil-
dren with myelomeningocele with detrusor hyperre-
flexia. J Urol. 2004;171(2 Pt 1):845-848; discussion 8.

254 BOTULINUM TOXIN: THERAPEUTIC CLINICAL PRACTICE & SCIENCE



47. Corcos J, Al-Taweed W, Robichaud C. Botulinum toxin
as an alternative treatment to bladder augmentation in
children with neurogenic bladder due to myelomenin-
gocele [abstract]. J Urol. 2004;171:181.

48. Schulte-Baukloh H, Knispel HH, Stolze T, Weiss C,
Michael T, Miller K. Repeated botulinum-A toxin injec-
tions in treatment of children with neurogenic detrusor
overactivity. Urology. 2005;66:865-870; discussion 70.

49. Werner M, Schmid DM, Schussler B. Efficacy of botu-
linum-A toxin in the treatment of detrusor overactivity
incontinence: a prospective nonrandomized study.
Am J Obstet Gynecol. 2005;192:1735-1740.

50. Schulte-Baukloh H, Weiss C, Schobert J, Stolze T,
Sturzebecher B, Knispel HH. [Subjective patient satis-
faction after injection of botulinum-A toxin in detrusor
overactivity]. Aktuelle Urol. 2005;36:230-233.

51. Sahai A, Khan M, Smith K, Dasgupta P. Botulinum
toxin for patients with detrusor overactivity: Early
results from a randomised, double blind placebo-con-
trolled trial. International Continence Society Annual
Meeting, Montreal. 2005;Abstract 468(5).

52. Rajkumar GN, Small DR, Mustafa AW, Conn G. A pro-
spective study to evaluate the safety, tolerability, effi-
cacy and durability of response of intravesical injection
of botulinum toxin type A into detrusor muscle in
patients with refractory idiopathic detrusor overactivi-
ty. BJU Int. 2005;96:848-852.

53. Dykstra D, Enriquez A, Valley M. Treatment of overac-
tive bladder with botulinum toxin type B: a pilot study.
Int Urogynecol J Pelvic Floor Dysfunct. 2003;14:424-426.

54. Loch A, Loch T, Osterhage J, Alloussi S, Stöckle M.
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21Botulinum Toxin in
the Treatment of

Chronic Pelvic Pain
Syndromes

Phillip P. Smith and Christopher P. Smith

INTRODUCTION AND
THERAPEUTIC RATIONALE

In the absence of an identified cause of acute
pain, chronic pelvic pain is nonmalignant pain
perceived as arising from the pelvic organs.
There is no ideal classification system for
chronic pelvic pain because its etiology
is often obscure, which contributes to the
difficulty of characterization and formulation
of rational therapy. The European Association
of Urology has proposed a classification
scheme dividing chronic pelvic pain into
prostatic, bladder, urethral, scrotal, gynecolo-
gic, and pelvic floor pain syndromes.1 More
recently, it has been suggested that the nomen-
clature of pelvic pain should avoid statements
of etiology and preferably refer to the apparent
organ or region. For example, the term intersti-
tial cystitis (IC) is replaced by painful bladder
syndrome (PBS). The terms inflammatory pros-
tatitis and prostatism are replaced by male
chronic pelvic pain syndrome or prostatic
pain syndrome. Because these syndromes are
of unknown etiology, assigning etiologic
names implies knowledge that may not be
present.2 Despite the superficially clear classifi-
cation, these syndromes may have etiologic
overlaps3 and thus are amenable to common
therapeutic goals and agents.

Botulinum neurotoxin (BoNT) is elaborated
by Clostridium botulinum and is among the most
potent naturally occuring toxins. Its primary
mode of action, such as in botulinum toxin
poisoning, is chemodenervation of muscle via

blockade of presynaptic acetylcholine release at
the neuromuscular junction, with subsequent
flaccid paralysis. In therapeutic use, BoNT has
demonstrated effectiveness in the treatment of
several pain disorders including focal dystonia,
cervical dystonia/spastic torticollis, spasmodic
dysphonia, oromandibular dystonia, temporo-
mandibular disorder, refractory myofascial
pain syndrome, and tension- and migraine-
type headache.4 Several modes of action
appear to be important to its effectiveness in
this regard.5 The flaccid paralysis induced by
BoNT eliminates abnormal muscle tone and
spasm, and thus prevents ischemia-induced
release of inflammatory mediators.6-10

Inflammation-induced pain appears to be
most susceptible to modulation with
BoNT.11,12 More direct suppression of afferent
activity and related reflexic responses has also
been described.11,13,14 Other suggested antino-
ciceptive actions include direct and secondary
autonomic effects, induced CNS plasticity, and
central effects.7,15-18

Pelvic pain disorders are marked by func-
tional abnormalities of muscle tensioning and
relaxation (e.g., vaginismus) and inflammation
(e.g., chronic prostatitis), thus making them
prime potential targets for the therapeutic use
of botulinum toxin. The first report of the use
of botulinum toxin for disorders of the lower
urogenital tract was a case series of its use for
the treatment of detrusor-sphincter dyssynergia
in spinal cord injury in 1988.19 Almost 10 years
later, the first use of botulinum toxin for the
treatment of a chronic pelvic pain syndrome
was reported. In a case report of the use of
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BoNT/A in the treatment of severe vaginismus
associated with interstitial cystitis, 10 U were
injected into two anterior vaginal wall sites,
with reported effectiveness 24 months post
injection. The results were attributed to reliev-
ing inappropriate spasm of vaginal wall
muscles.20

GENITOURINARY PAIN
SYNDROMES TREATED
WITH BOTULISM
NEUROTOXIN TYPE A

Botulinum neurotoxin type A (BoNT/A) has
been investigated for use in three general
categories of chronic genitourinary pelvic pain
syndromes, chronic female pelvic pain syn-
dromes, chronic prostatitis/male chronic
pelvic pain syndrome, and painful bladder
syndrome/interstitial cystitis. Its antinocicep-
tive effects, as well as its effect as a paralyzing
agent, are thought to be central to its effective-
ness in these pain syndromes. A summary of
published trials of the use of BoNT/A in
genitourinary pain syndromes is presented in
Table 21-1.

Chronic Female Pelvic Pain
Syndromes

Chronic female pelvic pain syndromes are
frequently encountered, result in significant
detriments of quality of life (QoL) for their
sufferers, and are frustrating for both the
patient and the treating physician. The inci-
dence has been estimated at 21.5/1000
women, and the costs (1996) estimated at
$880 million.21 The etiologies of chronic
female pain include conditions affecting the
reproductive viscera such as endometriosis
and the sequela of pelvic inflammatory disease,
and conditions of nonreproductive origin such
as irritable bowel syndrome and painful blad-
der syndrome. Often, despite thorough investi-
gation including pelvic imaging and diagnostic
laparoscopy, there is no readily identified etiol-
ogy. Many of these cases may be related to
pelvic floor hypertonus22; thus, therapies
aimed at diminishing nociceptive reflex activity
may be of value. Related treatment modalities
that have potential benefit include pelvic floor
relaxation and biofeedback.1 Preliminary work
suggests that sacral neuromodulation may be
effective in female chronic pelvic pain.23,24

The use of botulinum toxin for the treatment
of chronic female pelvic pain has focused
on three potentially related pain syndromes:
vulvodynia, vaginismus, and levator ani
spasm/pain.

Vulvodynia
Vulvodynia is a complex syndrome of unex-
plained vulvar pain or burning and sexual
dysfunction. The condition is estimated to
affect 200,000 American women each year.25

It is regarded as a complex regional pain
syndrome resulting from inappropriate activity
in nonmyelinated pain fibers, although there is
minimal evidence to suggest an infectious or
inflammatory etiology.26 Commonly used
treatment modalities include tricyclic antide-
pressants, gabapentin, estrogens, a variety of
injections including steroids and interferon,
postural and pelvic floor exercises, soft tissue
mobilization/myofascial release, bowel and
bladder retraining, contact avoidance, dietary
changes, and psychiatric referral.25,27

Traditional conservative and surgical therapies
are often suboptimally effective, frequently
have significant side effects and risks, and lack
prospective study on their efficacy. Treatment
with sacral nerve neuromodulation for void-
ing-associated pelvic and perineal pain
(including vulvodynia) associated with voiding
dysfunction was associated with a reduction in
pain Visual Analog Score from 5.8 to 3.7 at up
to 24 months follow-up, but the complication
rate was 18.7%.28 This study primarily evalu-
ated the effect of neuromodulation on voiding
function, however, and the primary use of this
modality for vulvodynia remains to be defined.

In 2004, an initial case report describing the
successful management of refractory vulvodyn-
ia with BoNT/A and surgery was published.29

Later, in an open-label pilot study, 19 patients
with provoked vestibulodynia were treated
with BoNT/A, seven received 35 U, and 12
received 50 U. Reductions in a standard pain
scale (0–10) were observed with both doses
(8.1 to 2.9 and 7.4 to 1.8, respectively)
30 days following treatment. Improvements
in QoL scores and decreased medication
use were reported. The duration of response
averaged 14 weeks. No side effects were
reported.30

The only other published report of the use of
BoNT/A for the treatment of vulvodynia is a
recent case series of seven women, both pre-
and postmenopausal, with vulvodynia that
was unresponsive to standard treatments. Pain
interrupted sexual activities in all patients,
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Table 21-1 Botulinum Toxin and Genitourinary Pain Syndromes

Authors Year Symptoms Type n
Total
dose Method

Followup
(mo) Results

Adverse
Events

Female Pelvic Pain Syndromes

Brin and
Vapnick26

1997 Vaginismus CR 1 20 Anterior vaginal
wall injection

24 Relief of pain and
spasm

None

Shafik et al32 2000 Vaginismus CT 13 25 U Bulbospongiosus
injection

10 Eight patients with
BTX able to
achieve
intercourse, five
injected with
saline
unsuccessful

None

Gunter et al29 2004 Vulvodynia CR 1 Successful treatment
of refractory case

Jarvis et al38 2004 Chronic pelvic
pain

CS 12 40 Intramuscular
injection

3 Improvements in
dysparunia,
dysmenorhea,
sexual activity
scores. No change
in vaginal
manometry,
uroflow

None

Romito
et al.37

2004 Chronic pelvic
pain

CR 2 Intramuscular
injection

Several Relief of pain and
spasm

Ghazizadeh
and
Nikzad33

2004 Vaginismus CS 24 1150–400 U Puborectalis
injections, 3
sites each side

12.3 96% resolution, 75%
achieved
intercourse, no
recurrences

None

Thomson
et al39

2005 Chronic pelvic
pain, pelvic
floor
tenderness

CR 1 40–80 Repeated
intramuscular
injection

18 Improvement of QoL
scores, pain VAS
scores, pelvic floor
resting tone
(manometry)

None
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2
5
9

B
O
T
U
L
IN

U
M

T
O
X
IN

IN
T
H
E
T
R
E
A
T
M
E
N
T
O
F
C
H
R
O
N
IC

P
E
L
V
IC

P
A
IN

S
Y
N
D
R
O
M
E
S



Table 21-1 Botulinum Toxin and Genitourinary Pain Syndromes—Cont’d

Authors Year Symptoms Type n
Total
dose Method

Followup
(mo) Results

Adverse
Events

Brown et al. 2006 Vestibulodynia CS 2 20–40 3 Reduced coital pain
in one, reduced
levator
hypertonicity, no
change in
vestibular
hyperalgesia

None

Abbott et al40 2006 Pelvic pain,
pelvic floor
myalgia

RCT 60 80 Transvaginal
puborectal and
pubococcygeal
injection, two
sites

6 Less nonmenstrual
pain, improved
QoL scores,
improved resting
manometry. No
changes in
bladder/bowel
questionaires or
uroflow.

Transient
SUI

Dykstra
et al30

2006 Vestibulodynia CS 19 35 (7)
50 (12)

Intramuscular
injection

3 Improvements in
pain scores, QoL,
less medication
use

None

Yoon et al31 2007 Vulvodynia CS 7 20–40 U Vestibule, LA,
perineal
injection,
repeated
q 2 wks

11.6 Pain score improved,
no recurrences

None
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Chronic Prostatitis/Male Chronic Pelvic Pain Syndrome (CP/CPPS)

Maria et al62 1968 CS 4 30 Transperineal
injection

2 Improved symptoms
in three or four,
improved duration
of maximum flow,
no change in flow
parameters

None

Zermann
et al69

2000 CS 11 200 Transurethral
perisphincteric
injection

<1 Tenderness and pain
improved in all
patients.
Decreased FUL,
PVR, improved
flow rates

None

Interstitial Cystitis/Painful Bladder Syndrome (IC/PBS)

Smith et al40 2004 CS 13 100–200 Submucosal
trigone

6 Frequency, nocturia
reduced 45%, pain
reduced 79%, first
desire to void and
cystometric
capacity improved
58/59%

None

Kuo66 2005 CS 10 100–200 Submucosal
trigone

3 Symptomatic and
cystometric
improvements in
only two patients.

Seven
patients
with
voiding
difficulty

Smith et al101 2005 CR 1 100 Intravesical 6 Improvement in
irritative
symptoms, bother
and pain, lasting
3–6 months.

None

BTX, Botox; PVR, post-void residual; QoL, quality-of-life; RCT, randomized controlled trial; SUI, stress urinary incontinence.
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and none had gross abnormalities or lesions.
Two of the seven had elevated levator ani
tone without vaginismus. Questionnaires
using a Visual Analog Scale (VAS) were com-
pleted before and at 2 weeks after treatment.
Injections were at tender points of the
vestibule, levator ani, or perineal body, as
determined by gentle digital palpation
and touching with cotton-tip swab. Initial
injections were 20 U in 0.2 to 0.3 mL per
site, no closer to each other than 1 cm.
Injections were repeated 2 weeks later with
40 U, if pain persisted. Follow-up ranged
from 2 to 24 months and averaged 11. 6
months. There was no comment on durability
of treatment.31

Vaginismus
Vaginismus is the persistent involuntary con-
traction of striated muscle surrounding the
lower third of the vagina that occurrs upon
attempted penetration. It may be primary,
meaning successful vaginal intercourse has
not been achieved despite voluntary attempts,
or acquired, often due to dyspareunia resulting
from organic or functional pathology.
Anxiolytics, local anesthetics, and lubricants
have been the standard therapies, but a signif-
icant proportion of patients do not respond
to these measures. Therefore, treatment direc-
ted toward inhibition of involuntary muscle
contraction, analogous to the BoNT chemode-
nervation treatment of torticollis or blepharos-
pasm, may benefit these women.

Despite evidence for success of BoNT/A in
other disorders of chronic muscle spasm, only
three reports directly address its use for vaginis-
mus. The first is the aforementioned case
report; this patient was able to achieve vaginal
intercourse for the first time in 8 years, follow-
ing BoNT/A injection into the anterior vaginal
wall.20 A nonrandomized, nonblinded control
trial was then reported, in which eight women
were injected with BoNT/A and five controls
were injected with saline.32 The bulbospongio-
sus muscles were injected with either 25 U of
BoNT/A in 1 mL saline, or 1 mL saline alone,
and patients were followed for a mean of 10
months. All patients injected with BoNT/A
were subsequently able to achieve satisfactory
vaginal intercourse, whereas none of the
patients injected with saline were successful.
No reinjections, recurrences, or complications
were reported.32 The most recent report is a
case series of 24 women with significant vagi-
nismus for whom standard therapies had
failed.33 The mean age in this study was

25 years, and all were premenopausal. Under
local anesthetic with sedation, 150 to 400 U of
BoNT/A were injected into the puborectalis
muscle in three sites on each side. Patients
were evaluated with subjective assessment of
vaginal muscle resistance and their ability to
achieve vaginal intercourse following the injec-
tions. At a mean follow-up of 12.4 months,
96% were found to have little or no muscular
resistance at examination, and 75% had
achieved successful intercourse. There were no
recurrences, nor were any significant side
effects noted.33

Levator ani pain
Spasm of the levator ani muscles are commonly
linked to chronic pelvic pain.34 Conversely,
female chronic pelvic pain in the absence of
other detectable pathology is associated with
altered levator ani electromyographic (EMG)
activity consistent with abnormal levator func-
tion.35 A study of levator trigger point injection
with a mixture of local anesthetics produced
improvements in Visual Analog Score, perceived
cure, and global satisfaction scores, suggesting
the value of local antinociceptive therapy.36

Owing to the direct neuromuscular and antino-
ciceptive effects of botulinum toxin, injection of
the levator muscles with BoNT/A has been pro-
posed as a treatment modality for female
chronic pelvic pain and vulvodynia. Certainly
the subset of women with this problem overlaps
the subset of women with vaginismus, although
in the studies available, the focus of the treat-
ment of levator pain and spasm is on women
with chronic pelvic pain rather than sexual
dysfunction.

Two published abstracts mark the first
appearances of the use of BoNT/A for the treat-
ment of chronic female pelvic pain in the liter-
ature. A review of 167 patients with chronic
pelvic pain demonstrated that all had chronic
urethral and levator tenderness, inefficient vol-
untary control of the pelvic striated muscle,
voiding dysfunction, and elevated urethral
pressures. This may be the result of poorly
coordinated pelvic floor muscle action with
subsequent impaired overall motor function
despite normal or heightened localized con-
tractile activity. The result is, in essence, a
form of repetitive motion stress injury that
could be an etiologic factor in chronic pelvic
pain.22 Botulinum toxin injected into the leva-
tor ani with the intent of relieving muscle
spasm in two patients produced symptomatic
relief within a few days that lasted for several
months.37
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A pilot study of BoNT/A injection of the
pubococcygeus and puborectalis muscles for
the treatment of chronic pelvic pain in
women with chronic pelvic pain and pelvic
floor muscle hypertonicity by digital and
manometric assessment demonstrated
improvements in both objective and subjective
measures.38 Twelve nonpregnant premenopau-
sal women with pelvic pain (dysmenorrhea,
dyspareunia, dyschesia and/or nonmenstrual
pelvic pain) of at least 2 years’ duration and
pelvic floor hypetonicity as defined by a resting
vaginal pressure of >40 cm/w were assessed by
VAS pain scores, SF12, EuroQoL-5D, pelvic
floor manometry and uroflow. 10 U of BoNT/
A were injected transvaginally in each of four
sites for the puborectalis and for the pubococ-
cygeus bilaterally, using three different concen-
trations of BoNT/A (10, 20, and 100 U/mL).
At 12 weeks’ follow-up, significant pain reduc-
tion scores for dyspareunia and dysmenorrhea,
improvements in sexual activity scores and
improvements in bladder function scores were
observed. No significant improvements in QoL
scores, vaginal manometry, or uroflow were
detected. No differences were found with
respect to different concentrations of BoNT/A.
One woman who had prior stress urinary
incontinence (SUI) had mild incontinence
following injection, but there was no de novo
SUI. The authors inferred that a reduction in
dyspareunia might be the result of a direct
sensory effect of BoNT/A.38

The use of BoNT/A in the presence of known
endometriosis was described in a case report of
a 34-year-old woman with dysmenorrhea,
dyspareunia, and intermenstrual pain.
Laparoscopy-proven endometriosis had been
previously resected with partial relief of her
symptoms. The puborectalis and pubococcyge-
us muscles were tender on examination, and
pelvic floor manometry demonstrated elevated
resting tone (48 cm/w vs normal <30 cm/w).
Local anesethetic injection into levator muscles
relieved pain and reduced manometric
resting pressure for less than 2 weeks. BoNT/A
10 U/0.5 mL normal saline (NS) was injected
into right and left puborectalis and right and
left puboccygeus. Significant improvements in
QoL questionnaire (SF-12, EuroQoL-5D
scores), pain VAS and resting manometry
were observed, with maximal improvement at
8 weeks. Symptoms and findings returned by
18 to 20 weeks after injection. Treatment was
repeated twice at 20 U/injection with similar
findings. No major or minor side effects were
described.39

In a double-blind, randomized controlled
trial of BoNT/A versus saline, 60 patients with
2 years or more of chronic pelvic pain disrup-
tive to daily activities were studied. In
this group, the painful levator muscles (pelvic
floor myalgia) were accompanied by elevated
vaginal pressures per manometry. The
patients were randomized to receive either
80 U (20 U/mL) of BoNT/A or NS injections
into the puborectalis and pubococcygeus
muscles.40 Most of these patients (92% overall)
had undergone surgery, with 55% having
histologically confirmed endometriosis. Only
11% had negative laparoscopic findings; thus,
possibly as many as 80% of the patients in this
study had identifiable disease associated with
their pelvic pain. After 26 weeks of follow-up,
QoL measures (EuroQOL-5D, SF-12 mental
component, and VAS for sexual pleasure,
frequency of intercourse, and dyspareunia)
were improved in both BoNT/A and placebo
groups, with the difference between BoNT/A
and placebo improvements not reaching statis-
tical significance. Resting pelvic floor pressure
in the BoNT/A group was significantly reduced.
No significant changes were found in uroflow
and bowel and bladder function questionnaire
responses. Two women in the BoNT/A group
had transient SUI, with one of these women
also having intermittent incontinence of flatus
and stool for four months. The investigators
concluded that while their QoL measurements
did not demonstrate greater improvements
following BoNT/A compared with placebo,
the objective measurement of pelvic floor
pressure was reduced. Therefore, a lack of
significant superiority of BoNT/A in QoL
improvements might have been related to the
relatively small study size and imperfect QoL
assessment tools.40

Chronic Prostatitis/Male Chronic
Pelvic Pain Syndrome

The syndrome of chronic prostatitis/male
chronic pelvic pain (CP/CPPS) corresponds to
Category III of the NIH prostatitis categoriza-
tion.41 It is characterized by perineal, lower
abdominal, testicular, penile, and scrotal/testi-
cular pain.42 It is the most common form
of prostatitis, constituting 90% to 95% of
prostatitis cases. It has a reported incidence
of 2 million men in the United States, and is
estimated to generate 5% of urologic
office visits.43 CP/CPPS has a significant nega-
tive impact on patient QoL.44 Compared with
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controls, men with CP/CPPS reported a
significantly greater lifetime prevalence of non-
specific urethritis, cardiovascular disease, neu-
rologic disease, psychiatric conditions,
and hematopoietic, lymphatic, or infectious
disease.45

Pain is the prerequisite symptom for CP/
CPPS/Category III prostatitis. In addition to
pain, irritative urinary symptoms and ejacula-
tory pain may accompany CP/CPPS.46 Because
the syndrome is multifaceted and of uncertain
etiology, the diagnostic evaluation is poorly
defined. A history and physicial, including
digital rectal examination (DRE), urinalysis,
and urologic referral have been recom-
mended.46 The value of Stamey-Meares four-
glass test in the evaluation of men with CP/
CPPS is unclear. Although men with CP/CPPS
are more likely than controls to have higher
leukocyte counts (but not semen) in urine
samples with and without prostatic massage,
the predictive value of the test is small. The
presence of pathogenic and nonpathogenic
bacteria in segmented urine specimens of
men with prostatitis has a similar incidence to
controls.47 Prostate-specific antigen (PSA),
percent-free PSA and free PSA isoforms are
slightly elevated in men with CP/CPPS but
have low sensitivity and specificity for the
condition.48 The potassium sensitivity
test does not have good predictive value for
CP/CPPS, although men with CP/CPPS
frequently have a positive test.49 However,
administration of the NIH Chronic Prostatitis
Symptom Index (NIH-CPSI) may be useful
both for diagnosis and treatment assessment.
This questionnaire has been shown to be
valid, reliable, and responsive to prostatitis
symptoms in primary and secondary care
patients and should be used as a research out-
come in clinical studies.50-52 The Giessen
Prostatitis Symptom score (GPSS) and
International Prostate Symptom Score (IPSS)
likewise are valid assessment tools.53

Standard therapy for CP/CPPS includes
symptomatic treatment with a variety of anti-
inflammatory drugs, anesthetics, muscle relax-
ants, and analgesics, as well as therapies aimed
at treating presumed etiologies such as
infection (i.e., antibiotics) or obstruction
(i.e., alpha-adrenergic blockade).44 Pentosan
polysulfate has demonstrated mixed results,
reducing pain scores in an open-label multicen-
ter pilot study.54 A subsequent randomized
controlled trial55 demonstrated only modest
improvements in QoL scores but no significant
improvements of urinary symptoms or pain.

Neither antibiotic therapy nor alpha-adrenergic
blockade have been shown to be superior or
effective in a majority of patients.56-58 The
natural history of the condition in a treated
population is marked by wide variability in
symptom severity over time, with significant
improvement observed in one third of men
with CP/CPPS, suggesting available treatments
are not adequate.59

Botulinum toxin holds promise as a treat-
ment for CP/CPPS by relieving voiding
dysfunction and by reducing pain sensation.
Men with CP/CPPS report a greater intensity
of heat or burning sensation in response to
perineal application of capsaicin than do
controls,60 suggesting that altered sensory proc-
essing is involved in the syndrome. As dis-
cussed earlier, BoNT/A inhibits responses
to inflammatory pain, which suggests that
CP/CPPS may be responsive to BoNT/A. In a
rat model of capsaicin-induced nonbacterial
inflammatory prostatitis, inflammatory and
pain responses were assessed by behavioral
analysis, COX-2 protein concentration, and
plasma protein extravasation by Evans blue
injection. In animals injected with up to 20 U
BoNT/A into the prostate 1 week before capsa-
icin injection, BoNT/A reversed pain and
inflammatory changes in a dose-dependent
manner.61 CP/CPPS has also been viewed as a
result or complication of voiding dysfunction;
therefore, improving urodynamic parameters
may improve CP/CPPS symptoms.
Intraprostatic BoNT/A injection improved sub-
jective voiding symptoms, America Urological
Association (AUA) symptom scores, and flow
patterns in two series.62,63

Several studies have demonstrated the utility
of BoNT/A in the treatment of male voiding
dysfunction due to BPH.64-68 Only one clinical
study is found specifically addressing the use of
BoNT/A for the treatment of CP/CPPS.69

Eleven men with chronic prostatic pain of
greater than 12 months’ duration, ages 32 to
66 years, were studied. Patients were assessed
by physical examination, VAS pain assessment,
and urodynamics. All patients were neurologi-
cally normal, and had a normal bladder and
urethra by cystoscopy. Patients studied had
hypersensitive/hyperalgesic urethral sphincter
and bladder neck, pathologic pelvic muscle
tenderness, poor voluntary control of the
pelvic floor muscles, resting urethral sphincter
pressure greater than 80 cm/w and/or
maximum uroflow less than 15 mL/s. A dose
of 200 U of BoNT/A was administered by
transurethral perisphincteric injection under
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direct vision using a 22-gauge Bard needle at
three to four injection sites. At 2- to 4-week
follow-up, nine of 11 patients reported subjec-
tive improvement. VAS pain scores decreased
from 7.2 to 1.6. Significant decreases in pelvic
floor tenderness, functional urethral length,
urethral closure pressure, post-void residual
(PVR), and increases in average and maximal
uroflow were observed. One patient had SUI;
no other problems were noted.69

Interstitial Cystitis/Painful Bladder
Syndrome
Interstitial cystitis/Bladder Pain Syndrome (IC/
PBS) is a syndrome of chronic lower urinary
tract irritative symptoms and pelvic pain in
the absence of other pathology. IC and painful
bladder syndrome may be descriptions of the
same entity, distinct from other pelvic/geni-
tourinary pain syndromes.70,71 Although tradi-
tionally viewed to be more common in
women, the syndrome affects both men and
women; the incidence in men may be under-
estimated because some men with IC may be
misclassified as having CP/CPPS.72 Pain and

urinary frequency in the absence of other iden-
tifiable cause are consistent characteristics of
the syndrome.70,73 The pain typically increases
with bladder filling, is usually suprapubic
but may localize elsewhere in the pelvis and
perineum, and is often extreme in intensity
(i.e., during flare-ups). Requirements for the
clinical diagnosis of IC/PBS have recently
been reviewed.74 Diagnostic criteria were pro-
posed by the National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK) in
1988 (Table 21-2), intended for research pur-
poses rather than clinical practice. These criteria
have been criticized for underestimating the
clinical incidence of IC/PBS.73 In practical
clinical terms, the diagnosis is made by a com-
bination of a history of urgency/frequency,
bladder pain in the absence of infection or
malignancy, and typical examination findings
of tenderness. A symptom questionnaire may
be helpful, such as the University of
Wisconsin IC Scale, the O’Leary-Sant
Symptom Index or the Pelvic Pain and
Urinary Frequency (PUF) Score.74 The cysto-
scopic presence of glomerulations after

TABLE 21-2 NIDDK Diagnostic Criteria for Interstitial Cystitis

To be diagnosed with interstitial cystitis, patients must have either glomerulations on cystoscopic examination or
classic Hunner’s ulcer, and they must have either pain associated with the bladder or urinary urgency. An
examination for glomerulations should be undertaken after distentsion of the bladder with the patient under
anesthesia to 80 to 100 cm/water pressure for 1 to 2 minutes. The bladder may be distended up to two times
before evaluation. The glomerulations must be diffuse, present in at least three quadrants of the bladder, and
there must be at least 10 glomerulations per quadrant. The glomerulations must not be along the path of the
cystoscope (to eliminate artifact from contact instrumentation). The presence of any of the following criteria
excludes the diagnosis of interstitial cystitis:
1. Bladder capacity greater than 350 mL on awake cystometry using either a gas or liquid filling medium
2. Absence of an intense urge to void with the bladder filled to 100 mL gas or 150 mL water during cystometry,

using an infusion rate of 30 to 100 mL/min
3. The demonstration of phasic involuntary bladder contractions on cystometry using the fill rate described

previously
4. Duration of symptoms less than 9 months
5. Absence of nocturia
6. Symptoms relieved by antimicrobials, urinary antiseptics, anticholinergics or antispasmodics
7. A frequency of urination, while awake, of less than eight times a day
8. A diagnosis of bacterial cystitis or prostatitis within a 3-month period
9. Bladder or ureteral calculi
10. Active genital herpes
11. Uterine, cervical, vaginal or urethral cancer
12. Urethral diverticulum
13. Cyclophosphamide or any type of chemical cystitis
14. Tuberculous cystitis
15. Radiation cystitis
16. Benign or malignant bladder tumors
17. Vaginitis
18. Age less than 18 years

NIDDK, National Institute of Diabetes and Digestive and Kidney Diseases.

From Hanno PM, Landis JR, Matthews-Cook Y, Kusek J, Nyberg L Jr. The diagnosis of interstitial cystitis revisited: lessons learned

from the National Institutes of Health Interstitial Cystitis Database study. J Urol. 1999;161:553-557.
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hydrodistension, long-accepted as diagnostic of
IC, has not been proven.1 However, cystoscopy
is not without potential benefit. The presence
or absence of ulceration (Hunner’s ulcers)
at cystoscopy may denote two subtypes of
IC/PBS, representing separate entities, based
upon demographic, endoscopic, cystometric,
and histologic responses, as well as response
to therapy.75

IC/PBS occurs in the absence of identifiable
bacterial or viral infectious agents, and thus,
not surprisingly, antibiotics are not helpful.1

Ulcerative IC/PBS is associated with a pancysti-
tis, but this feature is absent in nonulcerative
disease. Mast cell activation with release of
inflammatory mediators such as histamine,
leukotrienes, cytokines, and serotonin is
increased 10-fold in ulcerative IC/PBS.76

Disruption of the protective glycosaminoglycan
(GAG) layer at the urothelial apex may expose
nerve endings to noxious urine compo-
nents.77,78 Urothelial release of adenosine
triphosphate (ATP) in response to stretch is
enhanced in IC/PBS patients, and P2X3
receptors in cultured urothelial cells are up-
regulated by stretch to a greater degree in uro-
thelial tissue from IC/PBS patients.79,80

Neuroplasticity due to enhanced activation of
nociceptive afferent pathways results in pro-
longed pain responses, spread of the pain
response to previously uninvolved neurons,
and enhanced responsiveness of select neu-
rons.5 Sensory nerve dysfunction may underlie
IC. The function of capsaicin-sensitive primary
sensory neurons from the bladder and urethra
includes regulation of the micturition thresh-
old, activation of viscerovascular reflexes, and
perception of bladder pain. In the presence of
chronic inflammation, transmitters (ATP, NO)
released by efferent nerve endings sensitize
afferent terminals.81 Enhanced sensory signal-
ing resulting in central changes may or may not
originate in the bladder. Significant bidirec-
tional neural cross-talk and cross-sensitization
between the colon and lower urinary tract due
to convergence of pelvic afferents result in
overlap of clinical pain syndromes. These
cross-organ reflexes are likely important for
normal integration of sexual, bowel, and
bladder function. Sensitization of afferent path-
ways of one viscera by irritation in another
viscera may play a role in pelvic pain syn-
dromes.82 Possible mechanisms for visceral
cross-sensitization include prespinal conver-
gence, afferent interactions by means of spinal
interneurons, sympathetic reflexes or cross-
sphincteric reflexes.83

Available treatments for IC/PBS are often of
limited benefit, and realistic expectations
by the physician and patient are an important
component of the therapeutic plan.1 At pre-
sent, a therapeutic approach aimed at multiple
‘‘pathologic targets’’ is recommended.84 This
typically includes efforts at reinforcement
of GAG layer function with oral pentosan
polysulfate sodium (PPS),85,86 hyaluronic acid
instillations,87,88 and intravesical heparin.89

Hydroxyzine may be used for suppression of
mast cell histamine release, with or without
concurrent PPS.90,91 The H2 histamine blocker
cimetidine has also demonstrated some thera-
peutic benefit,92 although its effect may not be
histamine mediated.93 The third arm of multi-
modal therapy is suppression or modulation of
neurosensory activity. This may be accom-
plished with oral therapy such as amitripty-
line,94 duloxetine,95 nortriptyline, gabapentin
or topiramate,83 or by means of bladder instil-
lations with dimethyl sulfoxise,96 bacille
Calmette-Guérin vaccine,97 the novel synthetic
peptide RDP58,98 and C-fiber desensitization
with resiniferatoxin instillation.99 A variety
of other intravesical cocktails have been
demonstrated to produce at least short-term
relief of symptoms.84

Owing to its various antinociceptive effects,
BoNT/A has been investigated as a treatment
for PBS/IC.76 BoNT/A inhibits urothelial acetyl-
choline and norepinephrine (NE) release in
response to electrical stimulation, as well as
release of ATP in response to hypo-osmotic
stress100-102 in an animal cystitis model.
Depletion of neurotransmitters from sensory
afferents diminishes urothelial mast cell release
and bladder afferent sensitization in response
to colorectal irritation,103 suggesting BoNT/A-
induced inhibition of neurotransmitter release
may diminish the release of inflammatory
agents (Fig. 21-1). Because calcitonin gene–
related peptide (CGRP) is contained primarily
in unmyelinated afferent fibers in the bladder,
CGRP release from nerve terminals has been
used to assess bladder nociceptive
responses.104,105 When compared with rats
treated with protamine only, intravesical treat-
ment with BoNT/A following protamine sulfate
disruption of the uroethelial barrier was found
to diminish CGRP release from afferent nerve
terminals as well as irritative cystometric
responses to acetic acid seven days after treat-
ment.106 In a whole rat bladder in vitro model,
CGRP release in response to ATP/capsaicin (10
mM/30 nM bath) was studied. ATP/capsaicin
increased the release of CGRP by 75% over
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baseline, although neither ATP nor capsaicin
individually promoted CGRP release.
Pretreatment in a BoNT/A organ bath (50
mM) did not significantly reduce baseline
CGRP levels, but ATP/capsaicin-induced
CGRP release was significantly reduced by
62%,107 indicating that BoNT/A suppresses
the inflammatory response to noxious stimuli.

Human data on the use of BoNT/A for
IC/PBS are limited. The first report was a case
series of 13 women with NIDDK-defined IC.
The patients underwent submucosal transure-
thral injections of 100 to 200 U of Dysport
(Ipsen, Milford, MA) (seven patients) or
BoNT/A (six patients) into 20 to 30 sites in
trigone and bladder base. Validated question-
naire (Interstitial Cystitis Symptom Index,
Interstitial Cystitis Problem Index) or voiding
charts and a VAS were evaluated at baseline,
1 month, and subsequently, at 3-month inter-
vals. Statistically significant improvements in
frequency, nocturia, and pain were observed
1 month following treatment, with improve-
ments in first desire to void and cystometric
capacity in those patients so evaluated. Onset
of symptom relief ocurred 5 to 7 days following
treatment, and the mean duration of symptom
relief was 3.7 months.108

In a case series investigating the broader use
of BoNT/A injection for the treatment of
voiding dysfunction, four patients with IC
were included in the cohort of 68 treated
patients.109 For the entire group of patients,
frequency and pad use decreased, cystometric

capacity increased, no change in maximum
voiding detrusor pressure nor in post-void
residual bladder volume, with no patient
having retention or pyelonephritis despite
targeting the bladder base and trigone.
Trigone injection was used to maximize
C-fiber exposure to the drug. The maximal
effect was observed 7 to 30 days following
injection. However, interpretation of these
results with regard to IC/PBS is difficult because
the IC data were not segregated from other
voiding dysfunctions in this report and
the number of IC/PBS patients was small in
comparison to the total cohort.109

Somewhat less encouraging is a case series of
eight women and two men with chronic
IC unresponsive to other therapy. Five were
injected with suburothelial 100 U BoNT/A
(20 sites), the other five also had 100 U inject-
ed into trigone. Functional and cystometric
bladder capacity increased, and frequency and
pain scores improved mildly. Significant
improvements were noted in only two patients.
No patient was symptom free following treat-
ment with BoNT/A. There were no therapeutic
or adverse differences between the nontrigone
and trigone injection groups.66

Bladder instillation of BoNT/A rather than
injection has also been used. In a case report
of a 42-year-old woman with recalcitrant
IC, the bladder was instilled with 100 U
BoNT/A/100 mL NS following hydrodisten-
sion. Decreased irritative symptoms, reduced
pain with a 50% decrease in pain medication
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use, and a 50% decrease in VAS scores for
bother were reported 1 week following
treatment. Maximum benefit lasted 3 months,
with some improvement remaining at six
months. Repeating BoNT/A treatment with
protamine instillation to disrupt the urothelial
barrier instead of hydrodistension had similar
clinical benefits.109

INJECTION TECHNIQUES

This section presents a summary of our techni-
ques for injection of botulinum toxin into the
bladder, prostate and sphincteric tissues.

For the treatment of levator ani spasm, direct
transvaginal injection into the levator muscles
is made using a standard obstetric pudendal
nerve block kit. A solution of BoNT/A is pre-
pared in preservative-free saline, 100 U in
4 mL. The plastic spacer is removed from the
needle hub, allowing a 1 cm injection depth.
Using the trumpet to protect the operator’s
index finger, the needle is guided to the levator
muscle and the vaginal wall is pierced, the tip
of the needle entering the muscle. One millili-
ter is injected into each of four sites, typically
posterolateral, following aspiration to ensure
avoidance of intravascular injection. Proximal
injections target the pubococcygeus muscles, at
the 4 o’clock and 8 o’clock positions, just distal
to the ischial spine. Distal injection sites target
the puborectalis muscle, at the 4 o’clock and 8
o’clock positions just inside the hymenal ring.
Four milliliters of 25 U/mL BoNT/A are used.
Superficial perineal muscle injection for vulvo-
dynia is accomplished under direct vision using
a small-gauge needle. Injection sites are placed
posterolaterally within the posterior fourchette
and vulva.

Male CP/CPPS is treated with ultrasound-
guided transrectal intraprostatic injection
following a periprostatic lidocaine nerve
block. BoNT/A 100 to 200 U is diluted in
4 mL saline, and two injections are given bilat-
erally into the transition zone. Concurrent
injections into the external urethral sphincter
are given. This is accomplished by means of a
rigid cystoscope and a 25-gauge Williams
needle (Cook Urologic, Spencer, IN). One
injection into each side, 50 U BoNT/A in 1
ml saline, is administered.

Bladder injection for the treatment of
IC/PBS is accomplished under brief general
anesthesia to allow adequate bladder disten-
sion. BoNT/A is prepared by diluting one to
three vials (100-300 U) in 10- to 30-mL

preservative-free NS for an injectable concen-
tration of 10 U/mL. A rigid cystoscope and a
25-gauge Williams needle are used to inject 20
to 30 0.5- to 1-ml aliquots into the bladder
base and trigone. The needle is positioned suf-
ficiently superficial in the bladder wall so
that injection is seen to raise a bleb, but not
so shallow as to create a blister. The dome
of the bladder is avoided to minimize risk
to the bowel. Figure 21-2 illustrates typical
injection patterns.

SUMMARY

The use of BoNT/A in the treatment of chronic
genitourinary pain syndromes holds promise.
The toxin likely provides relief by means of a
combination of chemical denervation of
striated muscle, thereby relieving muscle
tension and its induced pain, as well as direct
antinociceptive effects. The latter may be the
prominent mechanism of relief in PBS/IC.
Inconsistencies in the definition and character-
ization of these syndromes complicate study

FIGURE 21-2. Suggested urothelial injection technique for

botulinum neurotoxin type A in the treatment of interstitial

cystitis/painful bladder syndrome. Note multiple small

blebs raised by injection of 0.5 to 1 mL (5–10 U) per site

on bladder base and trigone, because the intent of therapy

is to reduce afferent/sensory activity rather than neuromus-

cular blockade. An extended injection pattern is avoided to

minimize risk of bladder hypotonia and secondary voiding

difficulties.

268 BOTULINUM TOXIN: THERAPEUTIC CLINICAL PRACTICE & SCIENCE



design, although a standard research definition
for PBS/IC has been promulgated. Studies of
chronic pelvic pain syndromes have used a
variety of outcome measures, although
syndrome-specific validated tools are available,
such as the NIH-CPSI for CP/CPPS. Acceptance
of a descriptive taxonomy of pelvic pain
syndromes should precede prospective rando-
mized trials with standardized outcome mea-
sures in order to fully evaluate the clinical
effectiveness of this treatment modality.
Continuing efforts toward understanding the
antinociceptive actions of BoNT/A will more
clearly define its role in specific pain
syndromes.
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22Application of
Botulinum Toxin in

the Prostate

Yao-Chi Chuang and Michael B. Chancellor

INTRODUCTION

Benign prostatic hyperplasia (BPH) is a non-
malignant enlargement of the prostate in
aging men. Although there is debate regarding
the exact definition, the fundamental aspects of
the disease include the interaction between the
prostatic hyperplasia, bladder outlet obstruc-
tion, and lower urinary tract symptoms
(LUTS).1 The LUTS associated with BPH can
be categorized into voiding symptoms and
storage symptoms. The degree to which the
symptoms bother the patient and impair
quality of life is the key factor for seeking
medical treatment with an urologist.

Although the etiology of BPH remains
unknown, it has been suggested that excessive
growth (static component) and contraction
(dynamic component) are the two main
components. The static component is under
parasympathetic control and regulated by
androgen, whereas the stromal smooth
muscle is sympathetically influenced. Alpha-1
adrenoceptor antagonists and 5 alpha reduc-
tase inhibitors are the most common medical
therapies used today to treat BPH.2,3 However,
both types of drugs require daily administra-
tion, and some patients discontinue treatment
due to intolerable side effects, such as postural
hypotension, retrograde ejaculation, and impo-
tence. Transurethral resection of the prostate
(TURP) is used when there is no response to
medical treatment or when BPH-related
complications occur. Nevertheless, concerns
have been raised about the safety of TURP.3

Minimally invasive therapies for BPH have

been developed for those who have a poor
response to medical treatment and are unwill-
ing or too high risk to take TURP.3

The human prostate is innervated by sympa-
thetic and parasympathetic efferents, as well as
by sensory afferents. The prostatic epithelium
receives a cholinergic innervation, whereas the
stroma receives a predominantly noradrenergic
innervation.4-6 Cholinergic innervation of
the prostate gland has an important role in
regulation of the functions of the prostate
epithelium, with effects on growth and secre-
tion, whereas the noradrenergic innervation
has been implicated in the contraction
of smooth muscle and etiology of outflow
obstruction accompanying BPH.4-6 In addition,
excessive sympathetic activity stimulates
epidermal growth factor in the prostate,
which results in trophic function in prostate
growth.7,8

Botulinum neurotoxin type A (BoNT/A), an
agent known to inhibit acetylcholine release at
the presynaptic cholinergic junction, has been
injected into the bladder and urethra to treat
various types of voiding dysfunction.9 Recently,
more studies have demonstrated that BoNT/A
could also inhibit other neurotransmitters,
including norepinephrine and sensory neuro-
transmitters.10-12 Therefore, the application
of BoNT/A has been expanded to treat symp-
tomatic BPH patients with exciting primary
results. The purpose of this chapter is to
review the mechanisms of action and results
of BoNT/A treatment for BPH, and to provide
perspectives on potential therapy for prostatic
diseases.13

Dr. Chuang is disclosing that he is a consultant for Allergan, Inc. Dr. Chancellor is disclosing that he is both a consultant and investigator
for Allergan, Inc.
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EXPERIMENTAL EVIDENCE

In the rat prostate, it has been reported that the
stromal and glandular components account for
48.3% and 51.8% of the entire prostate, respec-
tively.14 Doggweiler and colleagues used single
or serial injections of BoNT/A into the rat
prostate and observed a generalized atro-
phy and apoptosis of glandular elements.15

BoNT/A, inhibiting the release of acetylcholine
at the nerve terminal, can suppress the secreto-
motor function of acetylcholine on the prostate
and result in a decrease of the prostate weight.
We know that the prostate is under the influ-
ence of not only acetylcholine but also norepi-
nephrine and testosterone.4-6 Therefore,
additional mechanisms might be involved,
but this remains to be explored. In a male rat
prostate model, we have demonstrated a signif-
icant increase in apoptotic cells after BoNT/A
injection (12-fold, 16-fold, and 22-fold
increase for 5 U, 10 U, and 20 U Botox
[Allergan, Irvine, CA], respectively). Although
there was no change in the androgen receptor,
there were decreases in alpha-1A adrenergic
receptor of 13%, 80%, and 81% for 5 U, 10
U, and 20 U Botox, respectively. We also
observed a decrease in proliferative cells of
38%, 77%, and 80% for 5 U, 10 U, and 20 U
Botox, respectively.16

These studies suggest that BoNT/A may have
an effect on both the dynamic and static com-
ponents of BPH. We must keep in mind that
there are differences among species in the make
up of the prostate gland. The rat prostate is
primarily epithelium, whereas the human
prostate is primarily stroma, and the results of
BoNT-A effects on the rat prostate cannot be
generalized to the human therapeutic arena
without due caution.

The dog is one of a few animals that can
develop BPH spontaneously and is frequently
used as an animal model for the study of
human prostatic hyperplasia.17 Chuang et al18

investigated morphologic and apoptotic
changes in the canine prostate after BoNT/A
injection. Results demonstrated that injection
of BoNT/A induced marked atrophy and
diffuse apoptosis of prostate glands associated
with decreased cell proliferation (Figs. 22-1 and
22-2). The effect persisted for at least 3 months
without any notable side effects.

Doggweiler et al15 suggested that denerva-
tion can alter growth factor expression in the
rat prostate and resulted in programmed cell
death. Thus apoptotic changes in the prostate
after BoNT/A treatment are likely to be related

with reduced neurotrophic influence on the
gland. Expression of specific prostate apopto-
sis-related genes, such as bcl2 and transforming
growth factor-b has been implicated in the
pathogenesis of BPH.19 Thus, induction of
apoptosis may emerge as an attractive target
for the management of BPH.

The dynamic component of BPH comes
from contraction of smooth muscle cells in
the stroma, which are adrenergically inner-
vated. Lin et al20 reported that injection of
200 U BoNT/A into the canine prostate signifi-
cantly reduced the prostate urethral pressure
response to intravenous norepinephrine and
electrostimulation, and induced pronounced
atrophic changes in prostate gland and
vacuoles formation in smooth muscle cells of
the stromal tissue. However, these effects were
less significant in the group injected with
100 U. They concluded that BoNT/A reduces
contractile function while maintaining relax-
ation response of the prostate, enabling
BoNT/A a viable option to manage prostate-
related symptoms.

PROSTATE APPLICATIONS

BoNT-A BPH Clinical Results

In 2003, Maria and colleagues21 first reported
on BoNT/A injection into the prostate in men
with voiding dysfunction due to BPH. A total
of 30 men were treated with either Botox
(200 units in 4 mL saline) or saline by trans-
perineal injection into bilateral lobes of
prostate. Thirteen of 15 patients (86.6%) in

A B

FIGURE 22-1. Coronal section of canine prostate one month

after botulinum neurotoxin type A (BoNT/A) or saline injec-

tion. Smaller in size and less indurations after BoNT/A injec-

tion (B) than the control (A). (With permission from BMC

Urology.)
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the treated group versus three of the 15 patients
(20%) in the control group had symptomatic
improvement at the 2-month follow-up exam-
ination. In BoNT/A-treated patients, significant
increases in maximum flow rates from 8.1
to 16.8 mL/sec (52%), as well as significant
decreases in post void residual (PVR) from
126.3 to 21.0 mL (83%), were seen. Prostate
volumes decreased from 52.6 to 16.8 mL
(68%), prostate specific antigen (PSA) levels
dropped from 3.7 to 1.8 ng/mL (51%), and
American Urological Association (AUA) symp-
tom scores improved from 23.2 to 8.0 (65%).
Signs and symptoms were stable through 6 and
12 months in the BoNT/A-treated patients.

There are no local complications or systemic
side effects observed in an average of
19.6 months follow-up. None of these para-
meters improved in the patients who received
saline injection.

Recently, Kuo reported on 10 patients with
video urodynamically proved benign prostatic
obstruction and chronic urinary retention or
large residual urine who received Botox (200
U in 20 mL saline) injection into 10 sites of
transitional zone of prostate via cystoscopy.22

All patients had an improvement in spontane-
ous voiding, with significant increases in max-
imum flow rates from 7.6 to 9.9 mL/sec
(30.3%) as well as significant decreases in

A B

C D

E F

FIGURE 22-2. Representative saline or botulinum neurotoxin type A (BoNT/A) treatment in canine prostate at 3 months for

H & E, terminal deoxynucleotidyl-mediated deoxyuridine triphosphate nick end labeling (TUNEL) and proliferative cell nuclear

antigen (PCNA) staining. Significant glandular proliferation with papillary infolding in the lumen was seen in the control canine

(A). Atrophy change of glandular component with flattening of the lining epithelium was seen in the BoNT/A-treated canine

(B). More TUNEL-stained cells are recognized in the BoNT/A-treated animal (D) than the saline-treated animal (C). More PCNA-

stained cells are recognized in the control animal (E) than the BoNT/A-treated animal (F). (With permission from BJU

International.) See Color Plate
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PVR from 243.0 to 53.9 mL (77.8%), prostate
volumes from 65.6 to 49.5 mL (29.9%), void-
ing detrusor pressure from 65.0 to 54.1 cm
H2O (16.8%) and quality of life index from
4.5 to 2.3 (48.9%) at 3 months follow-up.
The maximal effects of BoNT/A appeared at
1 week and were maintained at the end of
study, with a mean of 9 months follow-up.
No local or systemic side effects were reported
in any patients. Interestingly, there is no signif-
icant change in the transition zone index. This
study suggested that BoNT/A might be effective
throughout the prostate gland in addition to
the transition zone.

Chuang et al18 have reported on eight BPH
patients refractory to alpha blockers treated
with transperineal injection of 200 U of
BoNT/A into the prostate. Two injections of
equal volume (2 mL) were given in each lobe.
All patients had a prostate volume of greater
than 40 mL and a peak urine flow rate less
than 12 mL/sec. No local or systemic side
effects were observed. Most patients reported
improvement starting from 3 to 7 days after
BoNT-A treatment, reaching maximal effect in
about 1 month, and maintaining effects for as
long as 8 months. At 1-month follow-up, the
prostate volume, mean symptom score and
quality of life index were significantly reduced
by 18.8% (from 61.6 ± 8.7 to 50.0 ± 5.9 mL,
P < 0.05), 73.1% (from 19.0 ± 1.8 to 5.1 ±2.0,
P < 0.05) and 61.5% (from 3.9 ± 0.3 to 1.5
± 0.2, P < 0.05), respectively. The maximal
flow rate was increased by 72.0% (from 7.5
± 1.8 to 12.9 ± 0.5 mL/sec, P < 0.05). The
residual urine was decreased by 86.2% (from
177.6 ± 71.7 to 24.5 ± 4.5 mL, P = 0.064). Two
patients with chronic urinary retention can
void spontaneously 1 week after BoNT/A injec-
tion. One patient did not have decrease of pros-
tate volume but had improvement in symptom
score and flow rate. It raised the possibility that
BoNT/A has effects on the dynamic component
of BPH.

In a report from Italy, Guercini et al23 trea-
ted 16 men with prostate gland size of more
than 80 mL and low flow rate (maximal flow
rate < 10 mL/sec) with prostatic BoNT/A injec-
tion. The authors used intraprostatic injection
of 150 U of BoNT/A dissolved in saline
solution into each lobe. Improvement was
seen at 1 month follow-up and sustained
for 6 months. The prostate volume and mean
symptom score were significantly reduced
by 38.7% (from 106 to 65 mL) and 45.8%
(from 24 to 13) at 1 month, respectively.

Most interestingly PSA and residual
urine were significantly reduced by 28.4%
(from 9.5 to 6.8 ng/dL), and 64.1% (295 to
106 mL), respectively.

The prostate size has an impact on the ther-
apeutic effect of one treatment for BPH.
Chuang et al24 expanded the clinical use of
BoNT/A in treating patients with a small
prostate and symptomatic BPH. A total of
16 patients with small prostate size (less than
30 mL), symptomatic BPH, and a peak urine
flow rate less than 12 mL/sec received intra-
prostatic injection of BoNT/A (100 U/4 mL).
One injection of equal volume (2 mL) into
each lobe of the gland was performed.24

No significant local or systemic side effects
were observed in any of the patients. All
patients reported subjective improvement start-
ing approximately 1 week, achieving maximal
effect after 1 month, and maintaining at a
mean follow-up of 10 months. The mean pros-
tate volume, symptom score, and quality of life
index were significantly reduced by 13.3%
(from 19.6 ± 1.2 mL to 17.0 ± 1.1 mL),
52.6% (from 18.8 ± 1.6 to 8.9 ±1.9), and
44.7% (from 3.8 ± 0.3 to 2.1 ± 0.3), respec-
tively. The maximal flow rate was significantly
increased by 39.8% (7.3 ± 0.7 mL/sec to 11.8 ±
0.8 mL/sec). In two patients who received
biopsy 1 month after BoNT/A injection, the
TUNEL staining demonstrated increase in
apoptotic activity not only in the glandular
component but also in the stromal component
of the prostate tissue. This study suggests that
BoNT-A disrupted the trophic effect of
autonomic systemic on the prostate gland and
induced cellular apoptosis. However, four of
16 patients had an increased peak flow rate
and improved symptoms without shrinkage
of the prostate volume.

In an open-label study, Larson et al25

reported symptomatic improvement in Interna-
tional Prostate Symptom Score (IPSS), bother
score, and peak flow rate in 10 patients with
BPH who were transrectally injected with 100
U Botox 3 months after injection. In contrast to
the positive response report of BoNT on the
prostate gland summarized earlier, another
study did not find any therapeutic benefit
from intraprostatic BoNT injection. There was
no change in prostate volume as measured by
pelvic magnetic resonance imaging in a sham
double-blind study using 200 U BoNT/A or
saline in 30 patients.

Park et al26 reported that 39 out of 52
patients with symptomatic improvement:
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decreased IPSS by 30.3%, QOL by 34.4%,
prostate volume by 13.1%, residual urine by
34.3%, and increased peak flow rate by
15.5% after transperineal injection of various
doses of BoNT/A from 100 U to 300 U in a
3-month follow-up study. The authors reported
that voiding symptoms improved but not to
the same extend as storage symptoms.

In our series,27 a total of 41 men (mean
age 69.1 ± 7.1 years) with an IPSS ^8, peak
flow rate less than 12 mL/sec, and refractory
to medical treatment were injected with 100
U (N = 21, for prostate volume less then 30
mL) or 200 U (N = 20, for prostate volume
greater than 30 mL) of BoNT/A into the pros-
tate transperineally under transrectal ultra-
sound guidance. No significant local or
systemic side effects were observed in any of
the patients. Thirty-one of 41 patients
(75.6%) had more than 30% improvement
on LUTS and QOL indices. Four of 5 patients
(80%) with urinary retention for more than 1
month can void spontaneously from 1 week
to 1 month after BoNT/A injection. Twelve of
41 patients (29.2%) did not have a change in
prostate volume; however, seven of the 12
patients (58.3%) still have more than 30%
improvement in the maximal flow rate,
LUTS, and QOL. Current studies suggest that
the mechanisms on relief of LUTS through
intraprostatic BoNT/A injection may not
totally depend on the volume of shrinkage.
The inhibitory effect on the smooth muscle
tone and sensory nerve function may play
an important role. A summary of published
reports on prostate BoNT injection is listed in
Table 22-1. It appears that intraprostatic
BoNT/A injection improved LUTS associated
with various degrees of reduction of prostate
volume and increase of flow rate. The dura-
tion of effect is reported to last 6 months or
longer. Because the use of botulinum toxin
for therapy of disorders of the prostate is cur-
rently off label, caution should be applied
until larger randomized clinical studies are
completed that will guide physicians in
making decisions about the use of botulinum
toxin for this indication.

Prostate Botulinum Toxin Type A
Injection Technique and Dosage

Intraprostatic injection therapy for BPH has
been explored to reduce prostate volume
since early 1900s.28 The indication for

treatment was shifting to LUTS associated
with various sizes of prostate. Chalfin and
Bradley’s work on injecting local anesthetic
into the prostate demonstrated the disappear-
ance of detrusor overactivity in patients
with benign prostatic obstruction.29 The study
lends to support the concept that ablation
of sensory stimuli from the prostate would be
of therapeutic benefit. Therefore, BoNT may
produce its effects not by apoptosis leading to
gland shrinkage, but by denervation causing
storage symptoms to improve.

As demonstrated in Table 22-1, successful
BoNT/A injections can be performed using
transperineal, transurethral, or transrectal app-
roaches. The transperineal and transrectal route
eliminates the need for cystoscopy and can be
performed even without local anesthesia and
temporary urethral catheter drainage. Thera-
peutic doses have been reported from 100 U
to 300 U of Botox in different volumes from
4 to 20 mL. Unlike alcohol-induced tissue
necrosis and inflammation, there has been no
report of local or systemic complications with
injection of the prostate with BoNT.

We perform BoNT prostate injections by
mixing one vial (100 U) of BoNT/A with
4 mL of saline just before injection. The total
units of Botox used in our group were from 100
to 200 U, depending on the size of the prostate.
In patients with a smaller prostate (i.e., <30
mL), we selected 100 U, and for those with a
larger prostate (>30 mL), we selected 200 U.
However, for those with a prostate larger than
60 mL, more than 200 U may be necessary. The
patients were placed in a lithotomy position
and treated using transperineal injection
under ultrasound-guided transrectal control.
A 21-gauge, 20-cm long needle (Chiba,
Denmark) was placed in the adapter of the
transrectal linear 7.5-MHz endosonic multi-
plane transducer (BK, type 8551, B-K medical,
Denmark) and was inserted 1 cm to the left and
1 cm to the right of the median raphe and 1 to
3 cm above the anal sphincter (Fig. 22-3).18,24

The transverse view was used to ensure proper
placement of the needle, which appeared as
a bright spot in the center of the transitional
zone. The scanning plane was changed to
longitudinal, and the needle was further
advanced until 0.5 to 1.0 cm from the bladder
neck. BoNT was injected at the cranial,
middle, and caudal aspect of lateral lobe.
Diffusion of hyperechoic BoNT over the lateral
lobe of the prostate was noted by transrectal
ultrasound (TRUS) monitoring.
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TABLE 22-1 Benign Prostatic Hyperplasia Patients’ Response to Intraprostatic Injection of Botulinum Neurotoxin Type A

Reference Study Design
Patient Criteria
and Number BoNT Dose Method

% of Improvement at
First and Last Follow-Up

Mean
Follow-Up

Smith et al10 (paper) Double blind, placebo
controlled

1:1 ratio

IPSS > 8
Qmax < 15 mL/sec
N = 30

200 U
50 U/mL

Transperineal, 22-gauge
needle

IPSS: 54%, 62%
QOL: NA
Qmax: 46%, 46%
RU: 60%, 81%
Prostate size:
54%, 61%
PSA: 42%, 38%
At 1 and 12 months

19.6 months

Chuang et al11

(paper)
Prospective BPO poor surgical

candidates;
prostate > 30 mL

N = 10

200 U
10 U/mL

Transurethral, 23-gauge
needle

QOL: 49%, 51%
Qmax: 30%, 53%
RU: 78%, 85%
Prostate size:
30%, 24%
PSA: NA
At 3 and 6 months

9 months

Welch et al12 (paper) Prospective Symptomatic BPH
prostate < 30 mL
Qmax < 12 mL/sec
N = 16

100 U
25 U/mL

Transperineal, 21-gauge
needle

IPSS: 53%, 53%
QOL: 45%, 45%
Qmax: 62%, 73%
RU: 63%, 60%
Prostate size: 13%, 16%
PSA: NA
At 1 and 10 months

10 months

Chuang et al13

(paper)
Prospective Symptomatic BPH

prostate > 40 mL
Qmax <12 mL/sec
N = 8

200 U
25 U/mL

Transperineal, 21-gauge
needle

IPSS: 73%, 79%
QOL: 62%, 59%
Qmax: 72%, 73%
RU: 86%, 88%
Prostate size:
19%, 20%
PSA: NA
At 1 and 3 months

4.8 months
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Guercini et al23

(abstract)
Prospective Severe BPH prostate

>80 mL
Qmax < 10 mL/sec
N = 16

300 U
50 U/mL

Transperineal IPSS: 46%, 63%
QOL: NA
Qmax: 89%, 121%
RU: 64%, 71%
Prostate size: 39%, 50%
PSA: 28%, 74%
At 1 and 6 months

6 months

Larson et al25

(abstract)
Open label BPH with LUTS

N = 10
100 U
25 U/mL

Transrectal 22-gauge
needle

IPSS: 16%, 46%
QOL: 44%, 59%
Qmax: NS, 34%
RU: NA
Prostate size: NA
PSA: NA
At 1 and 3 months

3 months

Larson et al25

(abstract)
2:1 treated to sham

double blind
BPH with LUTS
N = 30

200 U
50 U/mL

Transrectal 22-gauge
needle

QOL: NA
Qmax: NA
RU: NA
Prostate size: NA
PSA: NA
NA

NA

Park et al26 (paper) Prospective Symptomatic BPH
N = 52

100 U to 300
U

4 to 9 mL
saline

Transperineal IPSS: 30%, NA
QOL: 34%, NA
Qmax: 16%, NA
RU: 34%, NA
Prostate size: 13%, NA%
PSA: NA
At 3 months

3 months

BPH, benign prostatic hyperplasia; IPSS, International Prostate Symptom Score; LUTS, lower urinary tract symptosm; NA, not available; PSA, prostate specific antigen; QOL, quality of life.

With permission from BIU International. J Urol. 2006;98:28-32.
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POSSIBLE ADDITIONAL
USES OF BOTULINUM
NEUROTOXIN TYPE A FOR
THE TREATMENT OF
PROSTATIC DISEASES

Botulinum Neurotoxin Effects on
the Rat Model of Prostatitis

Chronic nonbacterial prostatitis, or chronic
pelvic pain syndrome, is a common but frus-
trating clinical entity characterized by prostate
pain or pelvic pain in the absence of identifi-
able infection. Abnormal sensory function of
the prostate has been claimed for the symp-
toms of chronic prostatitis or protatodynia.30

The prostatic afferent neurons that contain
calcitonin gene–related peptide and substance
P convey nociceptive information from the
prostate and may contribute to the symptoms
of prostatitis and prostatodynia. The non-
nociceptive afferent neurons might be respon-
sible for baroreceptors that sense build-up of
prostate secretions.4,31 Does sensory C-fibers
play a role in prostate pain? A recent study
demonstrated the existence of a rich TRPV1
sensory innervation in the human prostate,
which might explain the pain and burning sen-
sation reported by patients with chronic pros-
tatitis or irritative voiding symptoms.32

Using a capsaicin-induced prostatitis model
in rats, we demonstrated the analgesic and
anti-inflammatory properties of BoNT/A in
the prostate.33 The painful behavioral changes,

accumulation of polymorphonuclear cells
(PMNs), and cyclooxygenase 2 (COX-2)
expression induced by capsaicin injection
were inhibited in a dose-dependent fashion
by BoNT/A 1 week pretreatment. BoNT/A
1 week pretreatment resulted in an eightfold
reduction of PMN accumulation and decrease
of COX-2 expression from 21.5-fold to
1.6-fold. The effects were decreased at 2 weeks
pretreatment with BoNT/A. In addition to
decreased COX-2 expression in the prostate
gland, intraprostatic BoNT/A injection also
suppressed COX-2 expression in the L6 ventral
horn and dorsal horn.34 BoNT/A pretreatment
could inhibit the capsaicin-induced COX-2
expression from the peripheral organ to L6
spinal cord and inhibit prostatic pain and
inflammation. This finding suggests a potential
clinical benefit of BoNT/A for the treatment of
nonbacterial prostatitis.

Effects of Botulinum Neurotoxin
Type A on Human Nonbacterial
Prostatitis or Chronic Prostatic
Pain

Maria et al35 first reported that four men with
chronic nonbacterial prostatitis and poor blad-
der emptying associated with nonrelaxing
external urethral sphincter received bilateral
injections of 30 U BoNT/A. All patients had a
striking improvement in voiding symptoms
lasting from 1 week to 12 months. Zermann
et al. performed transurethral perisphincteric
injection of 200 U BoNT/A in 11 patients
with chronic prostatic pain. In nine patients,
the severity of paing was reduced from 7.2 to
1.6.36 Shin et al37 reported that multi-regional
injections of BoNT/A (including four intrapros-
tatic injection) improved symptoms in 59% of
patients with chronic pelvic pain syndrome
(CPPS). Therefore, urethral injection, peri-
sphincteric, or intraprostatic BoNT/A injection
might have therapeutic benefits for patients
with human nonbacteria prostatitis or chronic
prostatic pain.

Effects of Botulinum Neurotoxin
Type A on Prostate Cancer

Although there are currently no published
reports of BoNT/A being used as therapy for
prostate cancer, in the clinical papers published
that included PSA, there has been a reduction

FIGURE 22-3. Transperineal injection position. (With per-

mission from BJU International.)
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of PSA level with BoNT injection.21,23 In the
rat, dog, and human prostate tissue that has
been assessed histologically, apoptosis has
been noted.15,16,18,24 Inflammatory change
and COX-2 elevation have been reported to
play a role in the pathogenesis of prostate
cancer.38 Thus, the fact that BoNT/A inhibits
inflammatory change and downregulates
COX-2 expression may affect prostate cancer.
We acknowledge that using BoNT/A in prostate
cancer is conjectural and it is not clear whether
a therapy would involve a single or multiple
injections. However, we believe that a new
agent and new mechanisms of action for the
treatment of prostate cancer is exciting and
should be studied.

CONCLUSIONS

Prostate diseases are central to the practice of
urology, and a new drug or substance such as
botulinum toxin that can affect the prostate
gland has has had a profound impact in our
field. Translational research suggests that the
novel mechanism of action of botulinum
toxin could be useful in the prostate as therapy
for BPH or chronic nonbacterial prostatitis, or
even as an adjuvant therapy for prostate
cancer.13 Clinical series have demonstrated sus-
tained efficacy of 6 months or longer after pros-
tate BoNT/A injection. Because the use of
BoNT/A in the prostate is currently off label
and, in support of evidence-based medicine
practices, caution should be applied until
larger randomized clinical studies are com-
pleted. More basic research is needed to iden-
tify the mechanisms in which botulinum toxin
may affect the prostate.
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FIGURE 22-2. Representative saline or botulinum neurotox-

in type A (BoNT/A) treatment in canine prostate at 3 months

for H & E, terminal deoxynucleotidyl-mediated deoxyuridine

triphosphate nick end labeling (TUNEL) and proliferative cell

nuclear antigen (PCNA) staining. Significant glandular prolif-

eration with papillary infolding in the lumen was seen in the

control canine (A). Atrophy change of glandular component

with flattening of the lining epithelium was seen in the

BoNT/A-treated canine (B). More TUNEL-stained cells are

recognized in the BoNT/A-treated animal (D) than the

saline-treated animal (C). More PCNA-stained cells are recog-

nized in the control animal (E) than the BoNT/A-treated

animal (F). (With permission from BJU International.)



23Clinical Application of
Botulinum Neurotoxin

in the Treatment of
Myofascial Pain

Syndromes

Martin K. Childers

INTRODUCTION

Myofascial pain syndrome (MPS) is a disorder
characterized by the presence of myofascial
trigger points (MTrPs), distinct sensitive spots
in a palpable taut band of skeletal muscle
fibers1,2 that produce local and referred pain.
Synonyms for MPS include myogelosis,3,4

fibrositis,5-7 and fibromyalgia.7-12 MPS is
characterized by both a motor abnormality
(a taut or hard band within the muscle) and
also by a sensory abnormality (tenderness and
referred pain).13 In addition to pain, the disor-
der is accompanied by referred autonomic phe-
nomena as well as anxiety and depression.14

The pathophysiology of MPS is not clearly
understood due, in part, to the scarcity of reli-
able valid studies.15 Moreover, concomitant
disorders, and frequent behavioral and psycho-
social contributing factors16 in patients with
MPS contribute to the complexity of human
studies. Symptoms of MPS are generally associ-
ated with physical activities thought to contrib-
ute to ‘‘muscle overload,’’ either acutely by
sudden overload, or gradually with prolonged
repetitive activity.17 MPS can be classified as
regional or generalized. Some authors broaden
the definition of myofascial pain to include a
regional pain syndrome of any soft-tissue
origin. Thus, MPS may be considered either
a primary disorder causing local or regional
pain syndromes, or a secondary disorder
that occurs as a consequence of some other
condition.1,13,16,18-20

PHYSICAL EXAMINATION

Finding and localizing MTrPs is generally con-
sidered the most important part of the physical
examination to provide an accurate diagnosis
of MPS.1,17,21 Simons and Travell’s Myofascial
Pain and Dysfunction The Trigger Point
Manual22 is considered the criterion standard
reference on locating and treating MTrPs.
Active MTrPs, which are believed to cause
pain, exhibit marked localized tenderness,
and may refer pain to distant sites, disturb
motor function, or produce autonomic
changes. Specific clinical training is required
to become adept at identifying MTrPs, because
evidence suggests that nontrained clinicians do
not reliably detect the taut band and local
twitch response.23 As Simons and Mense
point out, ‘‘The diagnostic skill required
depends on considerable innate palpation abil-
ity, authoritative training, and extensive clinical
experience.’’17 To clinically identify MTrPs, the
clinician palpates a localized tender spot in a
nodular portion of a taut ropelike band of
muscle fibers. Manual pressure over a trigger
point should elicit pain at that area and may
also elicit pain at a distant site (referred pain)
from the point under the fingertip. MTrPs
when palpated, should also elicit pain that mir-
rors the patient’s experience. Applied pressure
often earns the response ‘‘ That’s my pain!’’
Insertion of a needle, abrupt palpation, or
even a brisk tap with the fingertip directly
over the trigger point may induce a brief

Dr. Childers is reporting that he has consulted for McNeil, Allergan, and Ipsen.
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muscle contraction detectable by the examiner.
This rapid contraction of muscle fibers of the
ropy taut band is termed a local twitch
response.17 In muscles that move a relatively
small mass or are large and superficial (like
the finger extensors or the gluteus maximus),
the response is easily seen and may cause
the limb to visibly move when the examiner
introduces a needle into the trigger point.
Localized abnormal response from the auto-
nomic nervous system may cause piloerection,
localized sweating, or even regional tempera-
ture changes in the skin attributed to altered
blood flow.24-26

Features of Myofascial Trigger
Points

Characteristic features of MTrPs have been
described in both human and animal studies.
Animal studies reported myofascial trigger
spots (MTrSs) in taut bands of rabbit muscle
fibers similar to that observed in human
MTrP in several respects.27 Equine MTrPs have
also been identified with similar features to
those documented in humans and rabbits
with the exception that referred pain patterns
cannot be determined in animals.28 One such
feature of the MTrP is the so-called twitch
response. This local response is considered a
characteristic finding of the MTrP. Mechanical
stimulation (‘‘snapping’’ palpation, pressure, or
needle insertion) can elicit a local twitch
response frequently accompanied by referred
pain.29 The twitch response accompanied by a
burst of electrical activity (e.g., endplate noise)
within the muscle band contains the activated
trigger point, whereas no activity is seen at
other muscle bands. Endplate noise is signifi-
cantly more prevalent in MTrPs than in sites
that lie outside of an MTrP but still within
the endplate zone.30 This observation has
been attributed to a spinal reflex,27,29 becaue
the response is abolished by motor nerve
ablation or infusion of local anesthetic.
Moreover, spinal cord transection above the
neurologic level of the MTrP fails to perma-
nently alter the characteristic response.

Several hypotheses21,26 propose to explain
the findings observed in MTrPs. One theory is
related to excessive release of acetylcholine in
abnormal endplates,27 as the EMG activity
recorded at trigger points resembles findings
described at the endplate region.30 This idea
has led to studies of botulinum neurotoxin
injection (BoNT) into MTrPs in an attempt to

reduce release of excessive acetylcholine.
To date, results of small cohort studies31-37

examining effects of BoNT on MTrPs have
yielded inconsistent findings. Another theory
proposes that MTps are found only at the
muscle spindle in an attempt to explain bene-
ficial effects of alpha-adrenergic antagonists.
However, this idea does not fully explain the
electromyographic (EMG) findings recorded at
the MTrP. Furthermore, there appears to be
little evidence that painful muscle areas,
such as MTrPs, are associated with any
structural changes in the appearance of the
muscle spindle.

Botulinum Toxin Use in
Myofascial Pain
Syndrome—Evidence in
Peer-Reviewed Literature

A literature search of the PubMed database
from September 2007 to the earliest available
year using the terms BoNT and myofascial pain
yielded 61 publications. Limiting the publica-
tions to prospective, randomized, placebo-
controlled studies in humans or animals
yielded less than six publications. The follow-
ing section briefly describes the primary results
from selected prospective studies.42-50

In an attempt to address the question of
whether or not BoNT might be superior to
injection with local anesthetic in patients with
MPS, Graboskie et al compared effects of
botulinum neurotoxin type A (BoNT/A) to
bupivicaine injections in a single-center rando-
mized crossover superiority trial.51 As an
enrollment criterion, only subjects who
responded favorably to bupivacaine injections
into MTrPs were included in the trial. In this
study, 18 patients with MPS received MTrP
injections with either 25 units BoNT/A or
0.5 ml of 0.5% bupivacaine per trigger point.
A maximum of eight trigger points were inject-
ed per subject. Subjects were followed until
their pain returned to 75% or more of their
preinjection pain for 2 consecutive weeks,
after which there was a 2-week wash-out
period. The subjects then crossed over and
had the same trigger points injected with the
other agent. All subjects participated in a home
exercise program involving static stretches of
the affected muscles. Both treatments were
effective in reducing pain when compared
with baseline (P= 0.0067). There were no
significant differences detected between either

284 BOTULINUM TOXIN: THERAPEUTIC CLINICAL PRACTICE & SCIENCE



study groups with respect to duration or
magnitude of pain relief, function, satisfaction
or cost of care (cost of injectate excluded).
The authors concluded that bupivacaine is
more a cost-effective treatment for MPS com-
pared with BoNT/A.

Querama et al52 investigated effects of
BoNT/A on pain and EMG activity in 30 sub-
jects with infraspinatus MTrPs. Perhaps based
on the finding that BoNT reduces endplate
noise in rabbit MTrPs,53 Querama et al carried
out a double-blind, randomized, placebo-
controlled, parallel clinical trial on the effects
of BoNT/A on pain from MTrPs and on EMG
activity. Thirty patients with MTrPs in the
infraspinatus muscles received either 50 units
of BoNT/A or 0.25 mL of isotonic saline.
Results indicated that BoNT/A reduced motor
endplate activity and the interference pattern of
EMG but had no effect either on pain (sponta-
neous or referred) or pain thresholds compared
with isotonic saline. The authors concluded
that their results do not support an analgesic
effect of BoNT/A in MPS.

Ojala et al54 studied effects of small doses of
BoNT/A in neck and shoulder MPS. Their ratio-
nale for studying small doses was due to the
fact that injections of large amounts of BoNT
may cause muscle weakness and other adverse
events. Therefore, they studied the effects of
small doses (5 U) of BoNT/A injected directly
into active MTrPs using a double-blind cross-
over technique. Thirty-one patients were stud-
ied. Patients received either BoNT/A or
physiologic saline injections on two occasions
4 weeks apart. The total dose of BoNT/A varied
from 15 to 35 U. The follow-up measurements
were carried out at 4 weeks after each
treatment. Neck pain and result of treatment
were assessed with questionnaires. Pressure
pain thresholds were measured using a dolor-
imeter. Their results indicated that no statisti-
cally significant changes in the neck pain and
pressure pain threshold values occurred
between the experimental groups, nor were
there significant differences detected in side
effects between groups. The authors concluded
that there were no significant differences
in analgesic effects following small doses
of BoNT/A or physiologic saline in the treat-
ment of MPS.

Ferrente and colleagues42 studied the effects
of BoNT/A in patients with cervicothoracic
MPS. One hundred thirty-two patients with
cervical or shoulder MPS or both and active
MTrPs were enrolled in a 12-week, rando-
mized, double-blind, placebo-controlled trial.

Patients were given one of three doses
(10, 25, or 50 U) of BoNT/A into up to five
active MTrPs, with the maximum doses in
each experimental group of 0, 50, 125, and
250 U. Patients also received myofascial release
physical therapy, amitriptyline, ibuprofen, and
propoxyphene-acetaminophen napsylate.
Results failed to demonstrate significant differ-
ences between the placebo and BoNT/A groups
with respect to Visual Analog Pain scores,
pressure algometry, or rescue medication.
Thus, the authors concluded that BoNT/A
injections into MTrP points did not improve
cervicothoracic MPS.

Kamanli et al35 compared MTrP injection
with BoNT-A with dry needling and lidocaine
injection in a single-blind study of 29 patients
with MPS. Patients were randomly assigned to
three groups: lidocaine injection (n = 10, 32
MTrPs), dry needling (n = 10, 33 MTrPs), and
BoNT/A injections (n = 9, 22 MTrP). Results
indicated that pain pressure thresholds
improved in all three groups. Of interest,
Visual Analog Scores significantly decreased in
the lidocaine and BoNT/A groups but not in
the dry needle group. Similarly, quality of life
scores significantly improved only in the lido-
caine and BoNT/A groups, but not in the dry
needle group. Depression and anxiety scores
significantly improved only in the BoNT/A
group. The authors concluded that lidocaine
injection is more practical and rapid than
dry needling and is more cost effective than
BoNT-A injection. Therefore, lidocaine
seems to be the treatment of choice in MPS.
On the other hand, the authors speculated
that BoNT/A could be selectively used in MPS
patients who are resistant to conventional
treatments.

One pivotal trial has reported efficacy of
BoNT in MPS. In a large multicenter study55

in Europe, the efficacy and tolerability of
BoNT/A was evaluated in 145 patients with
MPS of the upper back. In this prospective,
randomized, double-blind, placebo-controlled,
12-week study, patients with chronic moderate-
to-severe MPS affecting cervical or shoulder
muscles, or both, were randomized to receive
either BoNT/A or saline injections into the 10
most tender MTrPs (40 U per site). The primary
outcome was in the proportion of patients with
mild or no pain at Week 5. Secondary
outcomes included changes in pain intensity
and the number of pain-free days per week.
Tolerability and safety were also assessed.
Results demonstrated that at Week 5, signifi-
cantly more patients in the BoNT/A group
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reported mild or no pain (51%), compared
with the patients in the placebo group (26%;
P= 0.002). Furthermore, compared with
patients who received placebo, patients who
received BoNT/A reported significantly greater
improvement from baseline in pain intensity
during Weeks 5 to 8 (P<0.05), and signifi-
cantly fewer days per week without pain
between Weeks 5 and 12 (P= 0.036).
Treatment was well tolerated, with most side
effects resolving within 8 weeks. This study
was the first large multicenter evaluation
of BoNT/A in patients with chronic MPS to
support the hypothesis that BoNT can safely
and effectively reduce pain attributed to
MTrPs in the upper back.

Botulinum Toxin in Regional
Myofascial Pain Syndrome

To test the idea that BoNT might work to
relieve regional MPS, the author conducted a
pilot study56 on the use of BoNT/A in a
cohort of subjects with regional MPS of the
lower limb, in a condition termed piriformis
syndrome. Blunt trauma, such as a fall onto
the buttocks, has been reported to result in
this painful chronic musculoskeletal disorder,
which is thought to involve the piriformis
muscle because of its close proximity to the
sciatic nerve. Piriformis syndrome is associated
with buttock, hip, and lower limb pain and
occurs predominantly in women. It has been
suggested that hip, buttock, and leg pain results
as a consequence of prolonged or excessive
contraction of the piriformis muscle.57,58

Subsequent to the location of this muscle and
its close association with the sciatic nerve,
excessive or sustained muscular force might
also compress the sciatic nerve and result in
lower limb pain. Thus, agents such as BoNT
known to locally decrease muscle force59-61

might bring about pain relief by decreasing
muscle tension and also by presumably
decreasing tension on nerve axons.
Accordingly, it was hypothesized that injection
into this muscle with the potent paralytic agent
BoNT/A would diminish buttock, hip, and
lower limb pain.

Ten women with piriformis syndrome parti-
cipated in a double-blind crossover pilot to test
effects of local intramuscular BoNT/A (100 U)
directly injected into the piriformis muscle.
Pain scores and nerve conduction studies
were measured in each participant over several
weeks. Results of the main outcome measures

(pain scores) suggested a clinical benefit—
]probably as a result of a modest analgesic
response from toxin injection. Others47,62

have similarly reported afavorable response to
BoNT in piriformis syndrome.

If clinical benefit was due, at least in part, to
local decrease in muscular force and subse-
quent decrease in motor axon compression
as a result of BoNT injection, then it was antici-
pated that associated changes would be
observed in nerve conduction (H reflex)
studies.63 However, no changes in H reflexes
were detected either before or after experimen-
tal interventions. Thus, the idea that sciatic
nerve compression resulted from local increase
in piriformis muscle tension was not supported
by the findings. This line of evidence pointed to
an alternative mechanism of action64 of BoNT
in pain syndromes and also raised questions
about the very nature of MPS. There are no
clear biochemical markers that distinguish
patients with MPS. However, although the
pathogenesis is still unknown, there has been
evidence of increased corticotropin-releasing
hormone and substance P (SP) in the cerebro-
spinal fluid (CSF) of fibromyalgia patients, as
well as increased SP, interleukin-6 (IL-6), and
interleukin-8 (IL-8) in their serum.65 One
hypothesis supports the idea that MPS is an
immunoendocrine disorder in which the
increased release of CRH and SP from neurons
triggers local mast cells to release proinflamma-
tory and neurosensitizing molecules. This
hypothesis fits well with recent discoveries of
neuropeptides found in the muscles of patients
with active MTrPs.66,67

Regional Examination of the
Lower Extremity for Piriformis
Syndrome

To evaluate individuals for piriformis syn-
drome,68,69 their usual buttock, hip and lower
limb pain may be reproduced during the fol-
lowing maneuvers: palpation over a point
midway between the sacrum and greater tro-
chanter of the femur, active hip abduction in
the lateral recumbent position, and rectal pal-
pation of the ipsilateral side of the involved
limb.56 A number of similar maneuvers have
been described. Freiberg’s maneuver of forceful
internal rotation of the extended thigh elicits
buttock pain by stretching the piriformis
muscle, and Pace’s maneuver elicits pain by
having the patient abduct the legs in the
seated position, which causes contraction of
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the piriformis muscle.70 Beatty described a
maneuver71,72 performed by the patient lying
with the painful side up, the painful leg flexed,
and the knee resting on the table. Buttock pain
is produced when the patient lifts and holds
the knee several inches off the table. Beatty
reported that the maneuver he described
produced deep buttock pain in three patients
with piriformis syndrome. In 100 consecutive
patients with surgically documented herniated
lumbar discs, the maneuver often produced
lumbar and leg pain but not deep buttock
pain. Also, in 27 patients with primary hip
abnormalities, pain was often produced in the
trochanteric area but not in the buttock.
The maneuver described by Beatty presumably
relies on contraction of the muscle rather than
stretching, which might reproduce pain due to
an actively contracting piriformis muscle. A
positive finding in at least two of the preceding
maneuvers is sufficient to confirm a diagnosis
of piriformis syndrome, provided that other
potential causes have been eliminated from
the differential diagnosis (described later).
For example, patients with trochanteric bursitis
generally present with chronic intermittent
aching pain over the lateral aspect of the
affected hip. Pain is worsened by sitting in a
deep chair or car seat, or by climbing stairs.
In contrast, patients with regional MPS of the
lower limb (piriformis syndrome) report pain
primarily in the buttocks, with occasional
radiation into the lateral thigh. Clinical criteria
for trochanteric bursitis should include the first
and second and at least one of the remaining
findings: (1) history of lateral aching hip pain;
(2) localized tenderness over the greater
trochanter; (3) radiation of pain over the lateral
thigh; (4) pain of resisted hip abduction;
(5) pain at extreme ends of rotation, particu-
larly a positive Patrick (Fabere) test.

Diagnostic Studies

No definitive laboratory test or imaging
method is diagnostic of MPS. Thus, diagnosis
is made primarily on history and physical
examination. Although no specific laboratory
tests confirm (or refute) a diagnosis of
MPS,2,14,73 some tests can be helpful in the
search for predisposing conditions, such as
hypothyroidism, hypoglycemia, and vitamin
deficiencies. Specific tests that may be helpful
include complete blood count, chemistry
profile, erythrocyte sedimentation rate (ESR),
and levels of vitamins C, B1, B6, B12, and folic

acid. If clinical features of thyroid disease are
present, an assay for thyrotropin may be indi-
cated.74,75 A presumptive diagnosis of pirifor-
mis syndrome is based principally on clinical
evidence because well-established laboratory or
imaging studies to confirm such a diagnosis are
not available. Therefore, other sources of but-
tock, hip, and lower limb pain must be
excluded before such a diagnosis can be
made. Although laboratory or imaging studies
are not diagnostic for this condition, delayed
H-reflex latencies have been reported in at
least one case series,76 presumably because of
sciatic nerve compression by the piriformis
muscle.

Procedures used in the treatment of pirifor-
mis muscle syndrome include therapeutic
stretch, ultrasound, massage, manipulation,
and oral analgesic agents. Caudal epidural
steroid injections, local intramuscular steroid
injections, and surgical resection of the
muscle have also been reported as effective.
The rationale for use of botulinum toxins
in MPS may involve presynaptic blockade of
nociceptive peptides in affected muscles, reduc-
tion in force of contracting muscles, or some
combination of both mechanisms.40,41,64,80,81

GENERAL TREATMENT
APPROACH TO
MYOFASCIAL PAIN
SYNDROME

A wide variety of therapy is available to patients
with MPS. Much of the variation in forms of
treatment (and diagnoses) of this disorder
probably results from differences in culture,
training and recognition of an often undiag-
nosed syndrome of pain, dysfunction, and au-
tonomic dysregulation. The following section
discusses treatment strategies for patients with
MPS, including those individuals who develop
chronic pain.

Early use of therapeutic modalities such as,
biofeedback, ultrasound, lasers, and massage
may be useful adjuncts in relieving initial
pain to allow participation in an active exercise
program. Although therapeutic modalities are
commonly used for MPS, most of these mod-
alities have not been rigorously investigated.
Appropriate controls, sample sizes, and blind-
ing measures are often lacking. Despite these
issues, results from published reports generally
indicate therapeutic efficacy.82 For example,
Hou et al83 investigated the immediate effect
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of physical therapeutic modalities on myofas-
cial pain in the upper trapezius muscle in
119 subjects with active MTrPs. Their findings
suggested that therapeutic combinations such
as hot pack plus active range of motion and
stretch with vapocoolant spray are effective
adjuncts for pain relief in patients with MPS.
To investigate the immediate effectiveness of
electrotherapy on MTrPs of the upper trapezius
muscle, Hsueh et al84 studied 60 patients with
MTrPs in one side of the upper trapezius
muscle. The involved upper trapezius muscles
were treated with three different methods
according to a random assignment. One
group received a placebo treatment, another
group was given electrical nerve stimulation
(ENS) therapy; and a third group given electri-
cal muscle stimulation (EMS) therapy. The
effectiveness of each treatment was assessed
by conducting three measurements on each
muscle before and immediately after treatment:
subjective pain intensity, pressure pain thresh-
old, and range of motion. Results indicated
that electrical nerve stimulation is more effec-
tive for immediate pain relief than electrical
muscle stimulation, wheras muscle stimulation
appeared to have a greater benefit on immedi-
ate release of muscle tightness compared with
nerve stimulation. Together, the results of these
and other studies suggest that addition of
therapeutic physical modalities1,7,16,85,88 such
as heat and various forms of muscle and
nerve stimulation are beneficial in the initial
treatment of MPS.

The use of physical therapy techniques that
focus on correction of muscle shortening by
targeted stretching, strengthening of affected
muscles, and correction of aggravating postural
and biomechanical factors are generally consid-
ered to be the most effective treatment for
MPS.87-89 This idea is supported by a line of
evidence examining the relationship between
muscle overload and MTrPs. For example,
Itoh et al90 developed an experimental model
of MTrPs in which healthy volunteers under-
went repetitive eccentric exercise of the third
finger of one hand. Pain thresholds of the
skin, fascia, and muscle were measured imme-
diately afterward and for 7 days. Following
exercise, pressure pain thresholds decreased,
then gradually returned to baseline values.
A ropy band was palpated in the exercised fore-
arm muscle, and the electrical pain threshold of
the fascia at the palpable band was the lowest
among the measured loci and tissues. Needle
EMG activity accompanied with dull pain
sensation was recorded only when the

electrode was located on or near the fascia of
the palpable band.

As another example of exercise as a treat-
ment for MPS, a study was conducted in
20 patients with MPS localized to the tempo-
romandibular region.1,88 The exercise treat-
ment consisted of jaw movements and
correction of body posture. After treatment,
six patients reported no pain at all and seven
patients reported improvement in the ability to
chew. Together findings from these and other
studies suggest a direct relationship between
exercise and MPS, although definitive large
multicenter trials appear to be lacking.

The goal for the treatment of MPS is to
engage patients in active therapy to prevent
the development of chronic pain syndrome,
or if it has developed, to rehabilitate patients
from its disabling interacting symptoms.
Chronic MPS is not a diagnosis but a descrip-
tive term for individuals who not only report
persistent pain, but who demonstrate poor
coping, self-limitations in functional activities,
significant life disruption, and dysfunctional
pain behavior.91 Other common symptoms of
chronic pain syndrome related to an accompa-
nying disuse syndrome include the multiple
physical systems effects of deconditioning, as
well as insomnia, fatigue, anxiety, and depres-
sion.92 A central feature of chronic MPS is
avoidance of activity based on the fear that
engaging in functional activity will increase
pain (fear/avoidance).92 The critical impor-
tance of addressing such a belief is underscored
by prior studies that indicated that patients’
beliefs about their pain were the best predictors
of task performance,93 medical utilization,94

and long-term rehabilitation.95

Oral Medications

Nonsteroidal anti-inflammatory drugs
(NSAIDs) may be a useful adjunct to active
exercise-based treatment of MPS, but NSAIDS
are generally considered beneficial when used
in conjunction with an active treatment pro-
gram. However, no randomized placebo-
controlled clinical trials exist to support efficacy
of NSAIDs use in this condition. Interestingly,
when injected into the MTrP, the NSAID
diclofenac was shown to be superior to lido-
caine in one small clinical trial.96 Low-dose
amitriptyline is widely used in patients with
fibromyalgia, and is thought to help improve
the patient’s sleep cycle.65,97-99 Muscle relax-
ants may provide benefit to patients with
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MPS. For example, cyclobenzaprine hydro-
chloride, a commonly prescribed muscle relax-
ant, is indicated as an adjunct to rest and
physical therapy for the relief of muscle
spasm associated with acute, painful musculo-
skeletal conditions. In contrast to low-dose
(5 mg TID) cyclobenzaprine, a higher dose
(10 mg TID) is associated with more somno-
lence and dry mouth. Importantly, there does
not appear to be a relationship between som-
nolence and pain relief. A large, multicenter,
community-based trial of patients with acute
pain and muscle spasm evaluated low-dose
cyclobenzaprine (5 mg TID) alone compared
with combination therapy using two doses of
ibuprofen. It is possible that low-dose
cyclobenzaprine or high-dose ibuprofen alone
may be sufficient to relieve acute musculoskel-
etal pain, and that no additional benefit is
incurred by adding another medication.
Future trials comparing various doses of
muscle relaxants and NSAIDs, alone or in
combination, will be required to address
these questions in the treatment of patients
with MPS.

Procedures

When combined with other therapies, interven-
tional techniques can be an effective adjunct
in the multidisciplinary management of
patients with MPS.100 In treating MPS, other
than trigger point injections, interventional
procedures (e.g., epidural steroid injections,
sacroiliac joint injections, and blocks of
medial branch nerves feeding out from facet
joints of the spine) are usually not employed.
However, at times myofascial pain is associated
with or caused by other underlying conditions.
For instance, lumbar myofascial pain may
also have some component of lumbar facet
arthropathy. Lumbar medial branch blocks
and radiofrequency denervation, alone or
in combination with the other therapies
(e.g., muscle relaxants), may work together to
relieve myofascial pain. Similarly, epidural ster-
oid injection may provide lumbar pain relief in
a patient with spondylosis. It has been
suggested by Romanoff et al1 that cervical
epidural steroid injections may be used to
treat cervical myofascial pain syndrome if
conservative treatments fail. Therefore, under-
lying pathology may respond to more
aggressive interventional methods, and in
turn, synergistically provide pain relief to the
patient with MPS.

MTrP injections should be individualized
for both the patient and clinician. Alcohol, if
used to clean skin, should be allowed to dry
completely to prevent additional pain. Use of
operating rooms or special procedure (sterile)
rooms equipped with monitoring devices for
the purpose of intramuscular injections using
small caliber needles is not necessary. Most
patients can be treated safely in an office setting
by experienced clinicians. The diagnostic skill
required to find active MTrPs depends on con-
siderable innate palpation ability, authoritative
training, and extensive clinical experience.17

Application of trigger point injection begins
by first determining the equipment needs
according to the needs of the patient, the clin-
ician’s training, and the anatomic target for
injection. Typically, a 1.0-mL tuberculin-type
syringe with 5/8-inch 25-gauge needle is ade-
quate for superficial muscles. For small muscles
(e.g., facial muscles), a 1-inch 30-gauge needle
is sufficient. For larger muscles, a 1-inch or
1.5-inch 25-gauge needle is adequate. After
placing the patient in a position that facilitates
relaxation of the desired muscle, the MTrP is
located. In the prone position, the MTrP is
ascertained using gentle pressure from the end
of a fingertip or a ballpoint pen applied at reg-
ular 1-cm intervals. The patient is observed clo-
sely during palpation because pressure on the
markedly tender MTrP usually causes the
patient to jump, wince, or cry out. Each
muscle has a characteristic pattern of referred
pain that, for active MTrPs, is familiar to the
patient. Thus, the patient will respond that
this pressure reproduces their usual pain and,
when questioned, will describe painful sensa-
tions at a site slightly distant to the point under
the examiner’s finger. Once the MTrP has been
located, the skin is marked, and the site is in-
jected with saline, anesthetic agent, or cortico-
steroid solution.

Piriformis Muscle Injection
To inject the piriformis muscle (Fig. 23-1), the
patient is placed in the prone position, the skin
over the largest bulk of the buttocks is swabbed
with iodine, and sterile drapes are applied.
Under pulsed fluoroscopy, the greater trochan-
ter of the femur, the body of the sacrum,
and the sciatic notch can easily be identified
(Fig. 23-2). The skin is marked corresponding
to a location midway between a line that
bisected the middle of the sciatic notch
and the greater trochanter of the hip. A sterile
5 1/2-inch 20-guage dual-purpose injection/
EMG needle is inserted through the overlying
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skin marking. The needle should be angled
slightly lateral to medial. Once the iliacus
encountered, the needle is withdrawn slightly
and the injection site is visualized by fluoros-
copy (Fig. 23-3).

To further verify that the needle tip is placed
accurately within the piriformis muscle, before
injection and subsequent to fluoroscopic local-
ization of needle placement, an electromyo-
graph can be connected to the hub of the
needle. A ground and a reference electrode are
secured to the skin overlying the lateral upper
thigh. The patient is instructed to externally
rotate the thigh to activate the piriformis
muscle. If brisk motor unit action potentials
are not observed, the needle should be reposi-
tioned slightly, and the procedure repeated.
Three milliliters of an iodine-based radiotracer
dye is subsequently injected. The pattern of
radiotracer spread is subsequently examined
under pulsed fluoroscopy. If the radiotracer pat-
tern does not correspond with the parallel align-
ment of piriformis muscle fibers, the needle

FIGURE 23-1. Posterior view of the piriformis muscle

(arrow). The gluteus maximus has been cut. Note the

relationship between the piriformis muscle and the sci-

atic nerve, which lies directly caudal to the muscle belly.

The piriformis muscle originates along the anterior lat-

eral portion of the sacrum and inserts onto the greater

trochanter of the femur. (Reproduced with permission

from S. Kargo AE, Basel.)

FIGURE 23-2. Incorrect needle position versus correct

needle position for piriformis injection using fluoroscopic

guidance. A 6-inch spinal needle was used to inject contrast

dye into the piriformis muscle to confirm needle placement

before injection with BoNT/A. In the image shown, the

outline of the piriformis muscle (darkly outlined by the

contrast dye) is shown to enhance outside of the predicted

pattern of the piriformis muscle. Note that the outline of the

injected muscle does not run from the greater trochanter to

the sciatic notch, but appears to be slightly cephalad to this

position.
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should be repositioned and the procedure
(including electromyography) repeated. If the
needle tip is too shallow, radiotracer dye pat-
terns will appear to correlate with those of the
gluteus maximus. Similarly, if the needle tip is
too proximal or distal, dye patterns will appear
to correlate with fibers of the obturator internus
or gemelli muscles. After needle tip placement is
verified by both fluoroscopic and electromyo-
graphic techniques, syringes are changed, and
medication is injected.

POTENTIAL DISEASE
COMPLICATIONS

Patients with MPS may go on to develop a
chronic pain syndrome. Treatment of indivi-
duals with chronic MPS is described earlier.
Perhaps the biggest complication of untreated
and progressive MPS is the development of a
syndrome of physical inactivity that may lead
to cardiovascular disease.101-104 Evidence of a
dose-response relation between physical activ-
ity and cardiovascular disease end points has
been proposed,102 although a majority of the
literature in this area has relied on prospective
observational studies, and few randomized

trials of physical activity and cardiovascular dis-
ease as a clinical outcome have been reported.
This notwithstanding, evidence indicates that
cardiovascular disease incidence and mortality
are causally related to physical activity in an
inverse, dose-response fashion. Thus, left
untreated, patients with MPS who go on to
develop chronic pain and lack physical activity
are at high risk for cardiovascular disease and
early death.

Potential Complications of
Injections for Myofascial Pain
Syndrome

The greatest risk of treatment of the patent with
MPS is related to MTrP injections in the tho-
racic area. Because of the anatomic proximity
of the apex of the lung to the upper trapezius
and scalene muscles, the clinician must be
aware of the potential for pneumothorax as a
result of MTrP injection involving these mus-
cles. The use of long (>1 inch) small gauge
needles should be avoided because long, thin
needles can easily bend once inserted into the
muscle, and the tip can inadvertently puncture
the pleura. Rather, use of short (< 1 inch) nee-
dles should be used for MTrP injections any-
where near the apex of the lung. In addition,
the needle should be directed away from struc-
tures at risk of inadvertent puncture. To provide
additional proprioceptive feedback during
injection, grasping the muscle between the
thumb and forefinger will allow the clinician
to palpate the thickness of the tissue to be in-
jected. Thin patients or those with reduced lung
capacity from underlying diseases are particu-
larly at risk, and thus, the clinician should use
extra precautions when performing MTrP injec-
tions in these individuals.

SUMMARY

MPS is a disorder characterized by distinct sen-
sitive spots in a palpable taut band of skeletal
muscle fibers (MTrPs) that produce local and
referred pain. In addition to pain, MPS is
accompanied by referred autonomic phenom-
ena as well as anxiety and depression and is
poorly understood owing to the scarcity of
reliable studies. BoNT has been reported to be
an effective treatment for MPS, but only one
multicenter European trial has published
data in a randomized clinical trial setting
(as of September 2007). More studies are

FIGURE 22-3. The correct position is shown, with the dye

pattern clearly entering fibers that insert along the greater

trochanter and extend directly toward the sciatic notch. In

piriformis syndrome, needle entry into the piriformis muscle

typically elicits a twitch response with marked external

rotation of the femur. Patients also report that the injected

material reproduces their usual pain, including radiation of

pain at a site distant to the injected muscle.
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necessary to fully understand the role of BoNT
in MPS.
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24Botulinum Toxin for
Osteoarticular Pain

Maren Lawson Mahowald, Hollis E. Krug, Jasvinder A. Singh,
and Dennis Dykstra

INTRODUCTION

Osteoarticular pain that is refractory to oral and
intra-articular (IA) therapies in patients too
young or too old and frail for arthroplasty
represents a growing unmet need for new
joint pain treatments.

Medical management of chronic refractory
joint pain is difficult because of the high rate
of potentially serious side effects from nonster-
oidal anti-inflammatory drugs and systemic
analgesics. Joint replacement surgery has been
a major advance in the treatment of end-stage
joint destruction; however, many patients are
too young or too old and frail to undergo
arthroplasty. Selective chemodenervation of
articular pain fibers offers a novel approach to
local treatment of joint pain with IA injection of
neurotoxins. We describe herein our clinical
experience with IA botulinum neurotoxin
(IA-BoNT) injections and the animal models
of joint pain with a menu of murine pain behav-
ior measure that will facilitate screening of neu-
rotoxins for use as joint analgesics.

NEUROBIOLOGY OF
OSTEOARTICULAR PAIN

Polymodal C- and A-delta fibers in the joint
serve analogous functions to cutaneous noci-
ceptors.1 The C fiber nociceptors form a diffuse
lattice throughout the articular capsule. A-delta
fiber free nerve endings are found in IA
and periarticular ligaments.2 Mechanical joint

pain may also be produced by nociceptors in
ligaments, joint capsules, entheses, and blood
vessels that are activated by stretch, increased
IA pressure with effusions, and abnormal forces
and torque due to joint deformities, indepen-
dent of inflammation in the joint.

In the synovium, nerve fibers positive for
substance P (SP) and calcitonin gene–related
peptide (CGRP) are associated with blood
vessels and also form a network of free endings
up to the intima layer. Sympathetic fibers are
localized to blood vessels. Articular nerves trans-
mit afferent nociceptive and proprioceptive sig-
nals to the central nervous system and
antidromic efferent signals to stimulate perivas-
cular peripheral fibers and tissue mast cells.
This antidromic stimulation produces neuro-
genic inflammation, vasodilatation and
plasma extravasations in the joint.2 The dorsal
root ganglion cells of C fibers and A-delta fibers
synthesize neuropeptides that are transported
centrally to the dorsal horn as neurotransmitters
and also distally to interact with resident articu-
lar cells, inflammatory cells, blood vessels, and
lymphatics (i.e., neurogenic inflammation).
Efferent sympathetic fibers may also contribute
to neurogenic inflammation. In the setting of
joint inflammation, articular primary afferent
neurons are sensitized to mechanical, thermal,
and chemical stimuli (peripheral sensitization)
producing articular allodynia (joint pain with
normal movement) and hyperalgesia (exagger-
ated pain with synovial palpation). With
sustained nociceptive afferent input, spinal
cord neurons become increasingly sensitized
to the afferent input from the painful joint
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(i.e., central sensitization). The peripheral
and central sensitization amplifies nociceptive
processing. The severity of adjuvant arthritis in
rats is attenuated by sectioning the nerve to the
joint or applying capsaicin, which depletes artic-
ular SP to the limb.3 Levels of SP, CGRP, and
nerve growth factor in arthritic joints and dorsal
root ganglia were reduced after subcutaneous
injection of capsaicin in rats. The inflammatory
response was also reduced in this model.4

The density of nerve fibers in synovium and
periarticular bone that release SP and CGRP
are reduced later in the course of adjuvant
arthritis (autodenervation), followed by a
regenerative phase and altered morphology.2

Similar reductions in free nerve endings and
sympathetic fibers on blood vessels in the super-
ficial layer are also seen in the rheumatoid
synovium. Immunocytochemical localization
studies done in murine antigen-induced arthri-
tis showed that an apparent reduction in SP
and CGRP nerves in arthritic synovium was
likely due to failure of synovial reinnervation
because neural fiber sprouting was unable to
keep up with intense synovial tissue prolifera-
tion rather than actual destruction of nerve
tissue.5 Sensitization of articular nociceptors
causes normally inactive primary afferents to
become spontaneously active at rest and respon-
sive to non-noxious movements and touch.6

SP contributes to the inflammatory response
by stimulating the resident synovial cells to
produce inflammatory mediators and cyto-
kines, and appears to be the principal neuro-
transmitter of pain in arthritis.7 SP can activate
mast cells, synoviocytes, neutrophils, T cells, B
cells, and macrophages, thereby amplifying the
inflammatory response. Neurokinin receptors
that bind SP are coupled to regulatory G
proteins and activate hydrolysis of inositol-
containing phospholipids for the second
response in cell activation.7 Opioid receptors
are upregulated on peripheral sensory nerves
during inflammation, and resident immune
cells express endogenous opioids; thus, IA
opioids reduce pain and possibly inflammation.8

The spinal cord is the integrative site for
afferent sensory information and reflex
antidromic efferent functions.1 Noxious stimu-
lation of peripheral tissues causes expression of
C-fos, presumably for synthesis of neuropep-
tides. Levels of transmitters and receptors in
dorsal root ganglia and the spinal cord
change when there is acute or chronic inflam-
mation in a peripheral joint. Glutamate and
N-methyl-D-aspartate (NMDA) receptors trans-
mit nociceptive information from an inflamed

joint to the spinal cord. Serotonin and norepi-
nephrine, transmitters in descending inhibition
of spinal neurons, are increased under inflam-
matory conditions. Neuro-peptides synthesis
(SP, CGRP, dynorphin, enkephalin) in dorsal
ganglia and the spinal cord is also increased
during joint inflammation.2 The full functional
consequences of the changes in neuropeptides,
transmitters, and receptors remain to be
elucidated, and the role of the spinal cord in
regulation of peripheral joint inflammation is
just beginning to be defined.9 Investigators
have started to delineate neuromolecular signa-
tures of the three different pain states using
mouse models of bone cancer pain, neuropath-
ic pain, and inflammatory pain. The character-
istic neuromolecular signature for bone cancer
pain was an increase in a spinal cord astrocyte
marker (reflecting hypertrophy of astrocytes),
increased dynorphin in deep spinal laminae,
no changes in SP or CGRP, but increased inter-
nalization of SP receptors and increased C-fos
expression in lamina I of the dorsal horn,
demonstrating sensitization of primary afferent
neurons.10 In the setting of pain due to paw
inflammation, there was upregulation of SP
and CGRP in laminae I and II of the dorsal
horn and increased protein kinase C and SP
receptor. In contrast, downregulation of SP
and CGRP and upregulation of galanin, neuro-
peptide Y, and GAP-43 in both primary afferent
neurons and the spinal cord was found with
peripheral nerve injury.11 Interestingly, one
group of investigators demonstrated that oste-
oprotegerin prevented cancer-induced bone
destruction by osteoclasts, reduced pain, and
blocked sensitization in the spinal cord.10

Such advances in our understanding of the
neuromolecular signatures for different pain
states will provide a new framework for
the mechanism-based development of new
analgesics.

RATIONALE FOR SELECTING
BOTULINUM TOXIN TO
TREAT OSTEOARTICULAR
PAIN

The phenomenon of neurogenic inflammation
that involves the release of neurotransmitters
such as SP and CGRP in the periphery may
be involved in the explanation of our recent
observation of reduced pain following IA injec-
tion of botulinum toxin type A (see discussion
below of references 13 to 17). Clinically
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IA-BoNT/A (Botox, Allergan, Irvine, CA) injec-
tions into joints made painful by both inflam-
matory and noninflammatory joint disorders
produced significant pain relief, suggesting
that persistent pain in and of itself may pro-
duce neurogenic inflammation and augmented
joint pain. BoNT/A can bind to nociceptor C-
fibers, undergo endocytosis, and block vesicle
release of substance P, CGRP, and glutamate,
agents involved in joint pain generation, trans-
mission, and nociceptor sensitization by neu-
rogenic inflammation.12 Thereby, BoNT/A
could disrupt nociceptor function and decrease
pain generation, transmission, and neurogenic
inflammation. This data suggests that IA thera-
pies directed against efferent nerve function
(i.e., sensory nerve release of neurotransmitters
in the periphery) may be a new approach to IA
therapy of refractory joint pain.13-17

MEASURING PAIN
BEHAVIORS IN ANIMAL
MODELS OF ARTHRITIS PAIN

While studying IA neurotoxin for human
arthritis pain, we identified a need for an
animal model to screen additional neurotoxins
and carry out dose-ranging studies in prepara-
tion for further human studies. Although major
advances in the neurobiology of bone pain
have been made,10 analysis of pain in animal
models of arthritis pain has been limited by the
lack of behavioral measures of animal pain.
The purpose of these studies was to develop
functional measures of articular pain in
murine models of arthritis in order to demon-
strate the effectiveness of IA neurotoxins as
analgesics. We examined published measures
used in animal pain models and measures
analogous to those used in human clinical stu-
dies and adapted them to murine models of
arthritis pain. We developed protocols for mea-
suring pain behaviors to test neurotoxin effects
on arthritis joint pain in order to do drug
screening, dose-ranging studies, and safety
assessment for rapid translation into human
clinical trials.

Measures of Pain Behavior in
Murine Models of Acute and
Chronic Arthritis Pain

Three models of arthritis pain were produced
in C57B16 adult female mice. Acute

inflammatory arthritis pain was produced by
the injection of 10 lambda of 3% carrageenan
intra-articularly into the left knee. Acute
inflammatory arthritis was evident within
1 hour, peaked at 3 to 4 hours, then declined
substantially by 8 hours, and was completely
resolved by 24 hours. Chronic noninflamma-
tory arthritis pain was produced by injection of
10 lambda containing 10 international units
of collagenase type IV intra-articularly into the
left knee. IA collagenase injection produced
severe joint laxity and degenerative arthritis
by 4 weeks. Chronic inflammatory arthritis
pain was produced by injection of 30 lambda
of 1 mg/mL Complete Freund’s adjuvant (CFA)
intra-articularly into the left knee. CFA arthritis
was maximal within 3 weeks. IA injection was
performed through the patellar tendon just
superior to the tibial plateau. Accuracy was
ensured by using a sheathed needle to limit
insertion depth (Fig. 24-1).

Both inflammatory (acute and chronic) and
chronic noninflammatory arthritis pain was
quantified using a menu of pain behavior
measures including clinical examination
for inflammation, tenderness and joint defor-
mities, evoked pain responses, and electroni-
cally measured nocturnal activity. Clinical
joint examination measured erythema on a
0 to 3 scale and swelling on a 0 to 3 scale.
(Fig. 24-2). Evoked pain behavior (fights,
bites, and vocalizations) was elicited by apply-
ing firm pressure to the knee using the thumb
and index finger. All examiners were trained by
using a Palpometer� (Palpometer Systems,
Inc., Victoria, BC) (see Fig. 24-1) to develop
consistency and precision of palpation pres-
sure. A standardized and reproducible stimulus
was found to be very important for reliable and
accurate evoked pain measures. Joint tender-
ness was quantitated as the number of fights
and vocalizations in 1 minute during firm
palpation of the knee. Spontaneous pain
behavior was identified by measuring noctur-
nal spontaneous activity with Mini-Mitter
infrared motion detectors, Nalgene running
wheels, and VitalView Data Acquisition soft-
ware (Mini Mitter, Bend, OR) (see Fig. 24-1).
Evoked pain measures and spontaneous
nocturnal activity were both sensitive and spe-
cific measures of arthritis pain behavior in all
three models of arthritis pain. Diurnal
variations in activity in the mouse, a nocturnal
animal, significantly affected pain behavior
measurements (see Fig. 24-2). Daytime sponta-
neous activity was minimal and insensitive to
change due to arthritis pain. Visual gait analysis
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(limp, 1-4 scale) and manually counting the
number of rearings and ambulation distance
in 2 minutes pre- and postpalpation were not
sufficiently sensitive to change due to arthritis
pain (not shown).

Acute Inflammatory Arthritis Pain
Model Induced by Carrageenan

Mice were pretreated with 0.3 to 0.5 U BoNT/A
in 10 lambda sterile normal saline injected

FE

DC

A B

FIGURE 24-1. A, Mice are anesthetized with isofluorane, and the left knee is injected through an infrapatellar approach.

B, The needle for injection is sheathed, allowing only 2 to 3 mm of the needle to protrude from the sheath, ensuring accurate

needle depth. C, The Palpometer allows examiners to be trained to produce exactly 1100 gf/cm2 with each knee palpation,

ensuring accurate and consistent examination technique. D, Mice are restrained to reduce mobility during examination,

minimizing spontaneous movement to ensure adequate sensitivity and specificity for evoked pain behaviors (fights and

vocalization). E, Spontaneous nocturnal activity is measured using running wheels (shown) designed to electronically count

the number of revolutions per time period, as well as motion detectors (not shown) designed to count periods of spontaneous

activity. F, Data is captured using the Mini-Mitter system with Vital View data acquisition software (Mini Mitter, Bend, OR).
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intra-articularly into the left knee 3 days before
IA injection of carrageenan and pain behavior
testing. Treatment controls were injected with
an equal volume (10 lambda) of normal saline.
Evoked pain behavior measures were per-
formed followed by nocturnal spontaneous
activity. Acute inflammatory arthritis pain pro-
duced significant changes in evoked joint pain
behaviors and spontaneous nocturnal activity
(Fig. 24-3). Systemic morphine (an analgesic
control) improved evoked pain responses but
produced paradoxical hyperactivity measured
by spontaneous nocturnal activity, which con-
founded measurement of potential analgesic
effects (data not shown). IA-BoNT/A pretreat-
ment 3 days before production of acute inflam-
matory arthritis decreased clinical measures of
inflammation and reduced evoked pain beha-
viors to nonarthritic levels (see Fig. 24-3).
However, at this dose, pretreatment also pro-
duced transient limping due to mild reversible
limb weakness. Pretreatment with IA-BoNT/A

had no effect on spontaneous nocturnal
wheel running in mice with acute inflamma-
tory arthritis but did reduce spontaneous noc-
turnal wheel running in normal mice likely due
to limb weakness (see Fig. 24-3).

Chronic Noninflammatory
Arthritis Pain Model Induced by
Intra-Articular Collagenase

There was palpable bony enlargement (swel-
ling) and tenderness of the joint 4 weeks after
IA collagenase (see Fig. 24-2). Spontaneous
nocturnal activity was reduced compared with
nonarthritic controls. Mean spontaneous noc-
turnal wheel running was also decreased in
arthritic mice as compared with nonarthritic
mice; however, the results were highly variable
and not statistically significant (Fig. 24-4).
IA-BoNT/A 3 days before pain behavior test-
ing reduced evoked pain behaviors to near
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FIGURE 24-2. A, Knees injected with 3% carrageenan were significantly more swollen and erythematous at the time of

examination, confirming the presence of inflammation. B, Three weeks following Complete Freund’s adjuvant injection, the

injected knees demonstrated significant soft tissue swelling. C, Four weeks following injection of 10 IU type IV collagenase into

the left knee, there was significant bony swelling, demonstrating the presence of chronic degenerative noninflammatory

arthritis. D, Mice exhibited significant diurnal variations in spontaneous activity. They were very inactive during daytime

hours, but spontaneous activity increased significantly between 8 PM and 6 AM. During this time, changes in spontaneous

activity could easily be detected, such as a decrease in wheel running in mice injected with carrageenan seen here. During

daytime hours when mice were inactive, changes in activity due to arthritis pain could not be seen.

299BOTULINUM TOXIN FOR OSTEOARTICULAR PAIN



nonarthritic levels but, due to high variability,
the change was not statistically significant
(see Fig. 24-4). IA-BoNT/A again produced
weakness in the injected lower extremity
and did not restore spontaneous nocturnal
activity and wheel running to normal levels
(see Fig. 24-4). There was no weakness of fore-
paw muscles after IA-BoNT/A into the knee
(data not shown), indicating no systemic
effect of botulinum toxin on motor function.
There are several possible explanations for
the high degree of variability seen in these
studies. Some mice were more avid wheel run-
ners. First-generation running wheels were
subject to intermittent obstruction by cage bed-
ding. Importantly, our early IA injections may
not have been as accurate as assumed, pro-
ducing variable degrees of arthritis pain.

Weakness due to botulinum toxin was also
variable. All of these factors likely added to
the variability of the results seen.

Chronic Inflammatory Arthritis
Pain Model Induced by Complete
Freund’s Adjuvant

Significantly increased evoked pain responses
to joint palpation (Fig. 24-5) and significant
soft tissue swelling (see Fig. 24-2) was noted
3 weeks after IA CFA. Spontaneous nocturnal
activity and wheel running were decreased in
arthritis mice compared with that of nonar-
thritic controls. This decrease in spontaneous
activity was statistically significant for wheel
running (see Fig. 24-5). Preliminary results of
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produced significantly increased evoked pain responses to palpation of the arthritic left knee as compared with the uninjected

normal right knee. Pretreatment with IA botulinum toxin normalized these evoked pain responses. C, Spontaneous nocturnal

wheel running was significantly reduced by production of carrageenan-induced acute arthritis. Pretreatment with botulinum

toxin type A did not normalize spontaneous wheel running; however, injection of botulinum toxin alone, without production of
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not statistically significant. However, mice injected with botulinum toxin A had a statistically significant alteration in gait,

probably due to mild left lower extremity weakness.
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treatment studies of chronic inflammatory
arthritis suggest that evoked pain responses
were reduced and spontaneous nocturnal
wheel running improved after treatment with
IA-BoNT/A (data not shown).

Our preliminary work described earlier
indicates that murine models of acute and
chronic arthritis joint pain caused by inflam-
matory and noninflammatory pathologies can
be quantified with pain behavior protocols.
The sensitivity and specificity of the measures
permits quantitative screening of neurotoxins
as IA analgesics. Measured evoked pain
responses and quantitative spontaneous
activity measures are necessary to maximize
sensitivity to change. Treatment with IA-BoNT
toxin reduces pain behavior in murine models
of arthritis pain when quantified by evoked
measures. The high doses of botulinum toxin
used in these studies was associated with

significant temporary local weakness but not
with systemic weakness or other observed tox-
icity. This weakness confounded measures of
spontaneous nocturnal activity. Dose-ranging
studies will be important for determining the
optimum analgesic dose without significant
limb weakness or other toxicity.

EFFECTS OF INTRA-
ARTICULAR BOTULINUM
TOXIN TYPE A IN HUMAN
ARTHRITIS PAIN

In an open-label pilot study of IA-BONT/A,17

we studied the effects of 25 to 100 U of
BONT/A with 2 mL of 2% bupivacaine in
nine shoulder joints, three knee joints, and
three ankle joints. Pain decrease began
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within 2 to 14 days. Mean maximum decrease
in pain severity 4 to 12 weeks after joint
injection was 55% (from 6.8 to 2.9 on the
Numeric Rating Scale [NRS], P = .018) in
lower extremity joints and 71% (from 8.2 to
2.41, P =<.001) in the shoulders. Fourteen of
15 joints had more than 30% pain reduction,
and 10/15 joints had more than 50% pain
reduction. Pain relief lasted 3 to 10 months,
and repeat injections produced 42% to
100% pain reduction that lasted up to 12
months in some patients. Based on this
open-label observational study, we found
that IA-BoNT/A injection for sustained anal-
gesia is a promising new treatment approach
to persistent joint pain. Safety concerns
requiring further study included the possible
development of increased joint pain and
inflammation, weakness of limb muscles,
effects on other sensory nerves, and potential
neuropathic joint degeneration.

In another open-label pilot study, we evalu-
ated the effects and safety of injecting BoNT/A

and BoNT/B (Myobloc, Solstice Neurosciences,
Malvern, PA) into sacroiliac joints, cervical/
lumbar facet joints, C-2 roots, sternoclavicular
joint, and lumbar disc in 11 patients with
refractory pain. Eight of 11 patients had a
decrease in their pain score. All patients who
responded to the injections noted improved
function in activities of daily living and range
of motion when pain was reduced. No side
effects were noted. The mean duration of pain
relief for the first BoNT treatments was 2.0
months. The median difference of duration of
pain relief between BoNT and previous steroid
injection was 1.6 months, with BoNT being
superior. The median change in pain score
(0 to 10) after BoNT injection was a three-point
decrease (see reference 14 for additional study
data). We concluded that BoNT injections
lasted longer than steroid injections and gave
excellent pain relief. Based on these positive
findings, randomized controlled trials for the
use of BoNT/A and BoNT/B in root and joint
pain are warranted.14
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FIGURE 24-5. A, Injection of Complete Freund’s adjuvant into the left knee produced significantly increased evoked pain

responses as compared with the uninjected right knee. B, Spontaneous nocturnal wheel running was significantly decreased in

animals with chronic inflammatory arthritis as compared with saline-injected nonarthritic control mice (P< .0005).

C, Spontaneous nocturnal activity appeared to be decreased in mice with chronic inflammatory arthritis but was highly variable

and not statistically different from that of saline-injected nonarthritic control mice.
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We have extended these observations in the
pilot studies and obtained approval from
the US Food and Drug Administration (FDA)
for our investigational new drug application to
conduct prospective, randomized, placebo-
controlled studies of IA-BONT/A and saline pla-
cebo in patients with refractory knee pain due
to advanced rheumatoid arthritis and osteoar-
thritis, refractory shoulder pain, and painful
prosthetic knee joints.

Interim analysis of 1-month data on
37 patients with moderate to severe refractory
knee pain due to osteoarthritis were rando-
mized to receive 100 U IA-BoNT/A + lidocaine
or IA saline + lidocaine (placebo). Double-
blind assessments were made for baseline and
follow-up at 1 month, 3 months, and 6 months
from the time of withdrawal from the study.
The primary outcome measure at 1 month
was the McGill Pain Inventory and
the Western Ontario McMaster OA index
(WOMAC) (Pain score, Function score,
WOMAC question 1 [walking pain], and
WOMAC Total score). Secondary outcome
measures included the 10� Timed Stands Test
of lower extremity function,36 severity
of Day Pain and Night Pain on 0-10
Numerical Rating Scale (NRS) and passive arc
of motion

Patients in the severe pain group had
baseline NRS pain greater than 7, whereas the
moderate pain group had baseline NRS pain
4.5 to less than 7. The protocol was approved
by the Investigational Review Board and
participants gave signed, informed consent.

We studied 37 patients with osteoarthritis
(36 men, 1 woman); 19 had severe pain, and
18 had moderate pain. Seventeen patients were
randomized to IA-BONT/A, and 20 were
randomized to IA placebo. In this interim
1-month study analysis, there was no signifi-
cant change in the means of the outcome mea-
sures of pain or function in the whole group
because of large standard deviations.
Examination of the scatter plots revealed
groups with dichotomous responses (i.e., no
or minimal change versus those with greater
than 30% decrease in pain) based on baseline
pain severity indicating multiple models
analysis adjusting for baseline pain will be
necessary for analysis of the completed study
dataset. Exploratory analysis of subgroups
based on moderate or severe baseline pain
severity rating (on NRS) was carried out after
examination of the scatter plots. Of the
17 patients with moderate pain, eight had
been randomized to IA-BONT/A and 10 to

IA placebo. Two patients dropped out before
the 1-month follow-up examination due to
lack of efficacy (both placebo). In the severe
knee pain group, significant changes were
observed in the IA-BONT/A group but not the
placebo group 1 month after the IA injections
(Fig. 24-6). There was a significant decrease in
the WOMAC Pain score—12.4 (standard error
[s.e.] 1.5) to 8.9 (s.e. 3.1), P= .006; improve-
ment in WOMAC Physical Function
score—42.4 (4.2) to 31.8 (10.3), P= .033;
decrease in Q1-walking pain from 2.6 (0.7) to
1.7 (1.0), P = .035. The WOMAC Total Score
decreased 27% in the IA-BONT/A group (P
= .018 and only 14% in the IA placebo group
(P = .19). The Short Form McGill Pain
Inventory (SF-M) yields three scores: a sensory
score, an affective score, and a total pain score.
IA-BONT/A produced a 47% decrease in the
sensory score from 17 (s.d. 1.9) to 9 (s.d.
1.9), P = .04; a 51% decrease in the affective
score from 6.3 (s.d. 1.2) to 3.1 (s.d. 1.1)
P = .02; and a 48% decrease in the total pain
score from 23 (s.d. 2.6) to 12 (s.d. 2.9),
P = .03). The IA placebo injections produced
no significant changes in this group. In patients
with severe pain, the IA-BONT/A injection pro-
duced a 38% decrease in daytime pain from 7.6
(s.d. 0.3) to 4.7 (s.d. 0.7), P = .003 and a 25%
decrease in nighttime pain from 5.4 (s.d. 0.9)
to 4.1 (s.d. 0.7), P= .015. The IA placebo injec-
tions produced a 24% decrease in daytime
pain from 7.7 (s.d. 0.3) to 5.8 (s.d. 0.9),
a 19% decrease in nighttime pain from 4.8
(s.d. 0.8) to 3.9 (s.d. 0.8,), both non significant
changes.

In the moderate pain group, IA-BoNT/A and
placebo injections produced little change.

However, there was a strong placebo
response in those with moderate pain
who had a 25% decrease in pain from
6.11 (s.d. 0.1) to 4.6 (s.d. 0.6), P = .018 (a sta-
tistically significant decrease that is not clini-
cally significant). Calculation of the
percentage of patients who had 30% and 50%
reduction in pain adds to the interpretability of
the study results. In the severe pain group,
IA-BoNT/A produced a 30% pain reduction
(a clinically important pain decrease) in 55%
of patients and a 50% reduction (an excellent
pain decrease) in 44% of the patients.
Interestingly, IA placebo produced 30% pain
reduction and 50% reduction in 33% of inject-
ed patients at this interim time point of the
study. This strong placebo response was sur-
prising because these patients had all failed IA
corticosteroid or viscosupplement injections.
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WOMAC total score change in the placebo
group was 48 (s.d. 3.4) to 38 (s.d. 3.3), P
>.05, and in the IA-BONT/A group was 53
(5.6) to 54 (5.5) P >.05. The only significant
changes noted in those with moderate pain was
a decrease in daytime pain from 6.1 (0.1) to 4.6
(0.6), P = .026 and a 48% decrease in the SF-
MQI Sensory Score from 13.3 (s.d. 2.6) to 6.9
(s.d. 1.8), P = .04 in the placebo group.
Interestingly, IA-BONT/A produced no signifi-
cant changes in those with moderate pain
at baseline. There was no substantial improv-
ement in passive arc of motion or the
10� Timed Stands Test at this early 1-month
evaluation point. The trial is ongoing for exam-
inations at the 3- and 6-month time points,
which is likely the time needed to show func-
tional improvement. There were no serious sys-
temic or local joint adverse events due to the IA
injections. Specifically, there was no significant
muscle weakness on manual muscle strength
testing of the legs, no new neurologic

abnormalities on neurosensory testing for
light touch, temperature, vibration, position,
and pinprick in the lower extremity. Transient
injection site pain, mild joint swelling, or ten-
derness was reported by four patients who
received IA-BoNT/A and five patients who
received IA placebo.

This is the first randomized placebo con-
trolled trial of IA injection of BoNT/A for
moderate and severe refractory knee joint
pain due to osteoarthritis. The 1-month interim
analysis demonstrated a statistically and clini-
cally significant reduction in pain and subjec-
tive improvement in function in those with
severe knee pain using three different pain
measures. Maximal pain relief, improvement
in function, and duration of effects will be
determined in the full 6-month study. These
data provide further evidence supporting the
efficacy of this novel approach to local treat-
ment of refractory joint pain at one month
after IA injection.
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FIGURE 24-6. A, Changes in pain

severity 1 month after injection, mea-

sured by the Numerical Rating Scale

from zero to 10, were significant in

those with severe pain at baseline

before IA botulinum neurotoxin type

A (BoNT/A) injection. B, Scores for

Sensory Dimension, Affective

Dimension, and Total Pain Score on

the Short Form McGill Pain Inventory

were significantly improved in those

patients with severe knee pain at

baseline before IA-BoNT/A injection.
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EFFECTS OF INTRA-
ARTICULAR BOTULINUM
NEUROTOXIN TYPE A IN
REFRACTORY KNEE
PROSTHESIS PAIN

Joint replacement surgery represents one of the
most significant advances in the treatment of
arthritis in the past 50 years because it results
in significant pain relief, increased function,
and improved quality of life (QOL).18

The number of total knee arthroplasty (TKA)
procedures performed in the United States is
projected to grow by 673% from 450,000 in
2005 to 3.48 million procedures by 2030.19

Approximately, 1% of prosthetic knee replace-
ments fail every year20 and are associated
with disabling pain, reduced function, and
mobility.21 Even though TKA is associated
with excellent outcomes, failed painful pros-
thetic knees represent a significant public
health problem because TKA is a high-volume
procedure, joint replacements are being per-
formed in younger patients, and we have an
expanding aging population.

The underlying mechanism for a painful
prosthesis is not always clear in an individual
patient but may be due to infection, loosening
of the prosthesis, inflammatory synovitis pro-
duced as a reaction to prosthesis wear particles
or periarticular problems.22-24 Neuropeptides
and inflammatory cytokines and mediators
may play a role in the pain of patients with
joint prostheses. The joint fluid SP level was
elevated in 73% of replaced knees in 114
patients but not in the normal or asymptomat-
ic contralateral knees.25 Those with an elevated
preoperative joint fluid SP level had signifi-
cantly greater pain relief than those with
normal levels of SP. Nerve fibers in the inter-
face membrane were positive for SP, CGRP and
neurokinin A in nine patients undergoing hip
prosthesis revision surgery for painful aseptic
loosening.26 Articular tissue nerve fibers had
more SP and CGRP immunostaining than
tissue removed during surgery for femoral
neck fracture and tissue from painless loose
prostheses.27 Tissue culture experiments with
the bone-prosthesis interface membrane and
studies of macrophages and fibroblasts from
the interface membrane produced prostaglan-
din E2, collagen, and the cytokines interleukin
(IL-1), IL-6, IL-8, and tumor necrosis factor
(TNF). The amount of interface membrane IL-
1, IL-6, and TNF was greater with osteolysis

than without.24,28,29 Antibodies against TNF-a
reduced hyperalgesia in inflammatory models
of pain.30 Treatment of rheumatoid arthritis
with TNF blockers produced significant reduc-
tions in pain scores.31 Taken together, these
data suggest that cytokines and neuropeptides
play an important role in prosthetic joint pain
through processes of joint inflammation and
periprosthetic bone resorption. Treatment
approaches with inhibitors of these mediators
may reduce pain and inflammation associated
with painful prostheses.

Prosthesis revision surgery was performed in
38,000 patients in 2005, and this number is
projected to increase by 601% to 268,200 in
2030.19 Revision surgery is more complicated
and has less predictable outcomes.32,33

Many patients are reluctant to undergo another
surgical procedure. Therefore, there is a press-
ing, unmet current and growing need for a
nonsurgical treatment option for relief of pain
in patients with painful knee arthroplasty,
which will avoid the systemic adverse effects
seen with oral nonsteroidal and opioid
analgesics.

We studied six elderly patients (five men and
one woman) with seven refractory painful
prosthetic knee joints who did not have
prosthetic infection, loosening, or other surgi-
cally correctable causes of pain. Patients were
refractory to oral analgesics or anti-inflamma-
tory drugs, or both, but had not had IA corti-
costeroid injections. After discussion of off-
label use, patients gave informed consent for
the procedure. Six joints were injected with
100 U of BoNT/A, and one joint received
200 U of IA-BoNT/A. Patients were evaluated
prospectively (under the purview of Quality
Assurance/Quality Improvement Initiative
approved by Institutional Review Board) at
less than 1, 1 to 2, 3 to 4, 5 to 6, and
9 months after IA-BoNT/A. Pain severity was
measured on the 0 to 10 Numeric Rating
Scale (NRS). Self-reported lower extremity
function was measured with the WOMAC34

Physical Function (PF) subscale. The Timed
Stands Test is a validated objective measure of
lower extremity function that measures the
time to stand up from a chair 10 times. Mean
values in 60- to 80-year-old subjects range from
17 to 21 seconds.35,36 We compared the prein-
jection values with those at the time of greatest
decrease in pain severity after the IA injection
because the time to maximal response after
IA-BoNT/A was variable between patients
(1–4 months). We measured the onset and
duration of pain relief. Patient global
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assessment of change was measured with a vali-
dated seven-point verbal descriptor scale: 1,
very much improved; 2, much improved; 3,
minimally improved; 4, no change; 5, mini-
mally worse; 6, much worse; 7, very much
worse.37 Safety was assessed by inquiry about
side effects at each visit, and by manual muscle
strength and quantitative sensory testing in the
lower extremity at follow-up. Paired one-sided
t-tests were used to compare the baseline pain
severity on NRS, WOMAC PF scale score, and
TST to the observation at the time of maximum
improvement because we predicted that
IA-BoNT/A would lead to decrease in pain
and improvement in function. A P-value less
than 0.05 was considered significant.

Median age of patients was 73 years (range,
48–81 years), median pain duration was
2 years (range, 1–10 years), baseline
TKA pain was 7 on 0–10 NRS and median
follow-up duration was 6 months (range,
3–17 months). Three patients had primary
TKA prostheses, and three patients had revised
TKA prostheses. No loosening was noted on
preinjection radiographs in any patient.
Following one or two IA-BoNT/A injections,
pain on 0–10 NRS decreased significantly
from mean ± SD of 7 ± 1.1 at baseline
to 3.8 ± 2.6 at maximum pain decrease
representing a 46% reduction in pain severity,
P= 0.009. The degree of pain relief was vari-
able, as were the onset and duration of relief
between patients. Pain relief ranged from none
in patient D to almost complete in patient F
and a steady worsening of pain severity in
patient A. We calculated the proportion
of patients with greater than 30% pain relief
(a good analgesic response) and greater than
50% (an excellent analgesic response). Four
of seven patients had greater than 30% pain
decrease and three of seven patients had greater
than 50% pain decrease, indicating that
IA-BoNT/A injections into a painful prosthetic
joint had produced both a clinically significant
and clinically meaningful improvement for
these patients37,38 and might be able to obviate
the need for revision surgery in some.
The WOMAC physical function subscale
had a mean maximum improvement from
36.1 ± 10 to 25.7 ± 14.9 (29% reduction,
P= 0.042). The Timed Stands test improved
from 35 ± 13.7 at baseline to 29.6 ± 9 at
maximum TST improvement (16% reduction,
P= 0.10). Five patients reported much
improved to very much improved on patient
global assessment of change at follow-up
visits, and two patients minimal to no

improvement. Pain relief began 7 to 11 days
after the injection and lasted 1 to 9 months.

No increase in joint inflammation, periartic-
ular muscle weakness, fever or fatigue, or other
complications were noted. There were
no changes in sensory testing of the lower
extremity following IA-BoNT/A injections. In
summary, these pilot data suggest that
IA-BoNT/A injections can provide significant
pain relief in patients with refractory TKA
pain. Based on these results, we are conducting
a randomized controlled trial to test the
efficacy and safety of IA-BoNT/A in patients
with chronic TKA pain.
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25Botulinum Neurotoxin
in the Management of

Hyperhidrosis and
Other Hypersecretory

Disorders

Dee Anna Glaser and Markus Naumann

INTRODUCTION

Botulinum toxins can be used to treat secretory
problems such as hyperhidrosis (HH), chrom-
hidrosis, sialorrhea, and Frey syndrome. This
chapter focuses on the rationale for and the
practical application of using botulinum
toxins to treat patients with such problems.

SWEATING

Sweating is a normal physiologic response to
increased body temperature and is an impor-
tant mechanism in releasing heat produced
from endogenous as well as exogenous sources.
The heat regulatory center is located within the
hypothalamus, particularly involving the
preoptic and anterior nuclei. Sweating is
controlled by the sympathetic nervous
system.1 Nerve fibers exit the preoptic or
anterior nuclei and descend ipsilaterally
through the spinal cord until they reach the
intermediolateral column, where they exit
the cord and enter the sympathetic chain.
Although the neurotransmitter for the sympa-
thetic nervous system is generally norepinephr-
ine, acetylcholine is the neurotransmitter
mainly involved in the sweating response.
Other chemical mediators found during sweat-
ing, include vasoactive intestinal peptide, atrial
natriuretic peptide, galanin, and calcitonin
gene peptide.2

The eccrine glands, responsible for produ-
cing sweat, are distributed around the body,
with high concentrations in areas such as the
palms, soles, and forehead. They are located at
the junction of the dermis and subcutaneous
fat, and function is to secrete water while
conserving sodium chloride for electrolyte
maintenance. Although they continually pro-
duce secretions, they are stimulated by heat,
exercise, anxiety, and stress.3,4 Under severe
heat stress, up to 10 liters of sweat can be pro-
duced in a day; however, the normal rate is 0.5
to 1.0 mL/min. In general, men sweat more
than females, although rates vary among
individuals.5

The apocrine gland opens into the hair fol-
licle and is located mostly in the axillae and
perineum. They become functional around
puberty and are not important for thermoreg-
ulation. The scant viscous secretions are
thought to function as chemical attractants
or signals, as an odor is produced when the
secretions reach the skin surface and interact
with bacteria.1,3,6 The apocrine glands respond
to adrenergic stimuli, epinephrine more than
norepinephrine.

Hyperhidrosis

HH simply describes excess sweating beyond
that necessary for physiologic thermoregula-
tion and homeostasis.7 Problems can occur

Dr. Glaser reports that she has been a consultant for Allergan and Medicis. Also, she has performed research that has been funded by
Allergan and has received unrestricted educational grants from Allergan for research.

308



within any portion of the system: from the hy-
pothalamus to the sweat gland or duct.2 The
amount of sweat necessary to be considered
‘‘excessive’’ is not well defined and is variable
among individuals.

HH may be generalized or focal, bilateral or
unilateral, symmetric or asymmetric, or
primary or secondary in origin. Generalized
HH affects the entire body, whereas focal HH
occurs in discrete sections of the body.8

Generalized HH is usually secondary in
nature, and the differential diagnosis is exten-
sive (Table 25-1). Focal or localized HH may
result from a secondary process including
lesions or tumors of the central or peripheral
nervous system.9 More commonly however, it
is idiopathic (primary) focal and is usually
referred to simply as HH. It is characterized
by excessive sweating of small areas of the
skin, usually the axilla, palms, soles, face, or
groin (Fig. 25-1). The onset is usually in ado-
lescence to early adulthood but can begin in
early childhood, especially the palmar-plantar
variants (Table 25-2).7 The differential diagno-
sis for excessive sweating is extensive, and
an underlying cause must be considered, espe-
cially when the HH is generalized, is

asymmetrically distributed, or has a late
onset.7,10 A detailed history and examination
is the first step with careful detail to the
review of symptoms. The types or extent of fur-
ther testing is based on the findings from the
history and physical examination.

This chapter focuses on primary focal HH.
The prevalence of HH is reported to be 2.8%,
although it may be higher. It most commonly
presents in the second or third decade of life
and a family history has been reported in 30%
to 50% of patients.11 The prevalence is similar
for men and women, although interestingly,
women are more likely to seek treatment.12

Patients may sweat on a continuous basis
throughout the day, but more commonly,
there are episodes of profuse sweating with a
sudden onset. Trigger factors include emotional
stress, stress at work or the public, higher
environmental temperatures, or stimulants
such as caffeine and exercise. However, patients
also often have episodes without a known
trigger factor when they are cool, comfortable,
and calm.

TABLE 25-1 Forms of Hyperhidrosis

Generalized Focal/Localized

Fever Primary focal
hyperhidrosis

Infections Intrathoracic tumors

Malignancy Rheumatoid arthritis

Tumors Spinal cord disease or
injury

Thyrotoxicosis Stroke

Pheochromocytoma Syringomelia

Diabetes mellitus Ross syndrome

Diabetes insipidus Atrioventricular fistula

Hypoglycemia Gustatory sweating

Hypopituitiarism Frey syndrome

Endocarditis Localized unilateral
hyperhidrosis*

Gout Cold-induced
hyperhidrosis

Medications Eccrine nevus

Menopause Social anxiety disorder

Anxiety

Drug withdrawal

*Also referred to as unilateral circumscribed idiopathic

hyperhidrosis.
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FIGURE 25-1. Sites of hyperhidrosis in patients seeking

medical evaluation.

TABLE 25-2 Criteria for Establishing the
Diagnosis of Primary Focal
Hyperhidrosis7

Focal, visible excessive sweating of at least
6 months

No apparent secondary cause

At least two of the following characteristics

Bilateral and relatively symmetric

Age of onset younger than 25 years

Positive family history of primary focal
hyperhidrosis

Cessation of focal sweating during sleep

Frequency of at least one episode per week

Impairs daily activities

309BOTULINUM NEUROTOXIN IN THE MANAGEMENT OF HYPERHIDROSIS



HH has a negative impact on many aspects
of patients’ daily living: physically, psychologi-
cally, and occupationally.13-15 The greatest
impact of HH is the significant reduction in
the quality of life and the alterations it has on
daily functioning.16 Patients report lack of
confidence, feeling depressed, refrain from
meeting new people, and avoidance of intimate
activities. Work limitations are reported
because of the sweating, and patients describe
having to change clothes during the day.

Measuring Hyperhidrosis
The Minor starch iodine test is a simple way to
detect the presence of sweat (Fig. 25-2). The
area is dried thoroughly, an iodine solution is

painted over the area, and a starch powder such
as corn starch is sprinkled on the surface. With
the interaction of sweat, a purple to black color
develops. Decolorized iodine solutions do not
perform the colorimetric change properly and
should not be used for this test. The starch
iodine test is useful to localize the areas of
seat production but is not a quantitative test.
For iodine-sensitive patients, alizarin or
Ponceau Red dye and starch can be used. The
pink powder turns to a bright red color when
wet.17,18 Ninhydrin is another variant, but
regardless of the which variant is used, they
all achieve a colorimetric outline of the sweat-
ing area.19

Gravimetric testing measures the amount of
sweat produced during a given time. It can be
performed using a preweighed filter paper that
is placed on the affected area (typically for
5 minutes) and then reweighing the paper.
Evaporation must be prevented.20 There is no
standard or validated quantity that separates
HH from euhidrosis, although it can exceed
30 times that of normal non-hyperhidrotic
individuals. Hund suggests a minimum of
100 mg/5 min for men and 50 mg/5 min
for women with axillary HH.5 A study of
60 patients demonstrated that the mean
axillary sweat production was 346 mg/5 min
for men and 186 mg/5 min for women
with HH (healthy control subjects had values
of 72 and 46, respectively). Likewise, the
mean palmar gravimetric measurement was
�300 mg/5 min.21

A third method used to measure disease
severity is with questionnaires and quality-
of-life scales. Several such tools are available,
but two of the more commonly used scales
are the Dermatology Life Quality Index
(DLQI) and the Hyperhidrosis Disease
Severity Scale (HDSS).22 The HDSS is based
on one question that the patient can answer
in the office (Table 25-3). The HDSS is a
simple tool to use in the clinical setting and
is responsive to treatment with a one-point
HDSS improvement corresponding with
approximately a 50% reduction in sweat.
This validated scale can aid in selecting patients
appropriate for therapy and for assessing effec-
tiveness of treatment.23

Therapy

Many treatments are available for HH, and
therapy should be tailored to the needs of the
individual based on factors such as age and

A

B

C

FIGURE 25-2. Starch iodine test is performed to define the

area of sweating. A, After the area is dried thoroughly, iodine

solution is applied to the skin and allowed to dry.

B, Cornstarch powder is applied to the dried iodine-treated

skin. C, After several minutes, a purple to black color change

occurs in the area of sweating.
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health status, location of the disease, occupa-
tion, and lifestyle (Table 25-4).

Antiperspirants are used as first-line therapy
and function by decreasing sweat secretion
through blockage of the distal eccrine ducts.
Over-the counter (OTC) products very rarely
control patients with severe disease (HDSS 3
or 4).12,24-26 Prescription-strength products
containing high concentrations of metal salts,
most commonly aluminum chloride, are more
effective than OTC preparations.27 Efficacy is
still limited, and side effects are frequent with
skin irritation, erythema, dryness, and pruritus.

Systemic anticholinergic drugs such as glyco-
pyrrolate, atropine, or oxbutynin provide
a generalized acetylcholine blockade.24,28-30

Adverse effects such as dry eyes, dry mouth,
and urinary retention are frequently encoun-
tered at the doses required to achieve symptom
relief. Additionally, the generalized reduction
in sweat production can be dangerous in indi-
viduals who engage in exercise, sports, or work
in hot environments.

Iontophoresis uses an electric current and
tap water. The mechanism of action is
unknown but may change the ability of the
pores to secrete sweat, or via ions that enter
the ducts and physically block the release of
sweat. It is most suited for treatment of the

hands and feet. Anticholinergic agents can
also be added to the tap water.31 Side effects
are relatively minimal but the therapy is
relatively time consuming, limiting its use for
many patients.32

Local surgical excision and liposuction or
curettage techniques can be used to remove
eccrine units.33 The outcome is technique
dependant and is limited to the axilla.
Endoscopic thoracic sympathectomy (ETS)
offers long-term improvement but is not
universally accepted. The sympathetic chain is
interrupted at the T2, T3, and sometimes the
T4 ganglion.34,35 Success rates for palmar
disease approximate 95% but is less for axillary
HH. Surgical and anesthetic-related adverse
events are relatively rare, but the major issue
with ETS surgery for HH is the potential for
patients to develop compensatory sweating.36

The incidence varies, but approximately
60% to 70% of patients seem to develop it,
with its occurrence and severity being
unpredictable.34,37,38

Botulinum Toxin Therapy

Because sweating is mediated by acetylcholine,
the use of botulinum toxin (BoNT) to
treat focal HH is a logical choice. The chemo-
denervation is localized, reversible, and
yet long-lasting. Botulinum toxin type A
(BoNT/A) has been most extensively studied
and used clinically to treat HH, but botulinum
toxin type B (BoNT/B) has also been reported
to work.

The basic principle for using botulinum
toxins to treat excessive sweating is to treat
any underlying etiology as already discussed.
Then the area of sweating should be identified
using a colorimetric test such as the Minor’s
Starch Iodine test (see Fig. 25-2). Because the
sweat glands are typically located at the junc-
tion of the dermis and subcutaneous fat, BoNT
is usually placed as a deep intradermal injec-
tion. It is important to avoid injecting deeper
structures such as muscle to prevent unwanted
affects on the underlying muscles and for opti-
mal BoNT interaction at the neuron-eccrine
interface. Injections are generally placed 1 to
2 cm apart to allow for diffusion to the entire
area. Although this basic technique is used to
treat all areas of the body, the more commonly
treated sites are covered in more detail. Owing
to the differences using the different BoNT/A
products, brand names will be listed when
necessary.

TABLE 25-3 Hyperhidrosis Disease
Severity Scale23

‘‘Which best describes the impact of sweating
on your daily activity?’’

1 Never noticeable, never interferes

2 Tolerable, sometimes interferes

3 Barely tolerable, frequently interferes

4 Intolerable, always interferes

TABLE 25-4 Therapies Most Commonly
Used for Hyperhidrosis

Antiperspirants, over the counter

Antiperspirants, prescription strength

Iontophoresis

Oral medications

Botulinum toxin

Local excision of eccrine glands

Liposuction and/or curettage

Endoscopic transthoracic sympathectomy
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Axillary Hyperhidrosis
No areas has been as extensively studied as the
axilla,13,20,39-41 with numerous studies showing
the benefit of BoNT/A, including large multi-
center randomized, placebo-controlled trials in
Europe and the United States. Naumann et al
reported on 320 patients with axillary HH who
received 50 U of BoNT/A (Botox, Allergan, Inc,
Irvine, CA) per axilla or placebo.42 At 4 weeks,
94% of the BoNT/A group had responded
compared with 36% of the placebo group as
measured by �50% reduction of sweat produc-
tion from baseline. By 16 weeks, the response
rates were 82% and 21%, respectively. Also,
repeated injections with BoNT/A over
16 months continued to produce similar
results.39 The mean duration between BoNT/A
treatments was approximately 7 months, and
patient satisfaction was high. Similar results
were published in a large phase III double-
blind trial in North America.43 Subjects with
axillary HH were randomized to receive
placebo, or 50 U or 75 U of BoNT/A (Botox)
into each axilla. The HDSS was the primary
efficacy in this study, with gravimetric measure-
ments being secondary. Successful response
was seen in 75% of patients in both treatment
groups compared with 25% in the placebo
group (defined as �2 point reduction in
HDSS), whereas 80% to 85% of the treated
subjects had more than 75% reduction in
sweat production. No significant differences
were noted between the two doses of BoNT/A
and the durability of therapy was �7 months
for both. A 3-year open-label extension study
revealed continued effectiveness and with
similar duration of results.44 Specifically, the
researchers were able to show a significant sus-
tained improvement in the quality of life of
subjects. The DLQI revealed significant
improvement in overall quality of life and
occupation and work-specific improvements
were noted as well.

The efficacy of Dysport (Ipsen, Milford, MA)
has been shown in several studies. A multicen-
ter trial of 145 subjects was performed with
200 U BoNT/A in one axilla, whereas the con-
tralateral axilla was injected with placebo.20

After 2 weeks, the placebo-treated axilla was
injected with 100 U BoNT/A. Axillary sweat-
ing decreased by 2 weeks in both treat-
ment sides, and results were maintained for
6 months. There were no significant differences
gravimetrically between the two doses used.
Therapy was well tolerated, and 98% of sub-
jects said they would recommend the therapy
to others.

Although studies have consistently shown
that 50 U BoNT/A per axilla provides safe and
durable results (averaging �7 months), there is
some debate regarding whether higher doses of
BoNT/A can provide prolonged efficacy.45,46

One small open-label study of 200 U BoNT/A
per axilla in 47 patients found prolonged
results (over 19 months) in half of the patients,
although the methodology was very different
from other studies; starch iodine and telephone
calls were used to assess patients.45 Likewise,
250 U of BoNT/A (Dysport)40 in each axilla
resulted in prolonged benefit in a small study
of 12 patients. Half remained symptom free for
12 months, and 25% of the subjects were
symptom free for 9 months.40 At present, the
standard dose in the United States, and that
listed in the package insert for Botox, is 50 U
per axilla. This achieves excellent results, high
patient satisfaction, and helps to keep costs
down. There is no such dosing consensus on
other brands of BoNT/A products.

To optimize treatment, the area of axillary
involvement should be identified (as pre-
viously reviewed) so that the BoNT/A can be
concentrated into the affected area. The key to
performing a high-quality starch iodine test is
to thoroughly dry the region before beginning
the test. The axilla does not need to be shaved
before performing a starch iodine test or to
injecting BoNT/A. BoNT/A is injected into the
deep dermis at the dermal subcutaneous level
and placed 1.5 to 2 cm apart (Fig. 25-3).
Because the axillary skin is thin, a wheal may
be seen with each injection. An average of 10 to
15 injections per axilla are required, but the
number will depend on the size of the hyper-
hidrodic area.47 In the event that a starch
iodine test cannot be performed before the
injection or is equivocal, the physician should
treat the hair-bearing areas as described earlier.
Should symptoms fail to be alleviated within
2 weeks, the patient can return to the office and
a starch iodine test performed to identify any
‘‘active’’ eccrine glands. The skin should be in-
jected with 3 to 5 U BoNT/A for each 1-cm
surface area identified.

Pain is minimal, and the procedure is well
tolerated. Although the package insert describes
the use of unpreserved saline to reconstitute
BoNT/A, many physicians have found that the
use of preserved saline reduces pain without
altering efficacy.48,49 The use of 2% lidocaine
to reconstitute BoNT/A has been reported in
one small study to be less painful than the
use of unpreserved saline when injecting axil-
lary HH and with equal efficacy.50 Side effects
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noted in studies include pain, hematoma,
bruising, headache, muscle soreness, increased
facial sweating, perceived compensatory sweat-
ing, and axillary pruritus.

Treatment intervals are mandated by the
longevity of an individual’s treatment response
but will average every 6 to 7 months. Some
clinicians have advocated that patients use a
topical therapy twice a week when the sweating
starts to return to try and extend the time inter-
val between injections and help to keep costs to
a minimum.51

Palmar Hyperhidrosis
BoNT injections are useful in the treatment of
palmar HH. No large-scale studies have been
published, but multiple small studies have
demonstrated the ability of BoNT to establish
clinical improvement in patients’ symp-
toms.21,52,53 Several challenges exist when
treating hands such as choosing optimal
doses, control of pain during injection,
and side effects, which include muscle weak-
ness.54-58

The optimum dose of BoNT/A to control
palmar HH is unknown and the issue is com-
plicated by large variations in hand size.
Published data report doses as low as 50 U
per hand and as high as 200 U Botox per
hand.59,60 Doses of Dysport have ranged from
120 U per hand to 500 U per hand.19,52,61

Some authors have suggested using a defined
dose per injection, with Swartling’s group using
0.8 U/cm2, and Naumann’s group using 2 U
Botox injected every 1.5 cm on the palm
but three injections per fingertip and two injec-
tions into each of the middle and proximal
phalanx, using 1 to 2 U per injection.59,62 The
Canadian advisory committee recommends
1.5 to 2 u/cm2 with a mean dose of 100 U
Botox per palm.25 It is unclear whether or not

larger doses add to the duration of symptom
relief or increase the risk of developing muscle
weakness. When Wollina used 200 U per hand
in 10 patients, his relapse time varied from 3 to
22 months.60 Saadia studied 24 patients:
11 received 50 U Botox per hand and 13
received 100 U per hand. There was higher
patient satisfaction reported in the high-dose
group, but no difference in terms of duration,
(measured as a percentage of the palm area
sweating) for the two doses. There were more
patients with hand and finger weakness in the
high-dose treatment group.59 Until larger stu-
dies are available to address this issue, 75-100
U BoNT/A (Botox) per hand is a good starting
point with adjustments being made as needed
based on the size of the hand and past
responses.26

Another challenge with palmar BoNT ther-
apy is an apparent shorter duration of response
when compared with axillary injections.54

Responses range from 3 to 12 months.63

Aghaei found that anhidrosis lasted up to
5 months for his patients treated with 500 U
Dysport per hand, although he observed hypo-
hidrosis lasting an average of 10 months.61 The
reason for this shorter duration is unknown
but may be63 related to a smaller diffusion
radius in the thicker palm skin and compart-
mentalized areas of the phalanges, a higher
number of cholinergic nerve endings, or a dif-
ferential recovery rate of the nerves in the
hands compared with the axilla. Backflow of
the BoNT solution upon injection can be an
issue with palmar injections, and perhaps this
plays a role as well.64

Injection of the hand can be painful owing
to the density of nerve receptors and the large
numbers of injections that are required.
Pain during injection of the palm has been
rated an average 68.1 ± 31.8 compared with

A B
FIGURE 25-3. A and B, Injections of BoNT/A are injected approximately every 1.5 to 2 cm. The location of injections is best

identified by the starch iodine test.
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29.9 ± 24.5 for axillary treatment (using a
visual analogue scale [VAS] of 1–100).14

Several methods of pain control have been
tried (Table 25-5), although a rare patient will
not require anesthesia. Topical lidocaine agents
and cold packs tend not to provide adequate
pain control. More intensive cold exposure can
be helpful: the use of dichlorotetrafluoroethane
or liquid nitrogen, submersion of the hand in
an ice bath, direct application of an ice cube or
ice pack.65,66 Machines that emit chilled air or
use a chilled tip can be beneficial but are more
expensive. The use of a dermojet to inject
BoNT/A was found to be less painful than stan-
dard needle injections, but was much less effec-
tive in controlling the sweating and thus not

recommended as a useful tool to treat the
palms.67 Benohanian has described the used
of a pressure unit to inject lidocaine into the
palms and soles without the use of needles,
before injecting BoNT/A.68

Nerve blocks are effective and can be per-
formed in the office.62 The palm is innervated
by three nerves, median, ulnar and radial
nerves. All can be anesthetized at the level of
the wrist using 1% or 2% lidocaine (Fig. 25-4).
Risks of a nerve block include infiltration of the
nerve with subsequent nerve injury, and vascu-
lar puncture. In addition, temporary hand
weakness after the nerve blocks may limit the
patients’ activities and ability to have both
hands treated at one session.

Intravenous regional anesthesia (IVRA), also
known as a Bier’s block is effective.69,70 An
anesthetic such as prilocaine is injected intrave-
nously following the application of a tourni-
quet cuff on the forearm. Exsanguination of
the extremity is performed, and an electronic
double cuff is applied. Complete anesthesia is
obtained in 20 minutes using 40 to 60 mL of
0.5% prilocaine. The total tourniquet time for
IVRA ranges from 50 to 80 minutes and is well
tolerated. Owing to the risk of toxic cardiovas-
cular and central nervous system reactions,
blood pressure and electrocardiograms are
monitored during the IVRA and for about
30 minutes after the procedure.

Vibratory anesthesia is gaining popularity.71

The theory is that the nervous system is unable
to perceive fully two different types of sensory

TABLE 25-5 Anesthesia Techniques Used
for Palmar Injections

Topical anesthesia

Nerve blocks

Cryoanalgesia

Dichlorotetrafluoroethane

Liquid nitrogen spray

Ice cubes, ice pack, or ice bath

Cold packs

Machine-assisted cold air

Vibration

Intravenous regional anesthesia (Bier block)

General anesthesia or sedation anesthesia

Median nerve distribution

Ulnar nerve distribution

Radial nerve distribution

Radial injection site

Ulnar injection site

Median injection site

FIGURE 25-4. The palm is inner-

vated by the ulnar, median, and

radial nerves.
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inputs simultaneously. A hand-held vibrator is
applied to the volar and dorsal surface of the
hand near the site of BoNT/A injection.
This requires an assistant, and there is some
movement of the patient’s hand, which can
make injections challenging. The use of one
vibrator to the volar aspect does not diminish
pain as much as the use of two vibrators
(personal experience). Neither technique
results in a pain-free injection, but rather a
diminishment of perceived pain. A study by
Sherer found that pain threshold is signifi-
cantly higher during vibration compare with
pre- or postvibration, and that vibration
applied distal to the site of pain provided
better analgesia than vibration applied proxi-
mal to the site of pain.53 The author most
commonly combines ice and vibration at this
time for palmar injections. An ice cube or ice
pack is applied firmly to the planned injection
site for 7 to 10 seconds. The vibrator is firmly
applied immediately adjacent to the injection
site simultaneous to the injection (no more
than 2 to 3 seconds). This technique does
require an assistant and coordinated timing to
optimize pain control.

Bruising is common with palm injections
but is temporary. Weakness of the hand or
fingers is possible but is usually minor and of
limited duration. The incidence varies in
published series but ranges from 0 to
77%.21,52,54,55,59,72 The most commonly
affected area of weakness is the thenar
eminence and can be measured in the thumb-
index finger pinch, whereas gross strength or
grip strength of the hand is not usually
affected.56,59 Rarely, patients report numbness,
tingling, or decreased dexterity. Injections of
BoNT/A should be made in the dermal layer,
especially over the thenar eminence to limit the
chance that the drug will come in contact with
the muscle layer. Subepidermal injections may
increase the incidence of hematoma.55 There is
one report of atrophy of the intrinsic muscula-
ture of the hands with debilitating weakness
associated with BoNT/A injections for palmar
HH, after five treatment sessions using 500 U
Dysport per palmar basin every 9 months.73

Patients should be adequately counseled on
the risks of weakness, which is usually mild
and transient.

In an attempt to prevent muscle weakness,
Zaiac advocates the use of the ADG needle, a
device designed for the injection of collagen.74

He found the average depth of the eccrine
glands in 10 consecutive palmar biopsies to
be 2.6 mm. By adjusting the needle to a

length of 2.6 mm and using a total of 60 to
70 U BoNT/A per palm, he had no weakness
in a series of 10 patients. Likewise, Almeida
uses an adapter to shorten her 7-mm
30-gauge needle to measure 2.5 to 3.0 mm
for palmar injections.58,75

Plantar Hyperhidrosis
Very little has been published on BoNT therapy
for plantar HH. Like the palms, there is no
consensus on the optimal dose, the duration
is variable, and the injections are painful.
Naumann and colleagues76 used 42 and 48 U
of Botox to treat two soles by injecting 3 U
BoNT/A (0.15 mL) into each 2-� 2-cm squares.
Blaheta’s group used 100 U Botox per sole
(100 U/5 mL saline) in a study of eight patients
with severe plantar HH.77 Campanati and
associates78 studied 10 patients with plantar
HH using 100 U Botox per foot. All patients
had an improvement in symptoms and a
‘‘significant decrease of Minor’s test’’ for
12 weeks without significant side effects.

A starch iodine test will delineate the hyper-
hidrotic area, which can extend up the sides
and onto the dorsum of the foot. BoNT/A
should be evenly distributed every 1 to 2 cm
using a small-gauge needle and injecting into
the deep dermis. Injections of the plantar
surface can be technically more challenging
owing to the thickness of the stratum corneum
in some areas, especially if the region is
calloused. The physician has to adjust for the
variation in depth to accurately place BoNT/A
into the appropriate cutaneous level.

The need for pain control has to be
addressed as with palmar injections. IVRA can
provide sufficient anesthesia for the sole and
has been reported to be effective when admin-
istering BoNT/A. In a small series of eight
patients, IVRA was found to be more effective
than nerve blocks in reducing the pain of
BoNT/A injections.77 However, nerve blocks
can also be used and are generally performed
at the level of the ankle. The tibial and sural
nerves need to be blocked, and if the dorsum
of the foot must be injected, the superficial
peroneal nerve can be anesthetized.75

Vadoud-Seyedi79 reported on using the
Dermojet to inject BoNT/A for plantar HH.
Ten patients were treated with 50 U Botox/
5 mL saline per foot. Fifteen to twenty points
were injected per foot, and no analgesia was
used. The injections were tolerated well by
all patients, although one developed a local-
ized hematoma. The duration of benefit
lasted 3 to 6 months; however, 20% of patients
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reported that the treatment had no effect on
their condition.

Bruising and pain with injection are
the most common side effects. In the published
literature, one patient reported weakness
of plantar flexor muscles in both feet following
BoNT/A injection, with resolution in 10 days.80

Facial Hyperhidrosis
Primary facial HH has several patterns, but
most commonly involve the forehead and
perhaps the the scalp. Patients with craniofacial
HH may present with involvement of the fore-
head, scalp perimeter, entire scalp, cheeks,
nose, upper lip, chin, or a combination of
these areas. Gustatory sweating is a relatively
common complication after surgery or injury
in the region of the parotid gland and is
discussed later in the chapter. All forms
of facial HH can respond to BoNT/A, with
gustatory sweating responding for very long
periods of time.

There is a paucity of literature published on
craniofacial HH. Kinkelin’s group81 injected a
mean of 86 U Botox (3 U BoNT/A per injection
site) over the forehead at equidistant locations
(1–1.5 cm) in 10 men with frontal HH. The
injections were kept 1 cm superior to the eye-
brow to help prevent drooping of the eyelid;
the injections were intracutaneous. Five of ten
patients had partial disability in frowning of
the forehead, but the problem was limited to
a maximum of 8 weeks. No ptosis was noted,
and satisfaction was good or excellent in 90%
of the subjects. The benefits were maintained

for 5 months in 90% of patients. Similarly, Tan
and Solish14 report that symptoms return on
average 4 1/2 months after treatment of the
forehead.

Böger treated 12 men suffering from bilat-
eral craniofacial HH with Dysport 0.1 ng per
injection.82 Half of the forehead was treated
using a total of 2.5 to 4 ng injected equidis-
tantly, with a total of 25 to 40 injections
given. Decreased sweating was seen within
1 to 7 days after injection and lasted a mini-
mum of 3 months, but one patient experienced
anhidrosis for 27 months. Side effects were
limited to temporary weakness of the frontalis
muscle (100%) and brow asymmetry that
lasted 1 to 12 months in 17% of subjects.

It is the observation of the author that
patients typically present with forehead sweat-
ing that may be combined with scalp sweating
in a diffuse pattern or in an ophiasis pattern.
BoNT/A injections are performed with 2 to 3 U
every 1 to 2 cm, avoiding the inferior 2 cm of
the forehead to reduce the risk of brow ptosis
(Fig. 25-5).83 Doses range from 50 U
(forehead) to 250 to 300 U for the forehead
and entire scalp.83

Other Sweating Disorders
Inguinal HH affects 2% to 10% of individuals
with primary HH.12 It usually develops in
adolescence and can be associated with
excessive sweating at other body sites.
Intradermal injections of BoNT/A can control
symptoms for 6 months or more. Identifying
the surface area that needs injection can be

FIGURE 25-5. Injection pattern for

craniofacial hyperhidrosis.
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technically challenging due to the body loca-
tion but is valuable. Two to three units BoNT/
A are injected every 1 to 2 cm within the
affected area; typical doses range from 60 to
100 U per side.84

Compensatory sweating is the most
common complication of ETS, ranging from
44% to 91%. Treatment has been particularly
difficult, but a couple of reports noted success
using BoNT/A. Huh and coworkers85 used 300
U Dysport to treat the chest and abdomen after
identifying the area with a starch iodine test.
They diluted each 100 U 10 ml3 saline and
injected 0.1 mL into each square centimeter.
The effects gradually reduced but were reported
to remain for 8 months. Belin and Polo36

reported good results treating the upper
abdomen with BoNT/A, but unfortunately,
their patient’s compensatory sweating was
from the nipple line down to his knees and
the entire area was not treated.

Chromhidrosis is a rare disorder character-
ized by the excretion of colored or pigmented
sweat. It is most commonly confined to the
face or axilla but has been noted elsewhere
on the body. Matarasso86 used 15 U Botox in
the affected area of each cheek, which
measured 3 cm in diameter. Within 48 hours,
the patient had a marked reduction in the
amount of discharged black sweat.

Use of Botulinum Toxin Type B for
Hyperhidrosis
Botulinum toxin type B (BoNT/B) use has been
primarily limited to treatment of cervical dys-
tonia, but there are a few reports of its use for
treating HH. Injection of BoNT/B can induce
focal anhidrosis in a dose-dependent fashion.
Birklein and colleagues87 found that a thresh-
old dose of 8 U leads to anhidrotic skin areas
greater than 4 cm after 3 weeks. The duration
was prolonged for 3 months when 15 U of
BoNT/B were injected, and for 6 months
when 125 U were injected.

Despite its ability to induce anhidrosis, the
use of BoNT/B is limited by the occurrence of
systemic adverse events.88 Dressler and cowor-
kers89 reported that 100 U Botox, 2000 U
Neurobloc, and 4000 U Neurobloc were
equally effective in blocking axillary HH when
studying 19 patients. The extent of improve-
ment was similar (16 weeks) in all groups,
but the onset of action was earlier with the
BoNT/B and there was greater discomfort
with the BoNT/B compared with BoNT/A.
One patient developed severe dryness of the
mouth starting 1 week after injection and

lasting 5 weeks; as well as accommodation
difficulties and conjunctival irritation that
lasted 3 weeks. Likewise, patients treated with
5000 U BoNT/B in each axilla achieved excel-
lent reduction in sweating, but the incidence of
side effects was high and included dry mouth,
headache, and sensory motor symptoms of
the hand.90

A patient treated with 2500 U BoNT/B in
each palm for HH developed bilateral blurred
vision, indigestion, dry sore throat, and
dysphagia.91 The largest published study to
date on treating palmar HH with BoNT/B used
5000 U per palm in 20 subjects.92 Adverse
events were common and included dry mouth
or throat (90%), indigestion (60%), excessively
dry hands (60%), muscle weakness (60%), and
decreased grip strength (50%).

Lower dosing may be the key to reducing the
high incidence of side effects.93 However,
because of the incidence of systemic side effects
when using BoNT/B and the high safety profile
in using BoNT/A to treat focal HH, to date,
BoNT/A is the neurotoxin of choice.

Gustatory Sweating (Frey Syndrome)
Gustatory sweating occurs on the cheek in
response to salivation or anticipation of food
(Fig. 25-6). It may result from misdirection of
autonomic nerve fibers after surgery and is
frequently observed in diseases of the parotid
gland and in diabetes.

BoNT is a highly effective treatment option
for gustatory sweating, as shown by several
uncontrolled studies (Table 25-6).94-98 In a
large open-label study of 45 patients, there
was a significant reduction of local facial
sweating after injection of BoNT/A (Botox;
mean dose 21 MU, range 5–72 MU) and no
recurrence of sweating was observed during
the follow-up period of 6 months. A marked
long-lasting benefit of 11 to 36 months
has also been observed by many other physi-
cians.96-98 Thus, BoNT appears to have a par-
ticularly long-lasting effect on gustatory
sweating. The reason for this is unclear.

In clinical practice, the Minor iodine test
should be performed before injection to visu-
alize the affected area that has to be injected.
After that, 2 to 3 MU Botox or 8 MU Dysport
are injected intradermally at sites 2.0 to 2.5 cm
apart and evenly distributed over the affected
area. Specific side effects of the injection of
BoNT include pain on injection, local hemato-
mas, and local muscle weakness due to diffu-
sion of the toxin to adjacent muscles
(particularly, the zygomatic muscle).
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SIALORRHEA

Sialorrhea is a common and socially disabling
symptom in spasticity, cerebral palsy, and
degenerative diseases such as motor neuron
diseases (e.g., bulbar amyotrophic lateral
sclerosis [ALS]) and Parkinson disease. About
70% of patients with Parkinson disease and up
to 20% of ALS patients suffer from excessive
drooling. It is usually caused by swallowing
dysfunction and can lead to choking, aspira-
tion, and chest infections. Drooling can be
evaluated subjectively or quantitatively.
Conventional treatment options include
anticholinergic drugs, surgical treatment, or
salivary gland radiation.

Four randomized, double blind, placebo
controlled studies evaluated the treatment
effect of BoNT on sialorrhea in Parkinson
disease. In one study on 20 patients, BoNT/A
(450 MU Dysport) or placebo were injected
into the parotid and submandibular glands
with a follow-up of 3 months. Drooling signif-
icantly decreased by 4 points on a drooling
score.99 In another study, 32 patients received

BoNT/A (50 MU Botox) or placebo injected
into the parotid glands. The treatment effect
was measured by the UPDRS-ADL and a VAS
on drooling frequency. There was a significant
improvement in all measures and no side
effects were observed.100 Another small study
evaluated the effect of BoNT/B (Myobloc) or
placebo in 16 patients with drooling. BoNT/B
was injected into the parotid glands (1000 MU
on each side) and into the submandibular
glands (250 MU on each side). There was a
significant improvement in all measures such
as drooling rating scale, drooling severity and
frequency scale and VAS. Side effects included
dry mouth, among others.101 Another study
evaluated the effect of three different doses of
BoNT/A (18.75, 37.5, and 75 MU Dysport) or
placebo in 32 patients with Parkinson disease,
ALS, MSA, and CBD. There was an improve-
ment of sialorrhrea as measured by dental
roles and drooling frequency. The study is,
however, limited by the small cohort and the
high drop out rate of 14 patients.102

In clinical practice, both the parotid and
submandibular glands are usually injected.

BA

FIGURE 25-6. Gustatory sweating

before (A) and after (B) focal intra-

dermal application of BoNT. The

Minor iodine starch test indicates

areas of sweating (dark).

TABLE 25-6 Selected Studies on BoNT/A Treatment of Gustatory Sweating

Author Year Design n Dose (mean) Duration (mo)

Naumann et al95 1997 Open 45 21 MU Botox 6

Bjerkhoel and
Trobbe96

1997 Open 15 37 MU Botox 13

Laskawi et al97 1998 Open 19 31 MU Botox 11–27

Laccourreye et al98 1999 Open 33 86 MU Dysport 12–36
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The parotid gland lies between the mastoid
process and the ramus of the mandible
(Fig. 25-7). Cranially, it reaches the zygomatic
arch; caudally, it ends at the level of body of the
mandible, partly covering the dorsal part of the
masseter muscle. There is still limited experi-
ence with BoNT injections into the salivary
glands, and the best dose and way to inject
has never been formally evaluated. One way
to treat is to inject BoNT at two to three
different sites on each parotid gland and at
one site of each submandibular gland.
Preferably the injection is guided by ultra-
sound. A retrograde transductal approach is
not recommended. As an initial dose not
more than 10 to 20 MU Botox or 40 to
60 MU Dysport are injected per parotid
gland, at a dilution of 100 MU Botox or
500 MU Dysport/2 mL of sterile 0.9% saline.
Depending on the response, the total dose can
be slowly increased by injecting the same or
a lower amount of BoNT after 8 to 10 weeks
(risk of antibody formation if reinjections are
given earlier). In the palliative treatment of
sialorrhea in ALS, reinjections may be given
after a shorter period of time. The submandib-
ular glands can be injected with 5 to 10 MU
Botox or 20 to 30 MU Dysport per gland. The
highest safe individual dose is not known and
may be very low in some patients, particularly
in patients suffering from a motor neuron
disorder, who may be unusually sensitive to
BoNT. We do not know the effect of repeated
injections of BoNT over time or the risk of
developing antibodies.

Side effects of BoNT injections into the sal-
ivary glands include local injection pain, local

infection of the salivary gland, dry mouth, dete-
rioration of dysphagia due to diffusion of the
toxin into the pharyngeal muscles, and weak-
ness of mouth closing and opening. Other
potential adverse effects may include hemato-
mas and salivary duct calculi. The risk for all
side effects can be minimized by cautiously
increasing the dose and number of treated
glands in successive treatment cycles.

Pathologic Tearing (Crocodile
Tear Syndrome) and Rhinorrhea

Pathologic tearing (crocodile tears syndrome)
is a relatively rare syndrome that is character-
ized by inappropriate and sometimes excessive
lacrimation provoked by eating. It should be
distinguished from other local eye disorders
associated with increased tearing. The
Schirmer test can measure increased tearing.
There is no effective conventional treatment
of hyperlacrimation. Because the lacrimal
glands are innervated by cholinergic fibers,
hyperlacrimation in crocodile tears syndrome
may be effectively treated by intraglandular
injections of BoNT. So far, there are only a
few reports on BoNT use.103-106 In one open-
label study,104 injection of 20 MU Dysport�

into the lacrimal gland or subcutaneous injec-
tion of a total of 75 MU Dysport� into the
orbital part of the orbicularis oculi muscle for
treatment of synkinesis produced a marked to
moderate improvement of hyperlacrimation.
In other reports,103,106 intraglandular injection
of 2.5 or 5 MU Botox� normalized hyperlacri-
mation for more than 6 months.

In clinical practice, the conjunctival mucosa
is anesthetized using eye drops before injecting
the lacrimal gland. After ectropionization of
the upper lid, 2.5 to 5.0 MU Botox or 10 MU
Dysport are injected into the palpebral part of
the lacrimal gland. Injections of BoNT into the
lacrimal gland may cause dry eye symptoms,
local infection, ptosis, or diplopia due to a
diffusion of the toxin to the lateral rectus
muscle. Based on the few reports published,
BoNT injections into the lacrimal gland for
hyperlacrimation may be an elegant method
to treat this sometimes disabling condition.
However, we need larger studies to evaluate
the risks and long-term benefits of this
treatment.

A single double-blind placebo-controlled
study evaluated the effect of BoNT on rhinor-
rhea in 60 patients with intrinsic rhinitis.107

The dose of 4 MU Botox given in each nasal

FIGURE 25-7. Local anatomy of salivary glands. (From A. de

Almeida and D. Hexsel, 2003)
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cavity significantly improved rhinorrhea as
judged subjectively and reduced the number
of paper tissues needed per day. No side effects
occurred. The benefits lasted 4 weeks.

FUTURE DIRECTIONS

The use of botulinum toxins has revolutionized
the treatment of HH and other secretory disor-
ders. Compared with other treatments, it is
unmatched in its efficacy, ease of administra-
tion, and patient satisfaction. Development of
quick, safe, and effective pain control is needed
for the treatment of more tender areas such as
the palms and soles. New delivery devices are
already being researched to help provide the
most comfortable and efficient therapy.
Kavanagh and colleagues108 have successfully
used a small iontophoresis machine to deliver
BoNT/A to two patients with severe palmar
HH, sparing them the injections. Glogau109

demonstrated that Botox can be successfully
delivered in the axillary skin when combined
with a proprietary transport peptide molecule.
Research is ongoing, looking at the clinical
applications of different botulinum serotypes.
Another area of potential research is with
combination therapy. For the present, botuli-
num toxin therapy is a valuable, well-tolerated
therapy and can provide meaningful improve-
ment in the quality of life of patients with HH
and other secretory disorders.
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26Botulinum Neurotoxin
for Dermatologic and
Cosmetic Disorders

Dee Anna Glaser

INTRODUCTION

This century has seen an explosion in the
number of individuals seeking out ways to
look younger and more beautiful. As the
demand for procedures increases, so does the
desire for less invasive therapy with shortened
down times and ‘‘natural’’ nonsurgical appear-
ance. The injection of botulinum neurotoxin
(BoNT) for the treatment of dynamic facial
lines is the most popular cosmetic procedure
in the United States.1 Such use has increased
by 4700% since 1997, more than any other
nonsurgical procedure.2 Along with the
increased use, there has been an expansion in
the cosmetic indications for BoNT usage.
Initially, treatment was generally limited to
the upper one-third of the face, including the
glabellar lines, horizontal forehead lines, and
crow’s feet. Now the midface, lower face, and
neck are common areas to be treated, and there
has been a shift from pure ‘‘wrinkle removal’’ to
reshaping and recontouring the face and body
with botulinum toxin. Examples include using
BoNT to lift and shape the eyebrows, widen the
aperture of the eye, contouring of squared-
shape mandibles, and even reshaping the calf
areas of legs.

AVAILABLE BOTULINUM
NEUROTOXIN PRODUCTS

As noted in previous chapters, two serotypes
of BoNT are available currently for clinical
use: botulinum neurotoxin type A (BoNT/A)
and botulinum toxin neurotoxin type B

(BoNT/B) (Table 26-1). Although both inhibit
the release of acetylcholine from the motor
nerve terminal, each enters the neuron through
different pathways and cleaves different pro-
teins, which is covered in more detail in earlier
chapters. BoNT/B is not approved for cosmetic
uses and is used much less commonly than
BoNT/A for cosmetic procedures. The Botox
brand (Allergan, Inc, Irvine, CA) is the most
commonly used BoNT/A product worldwide
for aesthetic procedures. In the United States,
Botox has been approved since 2002 for the
treatment of glabellar lines and it is approved
for multiple facial lines in Canada. Approval of
Dysport (Ipsen, Milford, MA) is currently being
pursued in the United States under the name
Reloxin.

Other BoNT/A products are available in
select areas of the world. Xeomin (Merz
Pharma, Greensboro, NC) comprises only the
naked 150-kDa toxin without other nontoxin
proteins.3 It is approved for cervical dystonia
and blepharospasm in Germany. Trials are
under way with Xeomin for glabellar lines.
Neuronox (Medy-Tox, Inc., Seoul, South
Korea) is approved in Korea and is available
in parts of North Africa, some European coun-
tries, Russia, and Mexico. A Chinese toxin also
referred to as Chinese botulinum toxin A
(CBTX-A, Lanzhou Institute of Biological
Products, Shanghai, China) can be found in
some Asian countries and parts of South
America (also known as Prosigne).2 At the
time of writing, there are no published studies
in the English medical literature on the aes-
thetic uses of these products.

The various BoNT products are derived
from different strains of Clostridium botulinum

Dr. Glaser reports that she has been a consultant for Allergan and Medicis. Also, she has performed research that has been funded by
Allergan and has received unrestricted educational grants from Allergan for research.
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TABLE 26-1 Botulinum Toxins Widely Available Internationally

Names Manufacturer
BoNT
Serotype

Approval for
Cosmetic Use

Toxin Complex
Size (kDA) Supplied

Concentration
Per Vial

Neurotoxin
Protein
Content
(ng/vial)

Botox
Cosmetic,
Botox,
Vistabel,
Vistabex

Allergan, Inc A Yes 900 Vacuum-dried
powder

100 U 5

Dysport,
Reloxin

Ipsen, Ltd A Yes* 500-900 Lyophilized
powder

500 U �12.5

Myobloc,
Neurobloc

Solstice
Neurosciences,
Inc

B No 700 Solution 2500, 5000, or
10,000 U

38–71

*Excludes approval in the United States.
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using different proprietary methods of isola-
tion, purification and manufacturing. Thus,
each product is unique. Of the two BoNT/A
products most widely used, it is generally
reported that 1 U of Botox has the same
therapeutic effect as 2.5 to 5 U of Dysport.
However, there is no universally applicable
safe dose conversion ratio between the
two products. Any conversion from one
product to another requires ‘‘dose finding’’
on a case-by-case basis. It is clear that
Botox and Dysport are not interchangeable
products: they differ in critical chemical prop-
erties, dose requirements, duration of effect,
and adverse event profiles.4-6 Throughout
this chapter, doses of BoNT/A will refer to
Botox unless otherwise stated.

PRINCIPLES OF AESTHETIC
USES

A thorough understanding of the anatomy and
pathophysiology of the aging process is neces-
sary for the cosmetic use of BoNTs. The major
forces responsible for facial aging include
gravity, soft tissue maturation, and skeletal
remodeling resulting in volume loss, muscular
activity resulting in hyperdynamic wrinkles,
and solar changes affecting skin color, texture,
and elasticity.7 With this in mind, a
multipronged approach is necessary to achieve
maximum aesthetic improvement.8 Fillers, skin
rejuvenation, and surgical procedures can all
be performed in concert with BoNT, even at
the same sitting to enhance patient outcomes
and satisfaction.9-11 It is beyond the scope
of this chapter to cover combination therapy,
but it is covered in many other articles and
textbooks.9,12,13

FACIAL AESTHETICS

Because the face is still the most common area
to be treated with BoNT, it is critical that the
physician have a thorough understanding of
the pathophysiology of aging, anatomy, and
the desired aesthetic goals of the patient. For
cosmetic uses, the target of BoNT is primarily
the muscles of facial expression. These gener-
ally have soft tissue attachments and, when
contracted, move the overlying skin. With
repeated muscle contraction, folding and pleat-
ing of the skin lead to permanent creases over
time. Botulinum toxin temporarily weakens

contracting muscles, thereby improving and
even eliminating the overlying skin creases.
The position and interplay of opposing
muscle actions contribute to the appearance
of facial aging, and BoNT can be used to alter
such relationships.

Patients are often seeking subtle changes,
and it is paramount that the injector be able
to meet patients’ goals (Table 26-2). The unde-
sirable ‘‘frozen’’ look should be replaced by a
more ‘‘natural and relaxed’’ appearance.
Patients report a change in appearance within
2 weeks of receiving BoNT/A, and 4 weeks after
therapy to their upper face, they report looking
3 years younger than baseline.14

FACIAL ANATOMY

On the body, muscles typically have bony
attachments through tendons, and muscle con-
traction results in skeletal movement. In con-
trast, the muscles of facial expression generally
have soft tissue attachments, and muscle con-
traction results in movement of the overlying
skin. This unique facial anatomy helps us com-
municate and express emotional states. The
muscles of the face and neck (Fig. 26-1) vary
in size and depth beneath the skin. The seventh
cranial nerve, the facial nerve, provides motor
function of the face. Injection points are deter-
mined by the muscles and not the course of the
nerve.

Although the locations of the facial muscles
is crucial to achieving good outcomes (Table
26-3), understanding the interplay of muscle
groups is just as critical.

TABLE 26-2 Typical Patient Goals Using
Botulinum Toxins49

Look as good as possible for their age

Look rested

Look natural and relaxed

Avoid looking angry, mad or sad

Maintain some facial movement and animation

Long lasting results

Pain-free procedure

Avoid adverse events

No down time

Cost-efficacy or value for the money; not too
expensive
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GENERAL PRINCIPLES AND
TREATMENT GUIDELINES

Reconstitution of Botox can be performed
using preserved saline despite the manufac-
turer’s recommendations of the use of nonpre-
served saline. The benzyl alcohol preservative

in the former decreases the discomfort of the
injection without altering the efficacy.15,16

The amount of diluent used to reconstitute a
vial varies among physicians, with a typical
range being 1 to 4 mL but it can be as high
as 10 mL per 100-unit vial. As the efficacy is
high regardless of the amount of diluent used,
clinical practice is based on physician prefer-
ence.17 Syringe and needle selection also

Compressor
naris

Obicularis
oris

Compressor naris
PSPS

PSPS

PTPT

PTPT

PS

PS

PT

PT Levator labii
superioris alaque
nasi

Levator anguli oris

Zygomaticus major

Depressor anguli oris

Depressor supercilii

Temporalis

Corrugator

Procerus

Frontalis

Depressor septi nasi

Mentalis

Depressor labii
inferioris

Risorius

Modiolus

Orbicularis oculi:
  Preseptal portion
  (PS)
  Pretarsal portion
  (PT)

Zygomaticus minor

FIGURE 26-1. Muscular anatomy of

the face.

TABLE 26-3 Anatomic Profile for Botulinum Neurotoxin Aesthetic Use

Treatment Site/Aesthetic Goal Targeted Muscles

Glabella/frown lines Procerus, corrugator, and depressor supercilii muscles

Forehead wrinkles Frontalis muscle

Crow’s feet Orbicularis oculi muscle

Lower eyelid lines Orbicularis oculi muscle

Bunny lines Nasalis muscle

Lip lines Orbicularis oris muscle

Down turned corners of the mouth Depressor anguli oris muscle

Chin dimpling Mentalis muscle

Deep horizontal chin groove Mentalis muscle

Masseter hypertrophy or squared jaw Masseter muscle

Vertical platysma neck bands Platysma muscle

Necklace or horizontal neck lines Platysma muscle
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varies, with insulin syringes or 1-mL tuberculin
type syringes being the most popular
(Fig. 26-2). The latter results in waste of prod-
uct in the tip of the syringe and hub of the
needle.18 Specially designed syringes are avail-
able with a bullet-shaped plunger to reduce any
waste. Small-gauge needles should be used for
cosmetic injections; most commonly 30- to
32-gauge 1=2-inch needles are used.

To reduce the risk of bruising with injections,
patients should stop the use of anticoagulants,
nonsteroidal anti-inflammatory agents, aspirin,
and supplements such as vitamin E, garlic,
gingko, and fish oils 7 days before their injec-
tion appointment. Although this is ideal, it is
not necessary to postpone injections should
the patient fail to stop such agents.

Patients should be placed in a comfortable
position, ideally with their head supported. An
upright or slightly reclined position is best for
cosmetic injections. Pain is usually minimal,
but some patients may prefer to use a topical
anesthetic cream before injections.19 This is
especially valuable in more sensitive areas
such as the upper lip. The application of ice
or cold air before injections may also help to
reduce any discomfort and at the same time
may reduce the risk of bruising secondary to
vasoconstriction. The use of cold packs can be
particularly useful in areas that are most likely

to bruise, such as the lateral orbital rim and the
lower eyelid.

Although there are no controlled studies to
support the need for special postoperative
instructions, many physicians recommend the
following:

� Contract the treated muscles immediately
after injection to enhance uptake. Several
minutes to several hours have been
recommended.

� Do not bend over for 2 to 3 hours such as
to pick up objects from the floor, or to try
on shoes.

� Do not massage the treated areas for 2 to
3 hours.

� Do not lie down for 2 to 3 hours after
treatment.

� Limit heavy physical activities for several
hours after treatment.

Treatment should always begin with an
accurate assessment of the patient. In particu-
lar, the patient’s needs and goals should be
addressed. Adjuvant therapy with fillers,
lasers, resurfacing, or surgery may need to be
combined with BoNT to achieve maximum
improvement. A signed consent form should
be obtained before the procedure, and photo-
graphic documentation of the patient in repose
and with animation is beneficial.

The following text serves as a guideline for
the treatment of the cosmetic patient using
BoNT/A. It is always best to customize therapy
based on the individual’s needs and desires as
discussed, with close attention to anatomy,
muscle size, and function. Ideally, muscles
should be visualized or palpated at rest and
with movement before injection. The use of
the injector’s nondominant thumb and finger
can help to localize and stabilize the muscle
groups during injection (Fig. 26-3).

FIGURE 26-2. A standard 1-mL tuberculin syringe versus a

1-mL syringe with a bullet-shaped plunger designed to

decrease waste.

FIGURE 26-3. The nondominant thumb and fingers stabilize

the patient and localize the muscle to be injected.
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COSMETIC FACIAL
INJECTIONS

Glabella

The glabellar frown lines represent one of the
most commonly treated cosmetic units.
The muscles generally targeted when treating
the glabellar frown lines are the corrugator
supercilii, procerus, and depressor supercilii.20

Five injection points are most commonly used,
but the treatment area may range from three
to seven sites. Doses vary as well, with 20 to
30 units for the average woman and 30 to
50 units for a male glabellar complex, depend-
ing on the muscle mass and the desires of the
patient.21-23

Having the patient frown is the best way to
visualize the muscles. The procerus muscle may
not be easily visualized and can be injected in
the midline at the crossing point of an X that
intersects the medial brows and the contralat-
eral medial canthi (Fig. 26-4). It is important
that the brow be used as the landmark and not
the eyebrows, because the eyebrows can be
reshaped and distorted in terms of their ana-
tomic landmarks. Five to ten units of Botox is
injected into the procerus muscle, which is
secured by the injector’s nondominant hand
(Fig. 26-5). Massage can help diffusion into
the depressor supercilli muscle. The corrugator
muscles are identified with animation or
frowning. The belly of the muscle is supported
by the nondominant thumb, and �5 units are
injected into the muscle (Fig. 26-6). The tail of
the corrugator generally needs to be treated as
well and is usually located approximately 1 cm
above the supraorbital ridge near the midpupil-
lary line. A typical dose is 2.5 to 5 units
into each tail of the corrugator (Figs. 26-7
and 26-8).

The efficacy and safety of the Dysport brand
of BoNT/A to treat glabellar lines has been stu-
died, and doses of 50 units seem to provide
optimal results.24 The injection pattern used

for Dysport is slightly different than for
Botox, with three central injection points
most crucial (procerus and each corrugator)
but lateral injection sites do not appear to
improve efficacy.25

Horizontal Forehead Lines

Horizontal forehead lines are easily treated by
targeting the frontalis muscle. In many indivi-
duals, frontalis fibers are not present in the
superior midline section of the forehead and
are replaced with membranous galea. If this is
the case, injection into this area is unnecessary.
It is important to remember that the frontalis
muscle is the only levator muscle of the upper
face that elevates the brow, eyebrows and skin
of the forehead. High doses or incorrect place-
ment of BoNT can result in a real or perceived
brow or eyebrow ptosis. Injections must be
kept well above the brow to avoid brow
ptosis and to avoid loss of facial expressivity.

Injections should usually start 2 cm or more
superior to the orbital rim, and doses should
err on the low side (Fig. 26-9). Doses will vary
depending on the height and width of the fore-
head, muscle mass, and eyebrow placement, as
well as on the coadministration of BoNT/A to

FIGURE 26-4. The procerus muscle is injected at the cross-

ing point of an X that intersects the medial brows and con-

tralateral medial canthi.

FIGURE 26-5. The procerus muscle is pinched between the

thumb and finger of the nondominant hand.

5

5
5

5
5

FIGURE 26-6. Male glabellar frown pre Botox 25 U.
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the depressor muscles of the upper face.
Starting doses of 10 to 20 units for women
and 15 to 30 units for men should be
considered.

Frontalis muscle fibers can extend laterally,
and if not treated adequately, a quizzical
appearance can develop unilaterally or bilater-
ally (Fig. 26-10). If this should develop, an
additional 1 to 3 units should be injected to
bring the peaked brow down.

Brow Lifting and Shaping

Brow ptosis is common and results in a tired,
run-down appearance. When treating the eye-
brows, it is necessary to assess for asymmetry of
the eyebrows, a very common finding. It is
important to review such findings with the
patient before injection, because perfect sym-
metry cannot always be obtained, and patients

may not have noticed their asymmetries before
treatment.

Treatment of the glabellar complex as
described can be combined with injections of
the orbicularis oculi muscle or inferior portions
of the frontalis muscle to elevate and shape the
eyebrows. Initially, this elevation was thought
to be purely a result of the effect on the brow
depressor muscles, but it has been postulated
that the frontalis is the main factor.26

Placement or diffusion of BoNT A into fibers
of the frontalis may induce an increased resting
tone in the remainder of the muscle and result
in changes in eyebrow position. Treating the
superolateral portions of the orbicularis oculi
with 2 to 6 units (usually at the lateral brow at
the junction with the temporal fusion line)
along with injections of the lateral canthus
can be very helpful when trying to elevate the
eyebrow position.

Eyes

The ‘‘crow’s feet’’ or wrinkles at the lateral can-
thus are caused by contraction of the lateral
portion of the orbicularis oculi muscle, and
to some degree, the zygomaticus and risorius
muscles of the mouth. It is important to exam-
ine the patient during smiling to assess the
effect of the zygomaticus muscles pushing up
the cheek into the periorbital area and contri-
buting to the ‘‘crow’s feet’’ (Fig. 26-11). These
are difficult to treat without risking facial droop
or an unnatural appearance.

At the lateral canthus, the vertically oriented
fibers of the orbicularis oculi muscle are inject-
ed. Two to four injection sites are typically
required with a starting dose of 10 to 15 U

BA

FIGURE 26-8. A and B, Female glabella before and after 20 units of Botox.

FIGURE 26-7. One month after botulinum neurotoxin type

A injections.
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per canthus. The patient should smile maxi-
mally to locate the injection sites (Fig. 26-12).
The center point is usually 1 to 2 cm lateral to
the lateral canthus, with injections placed 1 to
1 1/2 cm superior and inferior to this point. It
is important to stay above the zygomatic arch
to avoid lip ptosis. Injection into the subcuta-
neous fat and not the muscle may help reduce
bruising. Owing to the very thin skin in the
canthus, diffusion into the muscle is sufficient.
Care should also be used to avoid the vessels in
this area to help minimize the risk of bruising
as well.

A prominent bulge of the lower eyelid when
the patient is smiling or animated is caused by
the pretarsal portion of the orbicularis oculi
muscle (Fig. 26-13). One injection at the mid-
pupillary line about 2 mm inferior to the lid
margin can be performed. Small doses using 1
to 2 U is usually sufficient to reduce this bulge,

and a more open, almond-shaped eye can also
be produced. Injections medial to the midpu-
pillary line can weaken the blink reflex and
result in dry eyes. Injections lateral to the mid-
pupillary line increases the risk for lower lid
ectropion. A ‘‘snap test’’ should be performed
in which the lower eyelid is pulled off the globe
by downward pressure on the eyelid skin and
then quickly released. Good candidates for
lower eyelid BoNT/A treatment will have a
quick return of the lower eyelid skin to its orig-
inal position with the snap test.

Nose

Nasal scrunch or ‘‘bunny lines’’ are produced
when wrinkling the nose and can be accentu-
ated with speech, smiling or frowning
(Fig. 26-14). These lines result from the con-
traction of the nasalis muscle, especially the
transverse portion, although the levator labii
superioris alaeque nasi muscle may contribute
to their appearance as well.27 Very small doses
of BoNT/A are needed: usually 1 to 3 U per side
are injected superficially into the subcutaneous
tissue at the lateral wall of the nasal bridge.
Placement is particularly important to avoid
drooping of the upper lip or other lip asymme-
tries because the levator labii superioris alaeque
nasi and the levator labii superioris both orig-
inate along the medial aspect of the malar
prominence.

Mouth

Rejuvenation of the mouth can be achieved
using small doses of BoNT/A; however,

B

44 44

A

FIGURE 26-9. A and B, Forehead injection sites to improve horizontal forehead lines, staying superior to the eyebrows to

prevent further ptosis.

FIGURE 26-10. A unilateral quizzical brow developed

after forehead injection due to functioning lateral frontalis

muscle fibers.
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FIGURE 26-11. Injection of 12 U Botox results in diminished crow’s feet wrinkles but does not improve the rhytids that are

pushed up by the cheek during a smile.
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4
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3

B

FIGURE 26-12. A and B, Injection of 12 U Botox to the lateral canthus results in reduction of wrinkles.

A B

FIGURE 26-13. A and B, A prominent bulge of the lower eyelids is seen with smiling. One to two units Botox are injected into

the pretarsal portion of the orbicularis oculi muscle at the midpupillary line.
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outcomes are usually optimized when com-
bined with other procedures such as fillers or
resurfacing. ‘‘Smoker’s lines’’ or radial lip lines
are common, especially in women. Repetitive
pursing or movement of the orbicularis oris
muscle contribute to the development of
these lines. The radial lip wrinkles can interfere
with the use of lipstick, which may run or
‘‘bleed’’ into them.

Four to 10 U can be used for the upper lip,
whereas 3 to 8 U are needed for the lower lip.
Injections do not need to be placed into
the lines. They should be placed 1 to 2 mm
away from the pink border of the lip to help
minimize discomfort (Fig. 26-15). I avoid
the lateral quadrants of the lip and usually
do not inject in cupid’s bow. Not only can
the wrinkles be reduced with therapy, but
enhanced lip fullness and eversion has been
reported.28

Conservative dosing is recommended to
avoid oral incompetence. Patients should be
counseled on the possibility of a change in

their speech and enunciation, and ability to
drink with a straw, or other activities requiring
a strong pursing of their lips. Often, patients
can perceive a difference in their speech, but
it is usually unnoticed by others and resolves
within 2 weeks, if it occurs at all. Patient satis-
faction can be lower when treating the lip lines
compared with other cosmetic units such as the
glabella, and proper patient counseling is
valuable.

The corners of the mouth represent another
very important point of cosmetic enhance-
ment. Because the corners of the mouth turn
downward with age, they portray sadness or
anger. The depressor anguli oris (DAO)
muscle can be injected with 3 to 5 U as a start-
ing dose that can be increased, as needed, to
achieve a reduction in the marionette lines and
a more neutral or upturned corner of the
mouth. Combination therapy with dermal fil-
lers can optimize the results.

Injections should be made directly into the
DAO muscle located on the mandibular
body.29 An inferior and lateral approach is rec-
ommend to avoid the depressor labii inferioris
(DLI) muscle, which lies beneath and slightly
medial to the DAO, and the orbicularis oris
muscle located around the lips. The DAO
muscle can be palpated when the patient
makes a sad or disappointed face or with an
exaggerated pronunciation of the letter ‘‘e’’
(Fig. 26-16). If not identified with these types
of maneuvers, injections should be made �8 to
10 mm lateral to the oral commissure and �15
mm inferior to this point.

Nasolabial Folds

Although treating the nasolabial folds (NLFs) is
usually accomplished with fillers, some

1u

FIGURE 26-14. Nasal scrunch, or ‘‘bunny,’’ lines are treated

with 1 to 2 U Botox injected into the nasalis muscle.
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FIGURE 26-15. Perioral wrinkles secondary to movement of the orbicularis oris muscle (A) and low doses (B) of Botox to

reduce the lines without compromising mouth competency.
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patients may benefit from BoNT/A therapy,
usually as an adjuvant to the fillers. Changes
in the patient’s smile may occur, and the
white portion of the upper lip may lengthen.
Small doses such as 2 to 5 U are good starting
doses and are injected at the nasomaxillary
junction, just lateral to the ala (Fig. 26-17).
The targeted muscle is the levator labii super-
ioris alaeque nasi, although some physicians
prefer to target the zygomaticus muscles.30

Patients with a ‘‘gummy smile’’ in which all
the incisors and some of the gingivae show are
generally considered to be good candidates for
BoNT/A therapy. Doses as high as 7.5 U may be
used, but starting doses of 2.5 to 3 U are recom-
mended per side.31 Pretreatment asymmetries
are common and require different dosing on
each side.

Chin

Chin dimpling is the result of the mentalis
muscle and can give the appearance of peau
d’orange or golf ball dimpling. It can be seen
at rest or with talking and tends to become
more pronounced with advancing age and
loss of dermal and subcutaneous tissue thick-
ness (Fig. 26-18). Low-dose BoNT/A can give a
more relaxed and smooth appearance to the
chin. As little as 2.5 to 5 U and up to 10 U
should be injected into the central lower por-
tion of the mentalis (Fig. 26-19). A deep
mental crease can also be improved with this
same technique. Care to avoid the DLI and the
orbicularis oris muscles is important.

Neck

Vertical neck bands and cords may be promi-
nent in some individuals at rest or with anima-
tion (Fig. 26-20). The superficial platysma
muscle is injected into the bands using 2 to 4
U every 1 to 2 cm. It may be helpful to have the
patient exaggerate the bands for the physician
to grab and then have the patient relax the
muscle contraction during the actual injection
(Fig. 26-21). The injections are very superficial,
and a bleb should be seen at the injection
site. Doses of 50 U or more may be needed
to treat the entire neck, but high doses can be
associated with neck weakness and trouble
swallowing.32,33

Horizontal neck lines or ‘‘necklace’’ lines can
be treated with BoNT/A but are much less
responsive than the vertical bands, and patients
need to be adequately counseled on the
expected outcomes.

A B

FIGURE 26-16. A, The depressor anguli oris muscle can be accentuated by having the patient make a ‘‘sad’’ face. B, Injection

should be inferior and laterally to avoid the depressor labii inferioris muscle.

FIGURE 26-17. Injection of the nasolabial fold is performed

lateral to the ala.
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Mandibular Contouring

A square-appearing jaw line can widen the
lower face and give a more masculine appear-
ance. In some patients, this is secondary to
masseter muscle hypertrophy that, with treat-
ment, can return the face to a more oval
shape.34 It is important that patients be appro-
priately diagnosed, namely, that it is the mas-
seter muscle causing facial widening and not
just a prominent bony mandible. Reductions
of up to 30% in masseter muscle volume or a
decrease in thickness of 2.9 mm have been
reported after treatment with BoNT/A.35

Before injection, the patient should accen-
tuate the contours of the masseter at the angle
of the jaw, which can be done by having
the patient strongly clench the teeth.
Approximately 6 to 8 injections are required,
with doses ranging from 25 to 30 U Botox

per side. Kim reported that 100 to 140 U
Dysport per side resulted in high patient satis-
faction when treating the masseter.36 A 1-inch
needle is used, and the deeper muscle should
be injected. Patients may experience localized
aching and swelling for 24 to 48 hours postin-
jection. Ice packs can be beneficial.

COMPLICATIONS WITH
AESTHETIC BOTULINUM
NEUROTOXIN THERAPY

The overall safety of BoNT in doses used for
cosmetic purposes is exceptional. As with all
procedures, proper patient selection and
technique are crucial to minimize complica-
tions and poor outcomes (Table 26-4).
Complications are rare, and generally mild
and transient in nature (Table 26-5). In clinical

FIGURE 26-18. Dimpled chin is secondary to mentalis

muscle hyperfunction.

FIGURE 26-19. Injection of the mentalis muscle should be

performed into the lower central portion to avoid the orbi-

cularis oris and depressor labii inferioris muscles.

FIGURE 26-20. Vertical neck bands.

FIGURE 26-21. The injector grabs the platysmal band for

injections that are superficial.
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trials of Botox cosmetic, 43.7% of treated sub-
jects reported adverse effects versus 41.5% of
the placebo group, with the most common
being headache, upper respiratory tract infec-
tion, blepharoptosis, nausea, pain, and flu-
like symptoms.37 General side effects related
to intramuscular injection include pain,
erythema, edema, and bruising. The use of
small needles can help as can reconstituting
BoNT/A with preserved saline rather than
unpreserved saline.15,16,38 Topical anesthesia
can be used, especially for tender areas such
as the upper lip, but frequently is not neces-
sary.19,39 Ice or coolants can be used to
reduce discomfort and swelling.40 Having
patients abstain from nonsteroidal anti-inflam-
matory agents and other agents that affect pla-
telets or the clotting cascade for 1 week before
treatment will reduce the risk of bruising.

Physicians should look for and avoid any visi-
ble cutaneous vessels.

The majority of undesirable cosmetic events
are related to improper injection technique,
poor patient selection, or local diffusion of
BoNT. Typically, the radius of neurotoxin dif-
fusion is 1 to 3 cm.41 The diffusion varies
depending on the site of injection, the formu-
lation of BoNT used, and the amount of dilu-
ent used.42,43 Clinical mantra states that
reconstituting with smaller volumes yields a
more concentrated solution, which translates
into decreased local toxin spread. However,
one study by Carruthers et al17 did not show
any relationship between dilution and clinical
response in the glabella. Muscular contraction
after injection may also affect the pattern of
toxin spread.44 Patients should avoid massa-
ging the treated site, and contract the muscles

TABLE 26-4 Contraindications

Known allergy to any component in botulinum neurotoxin formulation

Pre-existing infection at the site of planned injection

Pre-existing active inflammatory skin condition at the site of planned injection

Unrealistic expectations

Neuromuscular disease (e.g., myasthenia gravis, Lambert-Eaton syndrome)

Pregnant or lactating women

Concomitant use of medications known to interfere with neuromuscular transmission (e.g., aminoglycosides,
cholinesterase inhibitors, succinylcholine, curare-like depolarizing blockers, magnesium sulfate, quinidine,
calcium channel blockers, lincosamides, polymyxins)

TABLE 26-5 Side Effects are Relatively Uncommon and Vary Depending on the Part of the
Face that Is Being Treated

Adverse Events of Short
Duration

Adverse Events of Longer
Duration

Immediate Hypersensitivity
Reaction

Stinging or discomfort with
injection

Blepharoptosis Urticaria

Erythema and edema at
injection site

Brow ptosis Dyspnea

Headache Diplopia Angioedema

Bruising Decreased tearing and
xerophthalmia

Anaphylaxis

Asymmetry Ectropion

Localized numbness or
paresthesias at injection site

Lagophthalmos

Focal twitching Oral incompetence

Mild nausea Decreased neck strength

Malaise and myalgias dysphagia

dysarthria
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of the site after injection to expedite toxin
uptake.37

Dry eyes and even keratitis have been
reported following injection of cosmetic
BoNT/A but are temporary.45,46 One case of
pseudoaneurysm was reported in a patient
6 months after the injection of 30 units of
BoNT/A.47 Serious adverse events including
death and cardiovascular events have been
reported to the US Food and Drug
Administration after the therapeutic use of
BoNT/A, although a causal relationship between
the fatalities and BoNT injection could not be
established. There have been no fatalities
reported with cosmetic use of BoNT-A.48

The overall safety and high patient satisfac-
tion with cosmetic BoNT therapy is high
but requires physician experience and expertise.
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27The Role of Botulinum
Toxin in Wound

Healing

Holger G. Gassner, David A. Sherris, Kris S. Moe, and
Oren Friedman

INTRODUCTION

A visible facial scar may have numerous social
and psychological implications for the affected
individual, generating a range of social, profes-
sional, and psychological problems. Naturally,
the creation of a surgical scar is one of the
patient’s central concerns associated with surgi-
cal therapy. Over the past 2 decades, the desire
for smaller and less conspicuous scars has
driven a notable trend toward less invasive
surgical techniques. The introduction of endo-
scopes has resulted in a substantial reduction
of incisions for various surgical procedures
ranging from face lifts to thyroidectomies.
Nevertheless, a number of procedures still
require placement of incisions in visible areas.
Moreover, traumatic wounds are frequently
located in exposed facial areas. Hence, surgeons
continue seeking to enhance the healing of skin
wounds and lacerations, and render the result-
ing scars as cosmetically favorable as possible.
A large number of factors have been identified
that can affect wound healing positively and
negatively. Ideal healing without scar is
observed in the fetus but, unfortunately, has
never been achieved in humans after birth.1

A good understanding of the healing process
is crucial to understanding the potential inter-
ventions that optimize the appearance of the
wound as it progresses through the healing
phases. The first inflammatory phase of
wound healing is characterized by vasodilata-
tion and cellular response. This phase lasts on
the order of days and is prolonged by inflam-
matory stimuli, most importantly, infectious

agents. Thorough irrigation, aseptic technique,
and if indicated, the use of topical and systemic
antibiotics can contribute to limiting the dura-
tion of this phase with its associated inflamma-
tory response. The second proliferative phase of
wound healing is marked by re-epithelializa-
tion and collagen synthesis. This phase typi-
cally lasts weeks and overlaps with the
inflammatory phase. Epithelial regeneration is
greatly enhanced in wounds closing by primary
intention, whereas wounds healing by second-
ary intention take substantially longer for this
process. It has been conclusively shown that
epithelial regeneration is also enhanced in a
moist environment, and the use of occlusive
and semiocclusive dressings has become well
established clinical practice until epithelializa-
tion is complete. The final stage of wound heal-
ing is characterized by the maturation of the
scar, which becomes finer and less erythema-
tous, and its collagen content more organized.
Avoidance of sun exposure and mechanical
irritation should be continued through this
phase to minimize scar hypertrophy and unto-
ward pigmentary changes.2-6

In clinical practice, measures routinely
employed to allow for favorable healing
include addressing contamination of the
wound, minimizing reactive suture material,
performing quality closure, applying occlusive
or semiocclusive dressings, avoiding sun expo-
sure, and correcting nutritional deficiencies and
systemic metabolic pathologies.7,8 An even
more important factor adversely affecting all
phases of healing is tension acting on the
wound. Tension exacerbates inflammation,
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leads to increased collagen synthesis and depo-
sition of glycosaminoglycans, and prolongs er-
ythema. Even in the presence of otherwise ideal
circumstances for wound healing, tension will
invariably render scars wider and, frequently,
hypertrophic.9 Tension on healing wounds
can be classified as static and dynamic. Static
tension is determined by the location, shape
and size of the wound, the closure technique,
and the inherent biomechanical properties of
the healing skin. Studies by Larrabee et al10,11

have provided us with important insights into
the biomechanical characteristics of skin and
their surgical implications. Based on these
studies, numerous operative techniques have
been modified and refined with the goal of
minimizing the effects of static tension on
healing wounds. These techniques include
wide undermining, multilayered closure
techniques, local flaps, external dressings, and
stenting devices.

DYNAMIC TENSION

Dynamic tension, on the other hand, is exerted
on the healing wound by the activity of the
underlying musculature. In modern times, the
importance of dynamic tension first became
evident in the beginning of the 19th century,
when Jules Cloquet reported that it is the con-
traction of the underlying musculature that cre-
ates ridges in the skin.12 Guillaume Dupuytren
observed that circular cutaneous wounds
inflicted with a round awl eventuate in linear
clefts.13 Using a similar technique, Karl Langer,
a Viennese professor of anatomy, created a map
of natural cutaneous lines in cadavers.14 The
modern concept of the relaxed skin tension
lines (RSTLs) advances Langers’ works. The
RSTLs are lines that have become inherent to
the skin, mainly as a result of repetitive tension
of the underlying musculature. In general,
RSTLs coincide with wrinkle lines and lie per-
pendicular to the tension vector of the muscu-
lar contraction. Scars aligned with RSTLs are
subject to reduced dynamic tension and heal
well, whereas scars oriented at obtuse angles
with the RSTLs are subject to repetitive tension
and distortion and are more prone to scar
hypertrophy.15,16 Surgical techniques including
various Z-plasties have been designed to
change the direction of wounds and realign
them with the RSTLs, thus reducing the effects
of dynamic tension on the healing wound. The
concept of eliminating rather than reducing or
circumventing the effects of muscular activity

on the healing wound has been introduced
more recently. With the advent of intramuscu-
lar botulinum toxin therapy, it has become
possible to paralyze striated muscles with
good accuracy and minimal morbidity.

The use of botulinum toxin to eliminate
the effects of dynamic tension on the healing
wound has been tested in a number of studies.
Initial data from a primate model were
reported at the Mayo Clinic. Under general
anaesthesia, standardized excisions were
performed on the foreheads of macaque
monkeys in a symmetric fashion. One set of
excisions was separated from the other by the
midline. The sides of the forehead were rando-
mized to saline versus botulinum toxin
injection, and the experimental side was
injected with a total of 21 U of botulinum
toxin A (Botox, Allergan, Inc, Irvine, CA), 7 U
for for each of three excisional wounds.
Cosmetic closure was performed by a facial
plastic surgeon blinded to the randomization
scheme. Complete immobilization of the
experimental side was observed 72 hours after
the procedure (Fig. 27-1). A panel of three
facial plastic surgeons evaluated the appearance
of the scars 3 months after surgery, using
a standardized Visual Analog Scale. The appear-
ance of the pharmacologically immobilized
wounds was rated significantly more favorable
than the control wounds. The animals were
not sacrificed for this study, and the resulting
data formed the basis for human use and clin-
ical trials.17

FIGURE 27-1. Symmetric groups of incisions were placed on

the primate’s forehead and randomized to botulinum toxin

injection versus saline injection. Immobilization was com-

plete 1 week postoperatively on the experimental side,

and the treated wounds healed with less visible scars.
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CASE STUDY OF A
FOREHEAD INJURY

As detailed in the literature and highlighted in
other sections of this volume, a substantial
number of clinical uses of botulinum toxin
have been developed from off-label trials.18

Based on the favorable outcome of the rando-
mized, prospective primate study, chemoim-
mobilization of traumatic and incisional
wounds was offered to patients deemed to be
excellent candidates for this treatment,19

including the following case description of a
healthy 17-year-old girl who was involved in
a motor vehicle accident. She presented with
extensive, complex, traumatic lacerations
across her forehead and nose, as well as expo-
sure of the frontal bone. The right upper eyelid
was transected along the supratarsal crease,
approximately to the midpupillary line
(Fig. 27-2). After copious irrigation and mini-
mal débridement under general anesthesia, a
total of 40 U of botulinum toxin A was injected
into the frontalis, procerus, and corrugator
muscles. The right upper lid was spared to pre-
vent lagophthalmos. The wounds were closed
in layers using 6-0 Ethilon for skin, 4-0 Vicryl
for subcutaneous closure, and 4-0 polydioxan-
one sutures for muscle (Ethicon, Somerville,
NJ; Fig. 27-3). Six days after surgery, her fore-
head showed complete paralysis, but eyelid
movement was not affected. Healing was
uncomplicated, and 1 year later, the patient
demonstrated better-healed scars over the
immobilized parts of the wound (forehead)
than over the nonimmobilized part (i.e., the
eyelid; Figs. 27-4 and 27-5).

CLINICAL TRIAL

This case represents the body of anecdotal evi-
dence in humans that accumulated at the Mayo
Clinic after the macaque monkey study, and it
led to the initiation of a prospective, rando-
mized protocol to objectively quantify the
potential beneficial effects of chemoimmobili-
zation on human facial wound healing.20

Wounds limited to the forehead were to be
studied, because animal and preliminary
human data were available for this area. In
order to make the results of the trial applicable
to the routine clinical setting, wound care and
closure technique were performed within the
variations of usual clinical practice. Criteria
for enrollment included randomly selected

patients 18 years and older, who presented to
the emergency room with traumatic forehead
lacerations, as well as patients undergoing elec-
tive excision of cutaneous neoplasms of the
forehead. Patients with traumatic forehead
lacerations underwent primary closure in the
emergency department and were referred to
the division of facial plastic surgery for injec-
tion of saline or botulinum toxin A according
to a predetermined randomized protocol pre-
pared by the department of statistics and
implemented through coded vials by the
department of pharmacology. Patients under-
going elective excisions of the forehead for
removal of skin neoplasms were injected
according to the same protocol and randomiza-
tion method. Close-up photographs were
obtained at the time of wound closure and
6 months after wound closure.

After completion of the study, two experi-
enced facial surgeons were asked to assess the
photographs in an independent and blinded
fashion. In order to limit systematic interrater

FIGURE 27-2. A 17-year-old patient sustained a complex

forehead laceration in a motor vehicle accident. The cut

extended through the upper eyelid to the midpupillary

line. (From Gassner HG, Sherris DA. Chemoimmobilization:

improving predictability in the treatment of facial scars.

Plast Reconstr Surg. 2003;112:1464-1466.)
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discordance, these observers were asked to
score the first patient together. Considering
the condition of the wound at closure and at
6 months, the observers were asked to rate the
final cosmetic outcome on a 10-cm Visual
Analog Scale.

The Visual Analog Scale results, based on the
average of the two physician ratings for each
patient, were analyzed. The overall median
Visual Analog Scale score for the botulinum-
toxin treated group was 8.9, compared with
7.2 for the group treated with normal saline.
Based on independent, blinded statistical
analysis, this difference was highly significant
(P= 0.003) and, reflecting clinical experience
and observations in the animal model, clini-
cally relevant. Figure 27-6A depicts a represen-
tative experimental wound, which was treated
with 15 U botulinum toxin (Botox), Figure
27-6B shows the resulting scar 6 months later.
Figure 27-7A and B shows a placebo (an equal

volume of saline was injected) control wound
at the same intervals.21

The reports of favorable outcome data, the
remarkable safety profile, and the long-term
experiences with facial injections of botulinum

FIGURE 27-3. The wound was injected with a total dose of

40 U of botulinum toxin A (Botox). The injection spared the

upper eyelid to avoid post-treatment lagophthalmos

(arrows). The wound was closed in layers using plastic sur-

gical technique. (Modified from Gassner HG, Sherris DA.

Chemoimmobilization: improving predictability in the treat-

ment of facial scars. Plast Reconstr Surg. 2003;112:1464-1466.)

FIGURE 27-4. Appearance of the scar 1 year after surgery.

FIGURE 27-5. Close-up photograph reveals hyperpigmenta-

tion and more hypertrophic scarring over the nonimmobi-

lized aspect of the scar (arrows). (From Gassner HG, Sherris

DA. Chemoimmobilization: improving predictability in the

treatment of facial scars. Plast Reconstr Surg.

2003;112:1464-1466.)
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B
FIGURE 27-6. A, Forty-six-year-old white woman enrolled in a prospective, randomized, placebo-controlled trial underwent

excision of a basal cell carcinoma of the right lateral forehead. Postoperative excisional size was 1.0 cm by 0.6 cm. Fifteen units

of botulinum toxin were injected, and layered closure was performed with 5-0 Monocryl subcutaneous and 6-0 Nylon simple

running sutures. B, The resulting scar 6 months after botulinum toxin treatment displays good color match and no hypertrophy

or inversion. (A and B from Gassner HG, Brissett AE, Otley CC, Boahene DK, Boggust AJ, Weaver AL, et al. Botulinum toxin to

improve facial wound healing: a prospective, blinded, placebo-controlled study. Mayo Clin Proc. 2006;81:1023-1028.)

FIGURE 27-7. A, Forty-year-old white woman underwent excision of a cellular neurothekeoma of the central forehead.

Postoperative excisional size was 1.0 cm by 0.9 cm. Three milliliters of the placebo medication (1% lidocaine with 1:100,000

epinephrine) were injected, and layered wound closure was performed with 5-0 Monocryl and 6-0 running nylon suture. B, The

resulting scar at 6 months after placebo treatment shows notable widening and inversion. (From Gassner HG, Brissett AE, Otley

CC, Boahene DK, Boggust AJ, Weaver AL, et al. Botulinum toxin to improve facial wound healing: a prospective, blinded,

placebo-controlled study. Mayo Clin Proc. 2006;81:1023-1028.)
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toxin are factors likely contributing to the
increasing and widespread acceptance of che-
moimmobilization for the treatment of
cutaneous scars. Numerous academic centers
in the United States, Europe, and Africa have
now reported on their experience in the
literature. These reports have largely focused
on the treatment of forehead and periorbital
wounds.22-26 The forehead is a particularly
favorable area to treat because the risk of
inducing temporary functional deficits is low.
The injection techniques for the forehead are
derived from widespread experience with cos-
metic injections. In recent years, the indications
for treating facial lines and wrinkles have been
extended beyond the forehead to include the
periorbital and perioral region, as described
in Chapters 26.

CASE STUDY OF AN INJURY
TO THE LOWER FACE

Analagous to the progression of cosmetic indi-
cations in the lower face, treatment of wound
healing in the lower third of the face with botu-
linum toxin has been reported recently.27

Important functions of the perioral muscula-
ture include facial expression, oral closure,
and articulation. These functions may be
compromised with injection of botulinum
toxin. Therefore, transient functional deficits
may be anticipated with immobilization of
perioral wounds. The perceived risk of indu-
cing such functional deficits may explain the
relatively late emergence of reports on perioral
and lower facial wound immobilization.

The following case illustrates important
aspects of the treatment of lower facial
wounds as it differs from the treatment of fore-
head wounds. A 2-year-old white male sus-
tained a crush injury to the lower lip from a
fall. The resulting irregular defect involved the
vermillion border. Near complete transection
of the orbicularis oris muscle was observed
(Fig. 27-8). Under general anesthesia, the
orbicularis oris muscle was reapproximated
with simple 4-0 Vicryl sutures. The remaining
soft tissues were repaired with 5-0 Vicryl
sutures, and the epithelium was closed with
6-0 Monocryl simple vertical mattress sutures
(Fig. 27-9). The parents had been counseled
about risks of transient functional deficits and
benefits of reduced tension on the healing
wound. Immobilization of the lower lip was
requested. A solution of 100 U of botulinum

toxin A (Botox) per 5 mL 1% lidocaine with
1:100,000 epinephrine was injected into the
orbicularis oris muscle. This required a total
of 10 U of botulinum toxin A. Flaccid paralysis
of the injected portion of the lower lip was
observed and closely resembled the degree of
paralysis predicted by the injection of the local
anesthetic agent. The parents were advised to
keep the wound moist with petroleum jelly
for 10 days. For approximately 6 weeks,
mildly reduced oral sphincter tension was
observed. Oral competence and sphincter func-
tion were not compromised. The eventual cos-
metic appearance of the scar is depicted in
Figure 27-10A and 10B.

This case illustrates the usefulness of recon-
stituting botulinum toxin A in a solution of 1%
lidocaine with 1:100,000 epinephrine for areas
difficult to inject. The simultaneous injection of
local anesthetic results in immediate paralysis

FIGURE 27-8. Two-year-old white boy sustained a crush

injury to the lower lip. Near complete transection of the

orbicularis oris, vestibular mucosa, and vermillion border

was observed.

FIGURE 27-9. The wound was closed in layers using 4-0

Vicryl, 5-0 Vicryl, and 6-0 Monocryl (Ethicon, Somerville,

NY) sutures using facial plastic technique and loupe

magnification.
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of the treated muscle. The degree of immediate
paralysis has been shown to be predictive of the
delayed paralysis resulting from botulinum
toxin.28 This method is particularly useful in
nonstandard applications such as treatment
of perioral wounds or treatment of the
contralateral face in facial paralysis, where the
appropriate dosage of botulinum toxin needed
for the desired effect is difficult to predict.
Published data on this method have described
the admixture of 5 mL of 1% lidocaine with
1:100,000 epinephrine and 100 U of botuli-
num toxin A (Botox).28 This concentration is
suitable for many applications, although
higher concentrations on the order of 2 mL
per 100 U of botulinum toxin A are more
appropriate in cosmetic applications and
for the treatment of smaller muscle groups.
For these applications, the authors have used
a combination of 2 mL 2% lidocaine with
1:100,000 epinephrine per 100 U of botulinum
toxin A (Botox). Although the authors have not
noted untoward side effects with the use of this
formulation, we stress that the patient must
be appropriately advised of the off-label use
of this formulation. The method is very helpful
in difficult cases, including patients with facial
paralysis and contralateral compensatory
contraction.29

OTHER USES FOR
BOTULINUM TOXIN IN
WOUND HEALING

The application of botulinum toxin to enhance
wound healing has been further advanced by

Tollefson et al30 to include its adjunctive use in
cleft lip repair. Repair of cleft lip deformities
requires meticulous attention to recreating the
3-dimensional characteristics of the lip and
nasal structures by re-establishing muscular
continuity. An important factor influencing
the final result of the cleft lip repair is the
amount of wound tension present during heal-
ing. Too much tension may result in unaccep-
tably wide scars. In infants between 3 and
6 months of age, the authors inject the dener-
vating agent 1 week before the cleft repair in
order to achieve complete flaccid paralysis at
the time of surgery. As discussed for the treat-
ment of perioral wounds, temporary compro-
mise of oral sphincter competence must be
considered when injecting the orbicularis oris
and surrounding musculature. Fortunately, for
cleft lip repair, this is less of a factor because
these infants start with substantial oral incom-
petence before surgery. Oral competence is
greatly enhanced by the anatomic closure of
the cleft, and will further improve as muscle
function gradually returns during the ensuing
weeks after surgery. Figure 27-11A to C depict
a 6-month-old infant with a wide bilateral cleft
lip and nasal deformity treated by Tollefson
et al.

Similar to broad dosing practice for spastic-
ity in pediatric patients, dosage of botulinum
toxin must be highly individualized when
injecting facial wounds and lacerations in chil-
dren. The authors have successfully treated
traumatic lacerations including dog bites in
children. It is advised that botulinum toxin be
available in urgent and emergent care settings
to allow for injection at the time of closure of
lacerations for both adult and pediatric patients

A B

FIGURE 27-10. A and B, Six months after surgical closure and botulinum toxin A–induced chemoimmobilization of the wound,

the resulting scar is barely perceptible.
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in order to avoid the trauma of a repeat needle
stick in the immediate postoperative period.

The status of tetanus immunization should
be considered before injection in both the
pediatric and the adult population. Important
considerations regarding possible simultaneous
tetanus vaccination and botulinum toxin ther-
apy are discussed in Chapter 34.

Advancing the use of botulinum toxin in
wound healing even further, Moe and collea-
gues have reported on chemodenervation of
the mastication musculature for the treatment
of facial fractures.31 Mandibular fractures are
classified as favorable and unfavorable,
depending on the vectors of tension acting on
the fracture. Favorable fractures tend to
get compressed by the action of mastication
muscles and generally require conservative or
less invasive treatment. Unfavorable fractures
are distracted or displaced by the action of
the inserting musculature and typically require
open reduction with extensive fixation.32

Midfacial fractures are subject to similar
mechanisms, most importantly, fractures of
the zygomaticomaxillary complex. The zygo-
matic arch, origin of the masseter muscle, is
subject to massive downward traction by mas-
seter contraction. Hence, zygomaticomaxillary
complex fractures usually require internal plate
fixation to prevent displacement after success-
ful open reduction. It has been shown that the
postoperative complication rate after facial frac-
ture repair increases with the number and
thickness of fixation plates that have been
used. Adjunctive measures that reduce the
number and volume of internal fixation devices
required for facial fracture repair, therefore,
may reduce the rate of associated
complications.

The following case illustrates the use of
botulinum toxin as an adjunct to facial fracture
repair. A white man sustained a displaced right
zygomaticomaxillary complex and orbital floor
fracture in an altercation. The patient was taken
to the operating room. A stab incision was
placed in the cheek skin and an orthopedic
bone hook was placed under the zygomatic
arch to allow reduction of the fracture, as
confirmed by intraoperative computed tomog-
raphy scanning. A total dose of 100 U of botu-
linum toxin A (Botox) was then injected into
the masseter muscle, and no plate fixation was
performed. The orbital floor defect was
approached through a transconjunctival
incision and repaired with a porous polyethyl-
ene (Medpor, Porex Surgical Products Group,
Newnan, GA) implant, resulting in correction

A

B

C

FIGURE 27-11. A to C, Six-month-old infant with a wide

bilateral cleft lip and nasal deformity. A, Appearance after

3 months of presurgical nasoalveolar molding, columellar

lengthening, and lip taping. B, Appliance in place before

injection of 5 U of botulinum toxin into the orbicularis oris

at the cleft margins and nasal base. C, Three-month postop-

erative view. (From Tollefson TT, Senders CM, Sykes JM,

Byorth PJ. Botulinum toxin to improve results in cleft lip

repair. Arch Facial Plast Surg. 2006;8:221-222.)
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of enophthalmos and hypoglobus. The patient
was kept on a soft diet for 4 weeks and healing
was uneventful. At 11 months follow-up, the
patient presented with normal facial symmetry,
midfacial height, smooth orbital contour, and
unrestricted jaw mobility.

CONCLUSION

The concept of immobilization in medicine is
ancient and firmly established for the treatment
of fractures, and tendon and soft tissue injuries.
A variety of devices have been developed for
this purpose: splints, casts, dressings, wires,
screws, internal and external fixators, and
others. These devices share a common objec-
tive: To minimize the effect of muscular con-
traction on healing tissues. Therefore, the
objective of botulinum toxin injections in
wound healing, namely, to eliminate unwanted
muscle contractions rather than merely to min-
imize their effects, is a more definitive treat-
ment concept. The method of injecting facial
wounds with botulinum toxin for the purpose
of improving the cosmetic appearance of the
resulting scar has been introduced and studied
in the past decade. Promising experimental
data and anecdotal human data have prompted
the conduct of a randomized, placebo-
controlled study that demonstrated facial
wound injection with botulinum toxin to be
effective. These data were followed by numer-
ous reports from many institutions describing
the application of botulinum toxin in larger
series, different sites, and other pathologies,
including facial fracture and cleft lip repair.
No permanent untoward side effects or compli-
cations have occurred in the authors’ long-term
experience or have been reported in the
growing body of peer-reviewed literature in
both the adult and the pediatric patient popu-
lation. Minor temporary deficits should be
regarded as a side effect associated with
the treatment rather than a complication.
These may include brow ptosis, dynamic
facial asymmetry, and reduced oral sphincter
function. Patients are informed about these
predictable temporary deficits, typically accept
them, and frequently choose aggressive
immobilization in order to maximize the treat-
ment effect. In light of the favorable risk to
benefit ratio of this therapy, the authors recom-
mend the use of botulinum toxin injections for
the treatment of facial wounds in selected
patients who are concerned with the eventual
appearance of a resulting scar. Wounds located

in functionally sensitive areas such as the
periorbital and perioral regions should be
injected by physicians who have long-standing
experience with facial botulinum toxin
injections.
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28Understanding
Botulinum Neurotoxin
Mechanism of Action

and Structure to
Enhance Therapeutics

and Improve Care

Keith A. Foster, Emily J. Adams, and Duncan F. Rogers

INTRODUCTION

Botulinum neurotoxins inhibit the release of
neurotransmitters from neurons, particularly
the release of acetylcholine from peripheral
cholinergic nerves, by proteolytic cleavage of
specific proteins essential to vesicle fusion
and secretion. In the past 3 decades, botulinum
neurotoxins have been established as a highly
effective therapeutic option for the treatment of
a range of neuromuscular and other hyperac-
tivity disorders involving peripheral cholinergic
neurotransmission. One of the key features of
the neurotoxins’ clinical success has been their
prolonged duration of activity. Therapeutics
that maintain clinical benefit for extended per-
iods of time are particularly advantageous for
people suffering from chronic conditions,
because they reduce the frequency with which
treatment needs to be administered. The use
of botulinum neurotoxins for the treatment of
chronic diseases is, however, limited both
by the neuronal specificity of the toxins and
by their extreme toxicity. Based on an under-
standing of the structural basis of neurotoxin
function, it has been possible to design and
create recombinant proteins that harness
the pharmacologic activity of botulinum
neurotoxins, retaining the high potency and
long duration of action of the native bacterial

enzymes, while targeting a wider range of cell
types. This has enabled the development of
therapeutic proteins suitable for treatment
of chronic diseases involving secretory
processes other than cholinergic neurotrans-
mission. This approach has been exemplified
for a number of different secretory cell types,
both neuronal and non-neuronal. The initial
demonstration of the therapeutic potential
of this approach was for inhibition of nocicep-
tive neurotransmission in chronic pain.
Non-neuronal use of the technology has been
demonstrated for both secretion of hormone
from endocrine tumor cells and for mucus
release from respiratory epithelial cells. By
inhibiting secretion from these target cell
types with high levels of biochemical specifi-
city, these novel recombinant proteins have
the potential to act as effective therapeutics
for the treatment of chronic pain, endocrine
disorders, and chronic respiratory conditions
such as cystic fibrosis and chronic obstructive
pulmonary disease.

Botulinum neurotoxins (BoNTs), together
with the other clostridial neurotoxin, tetanus
toxin (TeNT), are zinc-dependent metallopro-
teases that inhibit neurosecretion by highly
selective proteolytic cleavage of one of three
proteins, the soluble N-ethylmaleimide-
sensitive factor attachment protein receptor

Dr. Foster is disclosing that he is a founding officer and shareholder in Syntaxin Ltd., Abingdon, UK. Dr. Adams does not report any
conflicts of interest. Dr. Rogers is disclosing that he has acted as a consultant for Syntaxin Ltd, Abingdon, UK.
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(SNARE) proteins: syntaxin, synaptosomal
protein of 25 kDa (SNAP-25) and vesicle-
associated membrane protein (VAMP).1,2

There are seven immunologically distinct
serotypes of botulinum neurotoxin, identified
as A to G (BoNT/A to BoNT/G). Each of
the BoNT serotypes, with the exception of
BoNT/C, cleaves just one of the SNARE
proteins at a single peptide bond, which is
specific to that particular neurotoxin. BoNT/C
is unique among the neurotoxins in having two
known SNARE substrate proteins, both SNAP-
25 and syntaxin, each of which it cleaves at a
single peptide bond. The SNARE proteins
are essential for synaptic vesicle docking and
fusion at the presynaptic membrane, and cleav-
age of any one by a BoNT prevents formation
of a functional SNARE complex, thereby
blocking synaptic vesicle docking and fusion
at the presynaptic membrane and hence neuro-
transmitter release. BoNTs exert their effect at
the neuromuscular junction, where, by inhibi-
tion of acetylcholine release, they bring about a
flaccid paralysis.

The clinical application of BoNT was first
described by Scott in 1980.3 He reported that
injecting small quantities of toxin into the
extraocular muscles of the eye could correct
squint (strabismus). The levels of toxin
employed were much lower than those that
lead to systemic toxicity, and no systemic side
effects were observed. The beneficial paralytic
effect lasted for several weeks, and there was a
controllable dose-response relationship.
Following this pioneering report, BoNT/A was
used through the 1980s to treat a range of focal
dystonias, including blepharospasm. Approval
of BoNT/A as an orphan drug for the treatment
of strabismus, blepharospasm and hemifacial
spasm was given by the US Food and Drug
Administration (FDA) in December, 1989.
It has subsequently been approved for the treat-
ment of cervical dystonia, and, more recently,
for the treatment of glabellar wrinkles and
hyperhydrosis. The clinical use of BoNT/A has
been explored in a wide range of hyperactivity
conditions, many of them off label, and has
now been reported to be effective in more
than 100 different clinical conditions
(for reviews, see references 4 to 7). BoNT/A is
manufactured under the trade name Botox by
Allergan, Inc. in the United States and as
Dysport by Ipsen Ltd. in Europe. Recently,
Merz Pharma has received approval in
Germany for a purified type A product called
Xeomin for the treatment of blepharospam and
dystonia. A preparation of BoNT/B from

Solstice Neurosciences, Inc. has also received
regulatory approval for use in cervical dystonia,
and is available as Myobloc in the United
States, and as Neurobloc in Europe. In addition
to effects on muscle contraction, recent thera-
peutic benefits reported for clinical prepara-
tions of BoNT have included autonomic
conditions and pain relief. A major advantage
of BoNTs in clinical use is their prolonged
duration of effect.

For many patients with chronic conditions,
treatments must be administered on a regular
basis to be effective. Being able to use therapeu-
tics that can be administered at a lower
frequency without compromising their thera-
peutic benefit would help to increase the qual-
ity of life of patients suffering from a chronic
disease. One approach to enable infrequent
dosing is to reformulate existing therapeutics
to enable sustained release of the active ingre-
dient, for example, sustained-release opioids
for chronic pain. An alternative is to identify
pharmacologically active agents that can
maintain their therapeutic benefit over long
periods of time. The clinical BoNT preparations
fall into this category of therapeutic agent.
Unfortunately, owing to their selectivity for
peripheral neurons, particularly cholinergic
neurons, the neurotoxins do not affect secre-
tion from other cell types and so are not
relevant for the treatment of other chronic
diseases. The clinical utility of the neurotoxins
is also restricted by their extreme toxicity.
BoNTs are the causative agents of botulism
and are the most potent acute lethal toxins
known, with lethal doses occurring at 10�9

g/kg of body weight.8 The SNARE complex,
formed by the SNARE proteins, represents,
however, a universal mechanism for vesicle
fusion and secretion in eukaryotic cells.9

Given that the SNARE complex represents a
universal mechanism for vesicle fusion and
secretion in eukaryotic cells, the endopeptidase
activity of clostridial neurotoxins, both BoNTs,
and TeNT, is potentially capable of SNARE
protein cleavage and inhibition of vesicle
fusion and secretion in a wide range of cell
types, and hence of bringing therapeutic bene-
fit to a wide range of chronic diseases. Many
chronic diseases involve a secretory event as a
contributing or causative pathophysiologic
factor; for example, the release of hormones
in endocrine disorders, inflammatory media-
tors in inflammatory diseases, and the hyperse-
cretion of airway mucus in chronic respiratory
diseases. Protein therapeutics that possessed
the pharmacologic activity of the BoNTs,
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but with a different cellular specificity and
without the inherent toxicity of the native
toxins, could, therefore, potentially offer long-
term relief for patients with chronic conditions.
Recent developments in the understanding of
the structure and function of the neurotoxins
has allowed this opportunity to be explored
and developed.

CREATING THERAPEUTIC
PROTEINS BASED ON THE
NEUROTOXINS

The clostridial neurotoxins, both BoNTs and
the closely related TeNT, share a common
structure. They are di-chain proteins consisting
of a heavy chain (HC) of approximately 100
kDa covalently joined by a single disulfide
bond to a light chain (LC) of approximately
50 kDa.10 The solution of the crystal structures
of BoNT/A11 and BoNT/B12 and of TeNT HC

13

revealed a strongly conserved molecular archi-
tecture within the clostridial neurotoxins, with
very distinct structural domains, each one
corresponding to one of the key steps in the
mechanism of toxification: binding, transloca-
tion, and catalytic activity.14,15 The HC consists
of two domains, each of approximately 50 kDa.
The C-terminal domain (HC) is responsible for
the high-affinity neuronal binding of the
toxins,16,17 whereas the N-terminal domain
(HN) is involved in intracellular membrane
translocation.18,19 The binding domain, HC,
further consists of two subdomains, HCC and
HCN, and the HCC domain contains key resi-
dues responsible for the binding activity of
the neurotoxins.20 It is the LC that is the zinc-
dependent endopeptidase that cleaves one of
the SNARE proteins essential to synaptic vesicle
docking and fusion and thereby inhibits neu-
rotransmitter release.21 The role of the HC and
HN domains respectively, therefore, is to deliver
the toxin selectively to the target neuron and
enable entry of the LC into the neuronal
cytosol, where it can proteolytically cleave the
substrate SNARE protein.

Given that the neuronal specificity of the
clostridial neurotoxins is due to the selectivity
of their binding domain, Hc, engineered
proteins consisting of the HN and LC domains
of a clostridial neurotoxin, referred to as the
LHN fragment, and a suitably selected ligand
could potentially cleave SNARE proteins and
thereby inhibit vesicular secretion in a wide
range of cell types dependent on the receptor

binding specificity of the selected ligand. Such
proteins could be further tailored through the
selection of the BoNT serotype employed as the
backbone of the protein. This choice will
determine which member of the SNARE
family will be proteolytically cleaved, which is
important because different cell types contain
different SNARE protein isoforms. Engineered
proteins of the type described have the poten-
tial to be of therapeutic value in the treatment
of a range of diseases in which SNARE
mediated vesicle fusion and secretion is contri-
buting to the pathology of the disease.
The potential of such proteins to achieve a
sustained inhibition of secretion makes them
particularly attractive candidates for the
development of therapeutics for the treatment
of chronic diseases.

The first description of modifying the cell
binding domain of a clostridial neurotoxin
was by Bizzini, who reported chemical cou-
pling, via disulfide linkages, of either ricin
toxin B-chain or wheat germ agglutinin to the
LHN fragment of tetanus toxin.22 The LHN

fragment was generated by papain treatment
of native toxin. Bizzini described the use of
these conjugates to cause mouse lethality by a
tetanus-type mechanism and was interested in
understanding the mechanism of toxicity, not
the potential to develop novel therapeutic
agents.

An LHN fragment (LHN/A) can also be pre-
pared by limited proteolytic cleavage of BoNT/
A,17 limited treatment of BoNT/A with trypsin
degrading the HC domain, thereby leaving the
LC and HN domains intact and still associated
by noncovalent interactions and the single
disulfide bond. A chemical conjugate of nerve
growth factor coupled to the LHN/A fragment
was demonstrated to be able to cleave the
SNARE protein SNAP-25 and inhibit noradren-
aline release from PC12 cells in culture.23 This
was the first reported demonstration that the
LHN/A endopeptidase could be delivered into
a target cell via a non-native binding ligand and
gain access to its substrate SNARE protein.
Subsequently, a chemical conjugate of the glu-
cosyl-specific lectin, wheat germ agglutinin,
and the LHN/A fragment was demonstrated to
deliver the clostridial endopeptidase into a
range of both neuronal and non-neuronal cell
types with a consequent cleavage of SNAP-25
and inhibition of secretion.24 One of the cell
lines studied in this latter report was the
hamster pancreatic b cell, HIT-T15. A signifi-
cant concentration-dependent inhibition of
stimulated insulin release was observed that
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correlated with increasing cleavage of SNAP-25.
This was an important observation because
HIT-T15 cells were known to be resistant to
the effects of BoNT/A. Therefore, this result
demonstrated that by targeting to a cell via a
suitable receptor, it is possible to achieve
internalization of the endopeptidase into the
cytosol of a cell normally resistant to the
effect of BoNT. This presumably reflects
the ability of the HN domain to function
correctly in the new target cell following bind-
ing and endocytosis. These in vitro data
confirmed that it is possible to retarget the
LHN fragment of a clostridial neurotoxin to a
cell of interest and so achieve inhibition of
stimulated secretion. They also supported the
ultimate therapeutic potential of this approach
for developing therapeutic proteins.

Preparation of the LHN fragment from clos-
tridial neurotoxins other than BoNT/A or TeNT
by limited proteolytic cleavage has proved very
difficult, if not impossible, owing to the suscep-
tibility of the L and HN domains themselves to
proteolytic degradation. Recombinant expres-
sion of a catalytically active, stable LHN frag-
ment of BoNT/A was first reported in 2002.25

Subsequently, the expression and purification
of both catalytically active LHN/B and LHN/C
from Escherichia coli has been reported.26 In all
cases, the recombinant LHN fragments were of
very low toxicity and, in the case of recombi-
nant LHN/A, less toxic than highly purified
LHN/A prepared by proteolytic treatment of
BoNT/A. The LHN fragment is effectively
nontoxic because it lacks the necessary HC

domain with which to bind to acceptors on
the neuronal surface.

CHRONIC PAIN

The foregoing work demonstrates the feasibility
of creating hybrid proteins able to deliver a
clostridial endopeptidase into cells via a cell
surface receptor other than the natural neuro-
toxin receptor, and thereby cleave SNARE pro-
teins in the target cell and inhibit secretion. The
next stage in the development of this approach
was to demonstrate the ability to create a
molecule able to target and inhibit secretion
from a cell type relevant to a disease or medical
condition that would benefit from that inhibi-
tion. One such opportunity is to target periph-
eral nociceptive afferents of the pain pathway
and thereby develop analgesics for the treat-
ment of chronic pain. The demand for effective

treatments for chronic pain that have minimal
side effects but long-lasting therapeutic benefits
is large. Aside from the significant unmet med-
ical need represented by chronic pain, there is
already good clinical evidence from the use of
the available therapeutic preparations of BoNTs
that these can have analgesic activity.27 By
engineering BoNTs to target peripheral noci-
ceptive neurons, the opportunity exists to
develop more effective treatments for this all
too prevalent condition.28,29

A chemical conjugate of Erythrina cristagalli
lectin (ECL) and LHN/A, ECL-LHN/A, was
shown to inhibit the depolarization-stimulated
release of both substance P and glutamate from
embryonic dorsal root ganglion (DRG)
neurons in culture.30 The inhibition of neuro-
secretion was very specific for the release from
DRG neurons, because ECL-LHN/A was rela-
tively ineffective at inhibiting depolarization-
stimulated glycine release from cultured embry-
onic spinal cord neurons (SCN) prepared from
adjacent embryonic spinal cord to the DRG.
Lectins from Erythrina species, such as ECL,
bind to galactose-containing carbohydrates,
and galactose-containing carbohydrates have
been reported to be selectively present on no-
ciceptive afferents relative to other neurons in
both the central and peripheral nervous
system.31,32 Importantly, the inhibitory effect
of ECL-LHN/A on neurotransmitter release
from DRG neurons is maintained for at least
25 days following a single treatment. Thus, the
conjugate demonstrated a duration of action
characteristic of the native neurotoxin, con-
firming that this important property was
retained in the hybrid endopeptidase
molecules.

The analgesic potential of ECL-LHN/A
demonstrated in vitro by its prolonged inhibi-
tion of nociceptive neurotransmitter release
from DRG neurons was confirmed in vivo.
Nociceptive inputs to convergent dorsal horn
neurons by primary sensory afferents of the
C-fiber and Ad types were significantly reduced
following intrathecal administration of
ECL-LHN/A into the lumbar region of the
spinal cord of anaesthetized rats, whereas
there was little or no effect on sensory inputs
from Ab-fibers.30,33 Direct demonstration of
analgesic activity of ECL-LHN/A was provided
by measuring withdrawal latency in a ‘hotplate’
model of acute thermal pain in mice. Latency
was significantly prolonged following intrathe-
cal administration of ECL-LHN/A into the
lumbar region of the spinal cord.33 This effect
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was sustained for more than 30 days after
administration of the conjugate, indicating
that, as in the in vitro DRG culture system,
ECL-LHN/A has an extended duration of
action in vivo characteristic of the native neu-
rotoxin. By contrast, morphine, as expected,
ceased to demonstrate analgesic activity in the
same model within less than a day. In a forma-
lin model of inflammatory pain in rats, ECL-
LHN/A, administered either intrathecally or
subcutaneously, inhibited the second phase of
inflammatory pain resulting from introduction
of formalin into the paw.30,33 The observation
that the conjugate was effective in this model
when administered subcutaneously, opens up
the possibility of peripheral application for tar-
geted clostridial endopeptidase analgesics. The
duration of analgesia observed in response to
the conjugate in the inflammatory pain model
was again prolonged, being maintained, after
an initial peak response, for the duration of
the experiment (9 days).

These results clearly demonstrate that the
approach of retargeting clostridial endopepti-
dases to peripheral nociceptive afferent neu-
rons is effective and has the potential to
generate analgesic proteins with a prolonged
duration of action suitable for the treatment
of chronic pain conditions.

Chemical conjugates of LHN fragments and
protein ligands have successfully demonstrated
the feasibility of creating hybrid proteins that
are able to deliver a clostridial endopeptidase
into a selected target cell and achieve a pro-
longed inhibition of secretion from that cell,
and done so in therapeutically relevant sys-
tems. There are, however, a number of draw-
backs to using chemical conjugation of
proteins to produce therapeutic agents. The
major one is the inevitable heterogeneous mix-
ture of species that is created using such a pro-
cess. This inherent heterogeneity of chemical
conjugates makes developing a regulatory com-
pliant process based on them very difficult to
achieve. Therefore, protein conjugates are not a
good basis for developing a pharmaceutical
product, and fully recombinant expression is
the preferred route for the development of a
therapeutic protein. Given the size and com-
plexity of such a fusion protein, developing a
fully recombinant chimera protein incorporat-
ing the translocation and endopeptidase
domains of a clostridial neurotoxin and a tar-
geting ligand is a challenging task. A fully re-
combinant fusion protein consisting of the
LHN-fragment of BoNT/C1 and epidermal

growth factor (EGF) has, however, been
reported and shown to inhibit stimulated
mucus secretion from respiratory epithelial
cells.34

MUCUS HYPERSECRETION
AND CHRONIC
RESPIRATORY DISEASE

Hypersecretion of mucus into the airways is an
important contributor to morbidity and mor-
tality in many patients with severe chronic lung
diseases, such as chronic pulmonary obstruc-
tive disease (COPD), asthma, and cystic fibro-
sis.35 Excessive mucus in the airways can limit
airflow; and its presence is a particular risk
factor for those patients with COPD who are
prone to chest infections. COPD is a severe
chronic inflammatory disease of the respiratory
tract that comprises three conditions, namely
chronic bronchitis (long-standing airway
mucus hypersecretion), small airways disease,
and emphysema.36 It is increasing worldwide
in prevalence and economic burden.37,38 In
COPD, patients with chronic mucus hyperse-
cretion have a significantly increased risk of
hospitalization and death compared with
patients without a marked bronchitic compo-
nent.39,40 Current treatments for COPD are
palliative and do not halt disease progres-
sion,41 and there is no specific treatment for
the mucus hypersecretion.42 In the absence of
effective therapy for any aspect of COPD
pathophysiology, development of treatments
for mucus hypersecretion is warranted. The
ability to clear mucus from the lungs, through
airway cilia movement, depends on its viscocity
and elasticity. These properties are determined
by the proportion of mucin glycoproteins, by
weight, that the mucus contains.43 MUC5AC
and MUC5B are the major mucins in both
normal and pathologic human airway secre-
tions.44 In patients with COPD, levels of the
mucins MUC5AC and MUC5B are increased
in the respiratory mucus, although proportion-
ally more MUC5B is secreted.45 Mucins are
secreted into the airways by goblet cells in the
epithelium and seromucous glands in the sub-
mucosa.43 One possibility for inhibiting mucus
secretion is to utilize the inhibitory activity of
the clostridial neurotoxin endopeptidases on
vesicle fusion, targeted to the mucin-secreting
cells of the airway using an appropriate target-
ing ligand.
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To investigate whether a suitably targeted
clostridial endopeptidase would cleave SNARE
proteins in human respiratory epithelial cells,
and thereby inhibit mucus secretion, a fusion
protein was generated from a recombinant
gene encoding the LHN domain of BoNT/C
and EGF, designated EGF-LHN/C, to target
EGF receptors on the mucin secreting cells.34

EGF was selected as the prototype ligand for
the creation of such a fusion protein because
EGF receptors are present on human respira-
tory epithelial cells46,47 and are upregulated
in the airway epithelium of patients with
asthma and COPD,48 as well as smokers.49

The recombinant fusion protein EGF-LHN/C
cleaved the relevant SNARE protein syntaxin
in a human mucoepidermoid metastatic cell
line, H292 cells, in vitro in a concentration-
dependent fashion.34 Pretreating H292 cells
with EGF-LHN/C inhibits the stimulated release
of mucin in response to a combined stimulus
of EGF and tumor necrosis factor-a (TNFa) in a
concentration-dependent manner, with an IC50

of approximately 0.4 nM (Fig. 28-1). This com-
pares very well with the previously reported
inhibitory effect of EGF-LHN/C on stimulated
mucin release from another respiratory epithe-
lial cell line, the human type II alveolar cell line
A549, in response to the same stimulus.34

In both cell types, there was no detectable
effect of EGF-LHN/C on the basal level of
mucin secretion. The inhibition of mucin secre-
tion by EGF-LHN/C is due to the targeted deliv-
ery of its endopeptidase activity through the
EGF receptor, and is not the result of cell
cytotoxicity or receptor antagonism or down-
regulation.34 EGF-LHN/C is also able to inhibit

stimulated mucin release from A549 cells in
response to a stimulatory cocktail of cytokines,
a combination of 1 ng/mL interferon (IFN)-g,
TNFa, and interleukin (IL)-1b, called cytomix
(Fig. 28-2). Thus, the effect of EGF-LHN/C on
stimulated mucin release from respiratory epi-
thelial cells is independent of the precise nature
of the stimulus used. Histologic examination
shows that the mucin is retained inside the
treated cells (Fig. 28-3). Control cells contain
stained intracellular mucin, whereas stimulated
cells show markedly reduced staining, indicat-
ing mucin secretion. Stimulated cells pretreated
with EGF-LHN/C show retained intracellular
staining, indicating inhibition of secretion by
EGF-LHN/C. To assess the response of the
cells to such intracellular mucin retention,
the effect of EGF-LHN/C pretreatment on
MUC5AC mRNA levels was measured as an
indicator of mucin synthesis. EGF-LHN/C pre-
treatment is associated with a concentration-
dependent inhibition of EGF-TNFa–induced
MUC5AC mRNA expression, with an IC50

value of �0.1 nM (Fig. 28-4). As with the inhi-
bition of stimulated mucin release from the
cells, this effect of EGF-LHN/C is due to the
targeted delivery of its endopeptidase activity
through the EGF receptor, because neither an
LHN/C lacking an EGF ligand to target it to the
EGF receptor nor a mutated form of the fusion
protein in which the endopeptidase domain
has been inactivated by three residue changes
in the catalytic region (EGF-TE-LHN/C) inhibit
MUC5AC mRNA expression. This effect of
EGF-LHN/C on MUC5AC mRNA expression
suggests the existence of a possible negative
feedback mechanism between mucin release
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and mucin synthesis in respiratory epithelial
cells, and also that gene expression downregu-
lates in response to inhibition of secretion by a
recombinant clostridial endopeptidase.

Recombinant clostridial endopeptidase
fusion proteins that can inhibit mucus secre-
tion, as exemplified by EGF-LHN/C, have the
potential for development as therapeutic
proteins for the treatment of COPD, chronic
bronchitis, cystic fibrosis, and other chronic
respiratory conditions involving excess airway
mucus production. The longevity of the
protein’s activity would mean that the product

would only need to be inhaled infrequently,
making it well suited to the treatment of
chronic respiratory diseases of this type.

CONCLUSIONS

The clostridial neurotoxins BoNT and TeNT
have evolved a unique mechanism of action
that can be harnessed to inhibit secretion in a
wide range of cell types. The longevity of inhi-
bition of secretion resulting from the proteolyt-
ic cleavage of SNARE proteins by the clostridial
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FIGURE 28-3. Effect of EGF-LHN/C on intracellular mucin release from A549 cells. Cells were treated either with serum-free

media for 72 hours or serum-free media for 48 hours, followed by stimulation for 24 hours with EGF-TNFa, or were preincu-

bated with EGF-LHN/C for 48 hours, followed by stimulation for 24 hours with EGF-TNFa in the continued presence of EGF-

LHN/C. Cells were fixed and stained with AB-PAS for intracellular mucin. Representative images of stained intracellular mucin

(arrow) in a control cell (arrowhead) (1 and 5), a stimulated cell (2 and 6), and in stimulated cells pretreated with either 0.5 nM (3

and 7) or 1 nM EGF-LHN/C (4 and 8). Panels 1, 2, 3 and 4 = � 40 magnification, panels 5, 6, 7 and 8 = � 100 magnification. N,

nucleus. See Color Plate
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endopeptidases means that recombinant pro-
teins that incorporate this activity are ideal can-
didates for treating chronic diseases, in which
effective therapies that need only infrequent
administration could greatly enhance patients’
quality of life. Preclinical studies have shown
that both conjugates and recombinant fusion
proteins that possess functional catalytic and
translocation domains of derived from clostrid-
ial neurotoxins but incorporate novel ligands
to target appropriate cell surface receptors can
act to inhibit secretion from cell types not sen-
sitive to the native neurotoxins. In particular,
this has been demonstrated for both peripheral
nociceptive afferent nerve cells and mucin-
secreting respiratory epithelial cells, suggesting
that such retargeted clostridial endopeptidases
could be effective in the treatment of both
chronic pain and chronic respiratory diseases.
Other diseases that involve secretion could also
be tackled using this approach, for example,
endocrine cancers. Importantly, removal of
the native recognition domain vastly increases
the therapeutic index for these proteins,
because they no longer target the peripheral
cholinergic motor neurons that are the basis
for the extreme toxicity of the native
neurotoxins.

METHODS

Cell Culture

A549 cells were cultured in 25 mL DMEM
supplemented with either 10% fetal bovine
serum and 2 mM L-glutamine for complete

media, or with no serum for serum-free treat-
ments. Cells were grown in 5% CO2 in air-
humidified incubator at 378C. The media was
replaced every 2 days, and cells were passaged
when they were �80% confluent. All experi-
ments were carried out between passages 88
and 95.

NCI-H292 cells were cultured in 25 mL
RPMI 1640, supplemented with either 10%
fetal bovine serum and 2 mM L-glutamine for
complete media, or with no serum for serum-
free treatments. Cells were grown in a 5% CO2

in air-humidified incubator at 378C. The media
was replaced every 2 days, and cells were pas-
saged when they were �80% confluent. All
experiments were carried out between passages
80 and 98.

Mucin Secretion Protocols

A549 or H292 cells were used at �80%
confluency. For baseline control experiments,
cells were incubated in serum-free media for
24 hours before treatment (i.e., serum-starved),
which was removed and replaced with fresh
serum-free media for a further 48 hours (to con-
trol for the 48 hours’ preincubation with EGF-
LHN/C), followed by an additional 24 hours’
serum-free incubation (to control for the stim-
ulation period). To examine the effect of drug
vehicles on baseline mucin secretion levels,
cells were serum-starved for 24 hours before
treatment, after which the serum-free media
was removed and replaced with serum-free
media containing 5 mM v/v HEPES
(EGF-LHN/C vehicle) for 48 hours, followed
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by 24 hours of incubation in serum-free media
containing 2.5 nM v/v acetic acid (EGF/TNFa
vehicle). For stimulation, cells were serum-
starved for 24 hours, followed by a further 48
hours of serum-free media (to account for EGF-
LHN/C in inhibition studies), and followed by
EGF and TNFa in combination for 24 hours. To
examine the effect of EGF-LHN/C vehicle (5
mM HEPES in serum-free media) on stimula-
tion, cells were serum-starved for 24 hours
before treatment, after which, the serum-free
media was removed and replaced with EGF-
LHN/C vehicle for 48 hours. This was followed
by a further 24 hours of incubation with EGF/
TNFa (stimulation) and vehicle. To examine
the effect of EGF-LHN/C on stimulation, cells
were serum-starved for 24 hours, and then pre-
incubated with EGF-LHN/C for 48 hours, fol-
lowed by 24 hours of stimulation with EGF/
TNFa in the continued presence of EGF-LHN/
C. At the end of the experiments, supernatants
were removed and tested for mucin content
using a lectin assay.

Lectin Assay for Secreted Mucin

Helix pomatia (edible snail) agglutinin (HPA),
6 mg/mL, adhered for 1 hour at 378C to a
96-well Maxisorp plate was used as a mucin cap-
ture lectin. The HPA was decanted, and the plate
washed three times in high-salt PBS (HSPBS).
Dilutions of 0.78 to 50 ng/mL of a human respi-
ratory mucin standard, purified from spontane-
ous sputum from a 65-year-old hospitalized
male patient according to methods described
previously,50 and cell culture supernatants con-
taining secreted mucin were added to the wells
and incubated at 378C for 30 minutes. The
plates were then washed in HSPBS and incu-
bated with horseradish peroxidase conjugated
to HPA at 1 mg/mL for 30 minutes. Following
a further wash step, the assay was developed
using o-phenylenediamine dihydrochloride
peroxidase (OPD) substrate, and the reaction
was terminated with H2SO4 and read immedi-
ately at 492 nm.

Histologic Staining and
Quantification of Intracellular
Mucin

A549 cells were grown to �80% confluency in
4.5 mL complete DMEM on 1-well LabTek
system slides. The cells were serum-starved for
24 hours and treated according to the

experimental protocol of interest. The treated
cells were then fixed in 4% paraformaldehyde
for a further 10 minutes. The sections were
washed in distilled water for 2 minutes and
were immersed in 4% Alcian blue solution,
pH 2.5, for 5 minutes. The sections were then
washed in running tap water for 5 minutes,
followed by a rinse with distilled water.
The sections were stained with Schiff’s reagent
for 4 minutes, washed under running tap
water, and dehydrated through graded ethanol
before clearing through xylene and mounting
in DPX. Slides were viewed under a �40 objec-
tive using a Zeiss Axioplan microscope.
Duplicate slides were created for each experi-
mental condition. The amount of staining
for intracellular mucin was assessed in each
slide in five randomly selected fields, each
containing at least ten cells.

TaqMan RT-PCR for MUC5AC
mRNA Expression

Total RNA was isolated from respiratory epithe-
lial cells using an RNeasy kit (Qiagen). The total
RNAs were then subjected to first-strand cDNA
synthesis using hexanucleotide random
primers. Relative quantification was then
performed using the ABI Prism 7500 sequence
detection system (Applied Biosystems, Foster
City, CA), using the primers and probe
supplied with the MUC5AC gene expression
assay. As an internal control, the copy number
of GAPDH mRNA was determined using
TaqMan GAPDH control reagents (Applied
Biosystems, Foster City, CA) and normalized
the number of cDNA copies derived from
MUC5AC mRNA against corresponding values
of GAPDH at the same sample volume. The
��Ct method of analysis was employed using
the software supplied with the thermal cycling
machine (Sequence Detection System—SDS
1.1, Applied Biosystems, Foster City, CA).

Statistical Analysis

Data are mean and SEM for separate experi-
ments performed in duplicate. Significance
of differences between experimental groups
was evaluated using one-way analysis of vari-
ance (ANOVA), followed by examination of
specific groups by two-sample t-test (two-
tailed), using Prism software. The null hypoth-
esis of no significant difference was rejected
at P < 0.05.
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FIGURE 28-3. Effect of EGF-LHN/C on intracellular mucin release from A549 cells. Cells were treated either with serum-free

media for 72 hours or serum-free media for 48 hours, followed by stimulation for 24 hours with EGF-TNFa, or were preincu-

bated with EGF-LHN/C for 48 hours, followed by stimulation for 24 hours with EGF-TNFa in the continued presence of EGF-

LHN/C. Cells were either fixed and stained with AB-PAS for intracellular mucin or were analysed for MUC5AC mRNA expression.

Representative images of stained intracellular mucin (arrow) in a control cell (arrowhead) (1 and 5), a stimulated cell (2 and 6),

and in stimulated cells pretreated with either 0.5 nM (3 and 7) or 1 nM EGF-LHN/C (4 and 8). Panels 1, 2, 3 and 4 = � 40

magnification, panels 5, 6, 7 and 8 = � 100 magnification. N, nucleus.
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INTRODUCTION

Botulinum neurotoxin (BoNT) has emerged as
a major advance in clinical therapeutics. From
its early investigations and clinical applications
in strabismus and other ocular disorders, BoNT
is used in the treatment of diseases in almost
every medical specialty. A partial list includes
disorders of neurology, ophthalmology,
physiatry, otolaryngology, dermatology, plastic
surgery, gastroenterology, urology, gynecology,
and rheumatology. Although some BoNT
indications are supported by randomized,
double-blind, placebo-controlled trials, others
are reported only in uncontrolled series or
anedoctal reports. The enthusiasm generated
by results of initial positive case studies has
often led to difficulty in mounting and reluc-
tance in accruing to controlled studies of
BoNT in some indications. There is a dearth
of high-level trials to support the efficacy of
BoNT in some disorders, as reported in
evidence-based reviews.1 Thus, there is a
chasm between many clinicians’ sense of what
they consider to be correct information, based
on their experience and suboptimal literature,
and the scientific community’s skepticism,
given the lack of high-quality data.

The use of BoNT in some clinical indications
arose through serendipity. For example, the
potential role for BoNT in the treatment of
headache emerged from observations that
patients treated with BoNT for cervical dystonia

or facial wrinkles had reduction in the inci-
dence of headache.2 Based on these and other
reports that followed, enthusiastic clinicians
incorporated BoNT into their headache prac-
tices, often with reportedly positive and
highly publicized results. It was only later that
the academic community, as well as pharma-
ceutical manufacturers, mounted properly
designed, controlled clinical trials. It is notable
that the results of the most recent double-
blind, placebo-controlled studies of BoNT for
the treatment of headache have reported
negative results,3-5 raising questions on the
validity of many clinicians’ anecdotal experi-
ence. An alternative explanation is that
limitations of the trials do not reflect the true
clinical situation, a phenomenon termed the
‘‘failed trial.’’

Because the evolution of BoNT in clinical
therapeutics has not proceeded in a traditional
fashion, in comparison to many other pharma-
ceuticals agents, it is not surprising that there
are numerous gaps in understanding concern-
ing its optimal use. Examples include impreci-
sion in measures of BoNT potency, inadequate
comparisons between different BoNT serotypes
and brands, controversy concerning the role of
immunogenicity in response failure, lack of
dose-response data for most indications, inade-
quately studied issues concerning injection
technique (i.e., volume, dilution, potency,
muscle localization, spread of toxin, electro-
myographic guidance), and lack of consensus
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on meaningful endpoint measures in clinical
trials. Although other sections in this book
discuss several of these issues, this chapter
reviews open questions that should be
addressed in order to advance the state of the
art of BoNT in clinical therapeutics.

INJECTION TECHNIQUE

The primary mechanism of action of BoNT is
neuromuscular blockade, discussed in other
sections of this book. BoNT binds to the
presynaptic terminal of the neuromuscular
junction, is internalized into cholinergic neu-
rons, and blocks release of acetylcholine, result-
ing in neuromuscular paralysis. It might be
predicted that the degree of muscle weakness
induced by BoNT injection is directly related
to the number and efficiency of blocked
endplates.

There are several factors that might enhance
the ability of BoNT to reach the motor end-
plates. These include the dose, dilution,
volume, and proximity of injection to the end-
plate zone. The effects of varying these factors
were examined in an animal model, in which
the rat tibialis anterior was injected with BoNT,
followed by peroneal nerve stimulation, and
histologic determination of muscle paralysis.6

The most important factor determining the
degree of muscle paralysis was the proximity
of BoNT injection to the endplate zone.
Displacing the injection 0.5 cm superior or
inferior to the endplate zone resulted in an
approximately 50% reduction in the area of
muscle paralysis, whereas displacing the injec-
tion 1 cm from the endplate zone resulted in
almost no paralysis. The effects of varying other
factors produced less dramatic results.
For example, it took a 10-fold increase in
dose (at a constant volume of injection) to
result in twice the degree of paralysis. At a
constant dose and injection site, a 100-fold
increase in volume resulted in twice the area
of muscle paralysis.

There are surprisingly few studies examining
these issues in humans. Most recommenda-
tions concerning BoNT dosing and technique
arose through empirical observations and con-
sensus.7 For example studies of Botox
(Allergan, Inc, Irvine, CA), an agent that must
be diluted in 100-U vials, have incorporated
wide ranges of volume and potency, even for
studies with injection of identical muscles for
the same clinical indication. In studies of
human spasticity, dilutions of botulinum

neurotoxin type A (BoNT/A) have varied from
highly concentrated (100U/mL, e.g., 1 mL of
saline per vial of Botox) to highly diluted
(20 U/mL, e.g., 5 mL of saline per vials of
Botox).8 Surprisingly, even in those studies
investigating the effects of BoNT dilution on
outcome, no clear differences emerged.9,10

We examined technical injection issues in
human studies. There are minimal data provid-
ing anatomic localization of neuromuscular
endplates in human muscles. We performed a
study of endplate mapping in human cadaver
specimens.11 Because the human biceps brachii
is a major muscle involved in elbow flexion,
commonly injected in patients with spasticity,
we focused on endplate mapping in this
muscle. The peripheral nerve anatomy,
including the fine terminal branches, was iden-
tified with a modified Sihler stain, whereas
neuromuscular endplates were mapped with
whole-mount acetylcholinesterase staining.
The results indicated that the major motor
endplate band in biceps brachii is an inverted
V-shaped band, 1 cm in width, located 7 cm
superior to the olecranon laterally, 11 cm supe-
rior to the olecranon in the middle, and 8 cm
above the olecranon medially. Other studies
have attempted to find the anatomic location
of the endplates in commonly injected mus-
cles, but the clinical relevance of these observa-
tions has not been fully examined.12

With the availability of an anatomic map of
the motor endplates in human biceps brachii,
we then followed with a clinical trial of BoNT
injection into this muscle.13 We hypothesized
that injections targeted to the endplate
zone would be superior to nontargeted injec-
tions, and that high-volume, nontargeted
injections would be superior to low-volume
injections, similar to the results found in
animal studies. In a series of 21 subjects with
poststroke upper extremity spasticity, the
results supported these hypotheses. BoNT
injection into biceps brachii resulted in statisti-
cally significant tone reduction in the low-
volume, endplate-targeted group, and the
high-volume, nontargeted group. Notably the
low-volume, nontargeted injection method,
an approach that is used commonly in clinical
practice, did not result in significant reduction
in elbow flexor spasticity.

A series of experiments such as those
described earlier pose numerous challenges.
The mapping of peripheral nerve and endplate
microanatomy in the human cadaver
is tedious, time-consuming, and expensive.
As noted, the localization of endplates in
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most human muscles is unknown. There is
considerable variability among muscles. For
example, although the endplate zone in
biceps brachii is well localized to a discrete
band, endplates in the gastrocnemius are
widely distributed throughout the muscle
(Sanders I, unpublished observations). Thus,
in order to reach the maximum number of end-
plates within this muscle, BoNT would need to
be injected in multiple sites, preferably with
high volume. However, these assumptions
have not been clinically tested in muscles
other than biceps brachii. Thus, the current
approach to BoNT injection location, number
of sites, and volume and potency remains
empirical. It is possible that variability in
these factors has led to the wide range of results
reported in clinical trials and found in practice
of BoNT therapy.

In addition to the factors noted above, other
variables may affect the ability of BoNT to
diffuse to adjacent muscles and tissues. Large-
bore needles, with resultant increase in local
tissue damage, may increase diffusion.14

Botulinum neurotoxin type B (BoNT/B) has
been shown to have greater diffusibility than
BoNT/A.15 In many situations, increased
diffusion away from the target muscle will
result in a greater incidence of adverse effects.
For example, in studies of cervical dystonia,
adverse effects of dysphagia and dry mouth
are consistently more frequent with BoNT/B
than BoNT/A.16-20 Conversely, in the treatment
of other disorders, such as spasticity and hyper-
hidrosis, in which spread of BoNT is desirable,
physicians may harbor increased diffusion
capability to their advantage.

Numerous techniques have been employed
for the injection of BoNT into the target
muscle. These include surface anatomy, electro-
myographic (EMG) guidance, needle stimula-
tion, endoscopy and fluoroscopy. It is logical
to assume that muscles that are easily identified
from the surface, such as the biceps brachii and
gastrocnemius, might be injected without
specific targeting techniques. This is particu-
larly helpful when injecting children with
cerebral palsy, in which the speed of the pro-
cedure is important. However in small and
deep muscles, such as those in the forearm or
larynx, electrophysiologic or radiologic techni-
ques are often employed to accurately inject the
target muscle. In one study comparing the
accuracy of muscle injection, surface localiza-
tion was correct only 37% of the time as com-
pared with EMG guidance.21 We have found
that electrical stimulation of the target muscle

is preferable to passive EMG localization,
particularly in patients with spasticity with
poor voluntary muscle control. However,
there are few studies that have objectively
examined the role of EMG in BoNT applica-
tion, resulting in wide variability in clinicians’
practice in BoNT injection technique.22

MEASURES OF TREATMENT
RESPONSE

Interpretation of the relevance of clinical trial
results is hampered by concerns about the
functional significance of outcome measures.
For example, most studies of BoNT for the
treatment of spasticity used measures of tone
as the primary outcome measure. Although
placebo-controlled studies have almost all
demonstrated that BoNT produces significant
reduction in tone scores,23 such as the
Modified Ashworth scale, many authors ques-
tion whether tone reduction translates into
meaningful clinical improvement.24 Most clin-
icians agree that tone reduction, and conse-
quent improvement in passive functional
activities (i.e., those performed by the caregiver
such as cleaning the palm), leads to improve-
ment in quality of life. However, the continued
lack of US Food and Drug Administration
(FDA) approval of BoNT for the treatment of
adult or childhood spasticity suggests that there
is not uniformity in this view. Even the
demonstration of passive and active functional
improvement, as demonstrated on the
Disability Assessment Scale,25 in a large
placebo-controlled study of BoNT in poststroke
spasticity, has not led to modification of the
FDA’s position.

Improvement in active function, defined as
an ability to voluntarily perform a useful activ-
ity with the affected limb, remains difficult to
demonstrate in clinical studies. It is possible
that outcome measures for active function
may not be sensitive enough. Also, it may be
difficult to achieve a proper degree of neuro-
muscular blockade without causing excessive
muscle weakness, especially in studies that
employed rigid injection protocols. In a study
of BoNT/A in the treatment of focal hand
dystonia, 80% of subjects experienced weak-
ness in the injected muscles.26 In treatment of
essential hand tremor,27 BoNT resulted in
significant improvement in the tremor rating
scale, but functional rating scales did not
improve. This may be due to the fact that
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most subjects injected with BoNT experienced
some degree of finger weakness. Notably, the
subjects in this study received BoNT injections
into both flexors and extensors of the wrist. By
reducing dosage or avoiding BoNT in the
wrist and finger extensors, it may be possible
to eliminate extensor weakness without
compromising the benefits in terms of tremor
amelioration.28 Our preliminary observation
supports this strategy in that injecting only
agonists or antagonists achieves comparable
efficacy in tremor reduction, without
excessive weakness (Gracies JM, personal
communication).

In parallel with a lack of consensus on
measures of efficacy for many disorders, there
is confusion on how to define treatment failure
and attribute its causes. One distinction sepa-
rates primary from secondary failure. Primary
failure is defined as the lack of response follow-
ing initial treatment with BoNT. Potential
explanations include poor injection technique,
such as poor muscle targeting, inappropriate
muscle selection, inadequate dosing, or mis-
placed expectations of response. Secondary
resistance results from the production of neu-
tralizing antibodies to BoNT.29,30 Numerous
assays have been proposed to detect the pres-
ence of neutralizing antibodies, including the
mouse lethality assay, enzyme linked immuno-
sorbent assay, and in vivo tests, such as the ex-
tensor digitorum brevis, frontalis test, or the
more suitable unilateral brow injection.31,32

However most of these assays lack in optimal
sensitivity and specificity, and their role in clin-
ical practice is uncertain.

GAPS IN CLINICAL
EVIDENCE

The literature supporting the use of BoNT
in many indications is remarkably scanty, in
contrast to its acceptance by most clinicians.
For instance, BoNT is widely accepted as the
treatment of choice in blepharospasm, hemifa-
cial spasm, and laryngeal spasm. The use of
BoNT in blepharospasm and hemifacial
spasm was supported by only a few small
clinical trials, involving a total of less than
20 patients in each disorder.33-36 There is
only one randomized controlled study of
BoNT in 13 patients with adductor spasmodic
dysphonia.37 Common to all of these
conditions is that none of them have satisfac-
tory treatment alternatives. Dramatic results

using BoNT in the initial open-label studies
undoubtedly discouraged efforts to study
BoNT in larger and more vigorously designed
clinical trials. Given the almost universal accep-
tance of BoNT as standard of care for these
disorders, better data are unlikely to be forth-
coming in the near future.

In conditions that have other effective treat-
ments, BoNT has generally not been compared
with the treatment alternatives. Examples
include disorders such as tremor, cervical and
limb dystonia, hyperhidrosis and urologic
disorders. Clinicians need data on comparative
efficacy, cost, and side effects in order to choose
treatment intelligently for patients with these
disorders. Valid data will only come from
direct comparison studies assessing the existing
treatment options under identical clinical
settings in the same patient population.

In one of the few available comparative stu-
dies, BoNT/A had superior efficacy and less side
effects than trihexyphenidyl in cervical dysto-
nia.38 In another trial, we compared the
efficacy and safety of BoNT and tizanadine in
a head-to-head, placebo-controlled trial in the
treatment of upper extremity spasticity associ-
ated with stroke or traumatic brain injury.39

Results of this 60-patient study revealed that
Botox, up to a total dose of 500 U, resulted
in superior tone reduction, and with less side
effects, than tizanadine (Zanaflex, Acorda
Therapeutics, Hawthorne, NY) up to a dosage
of 36 mg/day.

In addition to comparison of safety and
efficacy, it is important to understand the
cost-effectiveness of different treatments. Such
analyses are inherently difficult, because in
addition to the cost of the treatment of interest,
there are many related costs that are difficult to
quantitate. These include ancillary medica-
tions, office visits, diagnostic tests, hospitaliza-
tions, use of physical and occupational therapy,
and bracing. Several studies demonstrated the
cost-effectiveness of BoNT/A in the treatment
of poststroke spasticity.40

Treatment of most disorders requires indivi-
dualized selection of BoNT dose, muscles, and
injection sites. Many clinical trials, however,
make use of a standardized treatment protocol
to ensure uniformity and reproducibility, and
to facilitate randomization and blinding.
A rigid, fixed site, fixed-dose injection regimen
has serious limitations. It may be less effective
than an individually customized approach.
Even when a treatment paradigm is shown
to be successful in a treatment trial, it may
not be directly translatable to the care of
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individual patients. Presumably, a treatment
that can be customized to individual patients
is likely to be more effective and more repre-
sentative of the real life clinical situation. Such
treatment is difficult to implement in clinical
trials, because it magnifies confounding vari-
ables such as dosages, injection sites and tech-
niques, and heterogeneity in the clinician’s
skills, and it complicates the issue of blinding.

Another gap in clinical evidence is the lack
of high-quality data on the long-term efficacy
and safety of BoNT in most disorders. Given
the requirement of a placebo group in
controlled studies, they usually must be short-
term. The duration of observation ranges from
one to several months, which is the typical
duration of action of BoNT. The placebo-
controlled double-blind period is occasionally
followed by an open-label extension period.
In one such analysis, the efficacy of BoNT/A
in the treatment of poststroke upper extremity
spasticity, as shown in the 12-week double-
blind, placebo-controlled period, was also
present in the 42-week open-label period.41

However, the quality of data from extension
period studies is limited, because there is no
placebo control group, and patient dropout is
usually difficult to control. Studies of efficacy
of BoNT over a longer period are available, but
they are primarily retrospective case series.
An example of one such study showed that
repeated injections of BoNT appeared to main-
tain efficacy over a 10-year period in the
treatment of hemifacial spasm,42 but there
was no control group and the natural history
of the disease was unknown.

There is a large unmet need for properly
conducted clinical trials to assess the efficacy
of BoNT in several disorders. The use of
BoNT in the treatment of headache mentioned
earlier illustrates this unmistakably. Negative
results from recent randomized controlled
trials in migraine headache3,5 have dampened
the initial enthusiasm from early anedoctal
therapeutic success.2 Studies of BoNT in the
treatment of chronic daily headache have also
yielded inconsistent results. Although earlier
randomized controlled studies have reported
positive results,43,44 the largest studies fail to
find a significant benefit.45 Similarly most
controlled studies of BoNT in the treatment
of tension-type headache yielded negative
results.4 It is possible that underdosing or sub-
optimal muscle selection may have led to
treatment failures or falsely negative results.
Another potential source of discrepancy
may be the variation in study patient

characteristics, such as response to past treat-
ments and psychological variables.

FUTURE CLINICAL TRIALS

The difficulty in interpretation of published
headache studies highlights several important
study design issues that should be addressed
in future clinical trials. First, the use of a
placebo control group is mandatory. This is
important not only in the treatment of pain,
where the placebo effect is typically large, but
in most other neurologic disorders in which
assessments by patients, caregivers, and
even experienced clinicians may be biased by
expectation of treatment effect. However, it is
often difficult to recruit subjects into placebo-
controlled studies, in disorders for which
clinicians and patients believe that BoNT has
demonstrated success. Second, all outcome
assessments need to be done without knowl-
edge of the treatment status in order to
minimize bias. Third, the treatment allocation
has to be randomized, because the clinical
course of all of these disorders is typically
variable. Fourth, the selection criteria of study
patients need to be chosen judiciously.
A homogeneous study population is helpful
to ensure scientifically vigorous and reproduc-
ible results. This consideration, however, has to
be balanced against the fact that a restrictive
selection of patients will limit the generalizabil-
ity of study findings.

Finally it is intriguing to consider that BoNT
may have benefits beyond symptom control. It
is possible that BoNT may have disease-
modifying effects, perhaps based on its
impact on cortical plasticity. For example,
early studies show that BoNT may enhance
the effect of constraint-induced movement
therapy in improving hand function after
stroke.46 It is possible that future studies
of BoNT, using modern neuroimaging techni-
ques, may provide a rationale for early use of
BoNT following brain injury, with the aim
of improving long-term outcomes.
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30Potential New
Therapeutic

Indications for
Botulinum

Neurotoxins

Mark Hallett

INTRODUCTION

The botulinum neurotoxins (BoNTs) are
incredible therapeutic agents with a very wide
range of accepted indications. Moreover, the
indications seem to increase almost daily.
This book covers most of the indications that
are in common use already and those that seem
very promising. This chapter covers a range of
indications that are very new or seem to have
potential (Table 30-1). It will also note some
minor older applications not noted in the other
chapters. It is organized by medical discipline.
Published literature for an indication, when
available, will be quoted, but for many of
these indications, there is often other unpub-
lished experience. Most of the reports of the use
of BoNT for these new or minor indications are
based on anecdotal experience and have not
been subjected to rigorous clinical trials.

NEUROLOGY

Movement Disorders

Parkinson Disease
Of all the disorders for which BoNT is currently
used, movement disorders represent about half
of all the indications. Although dystonia is the
most common movement disorder treated with
BoNT, there are many other movement disor-
ders that benefit from BoNT treatment. Even
within Parkinson disease, the most common

movement disorder, BoNT can be used for a
variety of symptoms, such as hand and
jaw tremor, limb dystonia, blepharospasm
and apraxia of eyelid opening, bruxism, camp-
tocormia, freezing of gait, sialorrhea and
constipation.1

Myoclonus
Myoclonus consists of jerk-like movements
produced by quick muscle contractions. When
focal, BoNT can suppress the abnormal activity.
This has been recognized for many years, and
a number of case reports have appeared
describing benefit.2,3 Myoclonus associated
with Rasmussen encephalitis has been success-
fully treated in the face.4 Hereditary chin
tremor has been also reported to respond to
treatment with BoNT.5

Essential Palatal Tremor
Essential palatal tremor is also referred to as
essential palatal myoclonus. Patients with this
disorder are often troubled by clicking in the
ear due to rhythmic contraction of the tensor
veli palatini muscle. The disorder is
of unknown origin, and oral therapies have
very limited value. Focal injection of the
tensor veli palatini muscle can be helpful.6-8

Approach to the muscle can be transoral or
transnasal.

Myokymia
Myokymia is characterized by small, irregular
movements in a region, sometimes described

Dr. Hallett is disclosing that he is the Chair of the Neurotoxin Institute Advisory Council (NAC).
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as a ‘‘bag of worms.’’ There are many causes,
but, independent of cause, a focal injection of
BoNT can be effective.9-11

Stiff Person Syndrome
Stiff person syndrome is a disorder with
continuous muscle contraction of truncal and
limb muscles. Its manifestations are sufficiently
widespread that ordinarily it requires systemic
therapy. Because it is an autoimmune disorder,
therapies such as intravenous immunoglobin
are appropriate, and systemic therapy with
drugs like benzodiazepines can be effective.
In some circumstances, however, some local
therapy can be undertaken with BoNT.12,13

Scoliosis
The notion that scoliosis might be helped with
injections of BoNT was raised a decade ago.14

Twelve children with severe additional disor-
ders requiring surgical delay were treated.
Short-term results showed that all patients
had some reduction in their curves, up to
more than 50 degrees. Despite this success,
this treatment has not been undertaken
very often, perhaps because the effects of
BoNT therapy would only be temporary.

Pain Syndromes

The exact method of action of BoNT on pain is
not known, and perhaps there are multiple
mechanisms, including relief of painful
muscle spasm. For example, BoNT, has been
found to be very effective in the treatment of
cervical muscles spasms that occur after whip-
lash type injuries.15

There is some evidence that BoNT has effects
on pain separate from its effects on muscle
spasms, but this is still debatable. The principle
idea at present is that BoNT prevents the release
of peptide neurotransmitters at pain endings,
reducing peripheral sensitization and indirectly
reducing central sensitization.16 Despite these
theoretical considerations, several studies have
failed to provide definitive evidence that BoNT
has independent analgesic properties.
For example, quantitative sensory testing and
measurements of pain thresholds in response
to local electrical stimulation showed no statis-
tically significant differences between patients
pretreated with subcutaneous injection of
botulinum neurotoxin type A (BoNT/A) or
placebo.17,18 A randomized, double-blind,
paired study compared the effects of BoNT
versus pure saline and found no direct effect
on acute, noninflammatory pain produced by
ultraviolet B irradiation or any anti-inflamma-
tory effects.19 Studies are conflicting with a cap-
saicin model of pain. One study compared
intradermal injections of BoNT/A and placebo
in a double-blind manner and found that such
injections had no effect on thermal or current
sensory perception or on flare response to cap-
saicin.20 Similar results were seen in another
double-blind study in which there was no
effect of prior BoNT/A injections on heat,
cold, and electrical stimulation pain in
response to capsaicin.21 On the other hand, a
suppressive effect of BoNT/A on pain, flare, and
hyperalgesia area produced by capsaicin was
observed in another double-blind investiga-
tion.22 The strong placebo effect should
always be considered when designing and
interpreting studies of BoNT treatment of
pain disorders.23

Low Back Pain
BoNT has been used for treatment in chronic
low back pain. It is the chronic condition that
is difficult to treat, and most patients with acute
low back pain improved relatively rapidly. In
an early, randomized, double blind study,
31 patients received either 200 U of Botox
(Allergan, Inc, Irvine, CA), 40 U/site at five

TABLE 30-1 New and Less Frequent
Applications of Botulinum Toxin

Neurologic indications
Movement disorders

Parkinson disease
Myoclonus
Essential palatal tremor
Myokymia
Stiffperson syndrome
Scoliosis

Pain syndromes
Low back pain
Postherpetic neuralgia
Trigeminal neuralgia
Stump pain
Plantar fasciitis
Clubfoot
Restless legs syndrome
Carpal tunnel syndrome

Central nervous system: Epilepsy
Surgery: Immobilization
Otolaryngology: Rhinitis
Dermatology

Acne
Psoriasis
Dupuytren contracture
Body odor

Other
Veterinary use
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lumbar paravertebral levels on the side of
maximum discomfort or normal saline.24 At
3 weeks, 11 of 15 patients who received
Botox had more than 50% pain relief
compared with 4 of 16 in the placebo group.
At 8 weeks, 9 of 15 in the toxin group and 2 of
16 in the placebo group had relief. In a more
recent report of a two-part study, investigators
used up to 500 U of Botox, treating multiple
levels of the lumbar paravertebral muscles with
50 U per site.25 In an initial prospective open-
label study, 53% of 75 patients improved, and
91% of the responders continued to respond
over 14 months. In a subsequent double-
blind, randomized, placebo-controlled study,
60% of patients had significant pain relief.

Postherpetic Neuralgia
One case has been reported of an 80-year-old
man who had severe pain, refractory to the
usual therapies. The pain was ‘‘dramatically
relieved’’ for 52 days after multiple BoNT/A
injections.26

Trigeminal Neuralgia
There have been a number of case reports
about successful treatment of trigeminal
neuralgia. Two open-label studies also have
favorable outcomes. For eight patients, 100 U
BoNT/A (Botox) was injected into the region of
the zygomatic arch resulting in improvement.27

Thirteen patients were treated with BoNT/A,
and Visual Analog Scale score, surface area of
pain, and therapeutic coefficient were reduced
in all patients and for all branch trigeminal
nerves studied.28 The dose of BoNT/A (Botox)
was individualized (V1 received an average of
6.83 units, V2 received an average of 6.45 units,
and V3 received an average of 9.11 units).

Stump Pain
Two patients with arm amputations and
two patients with leg amputations were

treated with BoNT/B (Neurobloc, Solstice
Neurosciences, Malvern, PA) injections at sev-
eral trigger points of their stump muscula-
ture.29 A total dose of 2500 units was used in
the arm, and 2500 units and 5000 units was
used in the two leg stumps. All patients experi-
enced a reduction in stump pain, which lasted
for many weeks. There was also a decreased
occurrence of involuntary stump movements.
Another four patients, one with phantom
pain and three with stump pain, were each trea-
ted with 100 U BoNT/A (Botox), divided
between several trigger points in the distal
stump musculature.30 The pain was reduced
in all four patients, and allowed a greater use
of the limb prostheses.

Plantar Fasciitis
A randomized, double-blind, placebo-
controlled study of 27 patients (43 feet) with
plantar fasciitis was done using BoNT/A.31

In patients with bilateral symptoms of compa-
rable severity, injections of toxin were given in
one foot and saline in the other. The treatment
group received injections into two sites per
foot: (1) 40 U (Botox) into the tender area in
the medial aspect of the heel close to the
calcaneal tuberosity, (2) 30 U (Botox) in the
arch of the foot between an inch anterior to
the heel and middle of the foot. The placebo
group received normal saline. Compared
with placebo injections, the BoNT group
improved in several measures of pain and
had improved foot function at both 3 and
8 weeks after injection (Fig. 30-1). In another
study, nine patients with an average duration of
symptoms of 14 months and at least two
prior conservative treatments received a one
injection of 200 U of BoNT/A (Dysport,
Ipsen, Milford, MA) subfascially into the
painful area.32 There was a significant reduc-
tion of pain during weight bearing of about
50% at 6 weeks after injection, and the effect
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FIGURE 30-1. Treatment response of

plantar fasciitis to BoNT/A. Pain Visual

Analog Scale scores for the BoNT/A

and placebo groups. (From Babcock

MS, Foster L, Pasquina P, Jabbari B.

Treatment of pain attributed to plan-

tar fasciitis with botulinum toxin A: a

short-term, randomized, placebo-

controlled, double-blind study. Am J

Phys Med Rehabil. 2005;84:649-654

with permission.)
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persisted at 14 weeks. The pain at rest was re-
duced to less than half of the initial value at
both 6 and 14 weeks.

Other Foot Problems
In a study of 51 patients, mean age 16 months
(range 2.5–33 months), affected with 73 club-
foot deformities, BoNT/A injections into the
triceps surae muscle complex produced signifi-
cant improvement in various measures.33

Restless Legs Syndrome
Three patients with restless legs syndrome were
treated with BoNT/A whose symptoms were
refractory to or who refused oral medication.34

Areas of maximal discomfort were injected. The
first patient received injections in both legs and
had benefit for 12 weeks. The second patient
received injections in both legs and his lumbar
paraspinal muscles. He had improvement in
the sensory discomfort at 3 days, and by
1 month had improvement also in his
Epworth Sleepiness Scale score. The third
patient was also injected in both legs, had
improvement in 2 days and benefit lasted 10
weeks. In all three, the benefit was repeated in
additional injection cycles.

Carpal Tunnel Syndrome
An open-label, prospective study of five women
was conducted using 60 units of BoNT/A
(Botox) injected into the carpal area.35 At 3
months, pain was improved in three, remained
static in one, and was aggravated in one. The
authors noted that the data were difficult to
interpret given the lack of placebo control.
Another study of 20 patients using BoNT/B
was randomized, double blind, and placebo
controlled.23 Here, the agent was injected into
three hypothenar muscles anatomically linked
or attached to the carpal tunnel and its tentor-
ium, opponens digiti minimi, flexor digiti
minimi, and palmaris brevis muscles. Over the
course of 13 weeks, there was no statistically
significant difference between the two study
groups regarding changes from baseline in any
study outcome. Although the present conclu-
sion must be that BoNT is not effective for
carpal tunnel syndrome, it is not clear in either
study that injections were optimally placed.

Central Nervous System Use

Epilepsy
From a theoretical point of view, the focal
delivery of BoNT into an epileptic focus could

inhibit neurotransmitter release and be antiep-
ileptic. BoNT/E was injected into the rat hippo-
campus to inhibit glutamate release and
consequently block spike activity of pyramidal
neurons.36 This reduced both focal and gener-
alized kainic acid–induced seizures, and
prevented neuronal loss and long-term cogni-
tive deficits that are associated with kainic acid
seizures. Additionally, it was more difficult to
kindle BoNT/E-injected rats. The investigators
concluded that BoNT/E can be both anti-ictal
and antiepileptogenic. More work will clearly
be needed in animal models before human
trials could be initiated.

SURGERY

After surgery or in other circumstances, such as
after a fracture or athletic injury, it is often val-
uable to have the healing body part immobi-
lized. Sometimes, this is difficult because of the
site of the injury or because of an underlying
neurologic problem, such as an involuntary
movement disorder. In such circumstances,
BoNT could be useful to aid the
immobilization.

OTOLARYNGOLOGY

Rhinitis

Thirty-four patients with allergic rhinitis were
investigated in a double-blind, placebo-con-
trolled study with BoNT/A (Botox).37 Patients
were randomly divided into three groups:
Group A, 20 units was injected into each
nasal cavity (total 40 U); Group B, 30 U was
injected into each nasal cavity (total 60 U);
Group C, 2 mL of isotonic saline was injected
as placebo. Rhinorrhea, nasal obstruction,
sneezing, and itching were scored by the
patients, who were examined at Weeks 1, 2,
4, 6 and 8. There was no statistically significant
difference between groups A and B, but rhinor-
rhea, nasal obstruction and sneezing scores in
groups A and B were significantly better than
those in group C at all time points. Thirty-five
patients with vasomotor rhinitis were treated in
a prospective, controlled (but not blinded)
investigation.38 Fifteen patients were injected
10 U of BoNT/A (Botox), and 15 patients
were injected 20 units to inferior and middle
turbinates. Five patients were controls and were
injected with saline solution into the inferior
and middle turbinates. Treated patients were

370 BOTULINUM TOXIN: THERAPEUTIC CLINICAL PRACTICE & SCIENCE



statistically better than controls for nasal
obstruction, sneezing, nasal discharge, and
nasal itching.

DERMATOLOGY

Acne

Two patients with Tourette syndrome have
been described, whose acne cleared for 4 to 5
months in the local region where BoNT was
injected for tics.39

Psoriasis

Anecdotal evidence was presented in a poster at
the International Conference on Neurotoxins
(ICON) meeting in two patients (Andrews
2006).

Dupuytren Contracture

Use of BoNT therapy for Dupuytren contrac-
ture has been hypothetically proposed.40

Body Odor

There have been several controlled trials of
BoNT for body odor independent of its effect
on sweating. Sixteen healthy volunteers were
injected with BoNT/A (100 U Dysport) in
one axilla and 0.9% sodium chloride solu-
tion in the other axilla in a randomized,

double-blinded study.41 At 7 days, body odor
was assessed by a T-shirt sniff test, and there
was a significant reduction of odor intensity
for the side treated with toxin (Fig. 30-2). The
smell was also considered less unpleasant
(Fig. 30-3). The authors suggested that the
underlying mechanisms may include interfer-
ence with skin microbes and denervation of
apoeccrine sweat glands. In another rando-
mized, double-blind, placebo-controlled
study, 51 healthy volunteers were injected
with BoNT/A (50 U Botox) in one axilla and
placebo in the other.42 Again the T-shirt sniff
test was the primary outcome measure.
Samples from the toxin side smelled less
intense and even ‘‘better’’ according to self-
assessments and those from independent
raters. After BoNT injection, the raters preferred
‘‘to work together with the respective person’’
and even found the odor ‘‘more erotic.’’

Genital odor is an uncommon problem
characterized by an offensive and malodorous
smell. Such a patient was treated with BoNT/A
and improved the odor substantially.43 BoNT is
also being used in the treatment of special body
odor (referred to as ‘‘wakiga’’) in Japan.44

OTHER CONDITIONS

Injection of BoNT guided by computed tomog-
raphy to inhibit overactivity of the diaphrag-
matic crus caused by diaphragmatic
compression of the renal artery has been
reported to alleviate hypertension and may
be an alternative to surgery and renal artery
stenting.45 Unilateral injection of the soft
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FIGURE 30-2. Treatment response of body odor to

BoNT/A. Ratings of body odor intensity, on a

numeric scale of 0 (no odor) to 6 (most intense

odor) in treated and untreated subjects. Box

range represents 50% of all ratings; bar range,

100% of all ratings. P = .02 for significance of the

difference (Wilcoxon test). (From Heckmann M,

Teichmann B, Pause BM, Plewig G. Amelioration

of body odor after intracutaneous axillary injec-

tion of botulinum toxin A. Arch Dermatol.
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palate (20 U Dysport) has been reported to be
effective in ameliorating habitual snoring.46

VETERINARY USE

BoNT is beginning to be used also in veterinary
medicine for a variety of conditions. For exam-
ple, the condition of a cat with a tarsal defor-
mity was improved with BoNT.47 BoNT/A was
used successfully to treat essential blepharo-
spasm in a dog over several cycles.48
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31Botulism Vaccines and
the Immune Response

Leonard A. Smith and Janice M. Rusnak

INTRODUCTION

Botulinum toxin is a neurotoxin produced by
Clostridium botulinum, and one of the most
potent known toxins. Intoxication from botuli-
num neurotoxin (BoNT), known as botulism,
may result from ingestion of toxin present
in improperly preserved foods (food-borne
botulism), ingestion of C. botulinum organisms
or spores (infant botulism and intestinal
botulism), infections of wounds with C. botuli-
num (wound botulism), or inhalation of aero-
solized toxin as may occur from a laboratory
exposure or a bioterrorism event. Symptoms of
intoxication begin hours to days after toxin
exposure (usually 12 to 36 hours postexposure;
range 2 hours to 8 days postexposure), with
neurologic symptoms consisting of an acute,
symmetric descending paralysis that may
result in respiratory failure. With supportive
treatment and antitoxin therapy, case fatalities
are generally less than 10%.

Individuals working in public health labora-
tories (who test food sources for BoNT) or who
work in research institutions or industries with
botulinum toxin or C. botulinum cultures are at
risk for botulism.1 Botulinum vaccines have
been given to at-risk individuals since 1946.
Initially an investigational bivalent (A/B) botu-
linum toxoid was administered to at-risk
individuals in the U.S. Offensive Biological
Warfare Program, that was subsequently
replaced in 1959 with an investigational
botulinum toxoid adsorbed pentavalent
(ABCDE) product, currently referred to as the
pentavalent (ABCDE) botulinum toxoid
(PBT).2-6 In 1965, the PBT was made available
to at-risk persons under Centers of Disease
Control and Prevention (CDC) IND 161.
More than 20,000 injections of the PBT have
been given to date to at-risk individuals under
CDC IND 161 (more than 7000 of the doses

were given under IND 161 at the United
States Army Medical Research Institute of
Infectious Diseases [USAMRIID] since 1979).
Additionally, more than 8000 doses of the
PBT were administered to military troops
(mainly during Operation Desert Storm)
under the U.S. Army’s Office of the Surgeon
General IND 3723.7

PENTAVALENT (ABCDE)
BOTULINUM TOXOID

The PBT, an investigational vaccine, is an
aluminum phosphate-adsorbed toxoid derived
from formalin-inactivated, partially purified
toxin serotypes A to E.8,9 The PBT was devel-
oped by the Department of Defense, and
initially manufactured by Parke-Davis
Company in 1958.10 Each of the five toxin
serotypes was propagated individually in bulk
culture, followed by separation of extracellular
toxin from bacterial cell mass, acid precipita-
tion of toxin, filtration, detoxification of the
active toxins using formaldehyde, and adsorp-
tion of the toxoid onto aluminum phos-
phate.11 The five monovalent toxoid products
(A–E) were then blended to produce the final
PBT product. Formulation for blending the five
serotypes was based on concentrations of im-
munogen that induced protective immunity in
guinea pigs against a lethal challenge with 105

mouse intraperitoneal (IP) LD50 doses of the
respective C. botulinum toxins. In the 1970s,
The Michigan Department of Public Health
(MDPH), using Parke-Davis methodologies,
produced the monovalent toxoids contained
in the PBT product in use today. The monova-
lent toxoids produced in the 1970s were used
to formulate the PBT lots used in recent years
(Lots A2, PBP-001, PBP-003, and PBP-004).
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The final PBT product is bottled in 5-mL
vials, with each 5-mL multidose vial containing
0.22% formaldehyde as a stabilizer and
1:10,000 thimerosal as a preservative. Each
0.5-mL dose of vaccine contains 7 mg of alumi-
num phosphate and approximately 5 mg of
inactivated toxin. The PBT has been adminis-
tered throughout the years as a primary series
of three injections of 0.5 mL subcutaneously
(injection given at day 0, 2 weeks, and 12
weeks), followed by a mandatory booster dose
at 1 year. Although the dosing of the initial
3 doses of the primary series has remained
constant, the regimen for booster doses has
varied since 1959.

Animal Studies

The potential protection of the PBT in humans
is based on the levels of antitoxin titers
observed in vaccinated individuals, which are
presumed to be protective based on extrapola-
tion of data from animal studies.9,12 Animal
studies with the PBT demonstrated (1) protec-
tion against intraperitoneal challenge with
lethal doses of botulinum toxin serotypes A,
B, C, D, and E, and (2) correlation of serum
antitoxin levels with protection against botu-
lism.5,7,12,13 Only one study had been
performed in nonhuman primates to demon-
strate protection of the PBT against aerosol
challenge.14 Five nonhuman primates, follow-
ing an abbreviated vaccination schedule of PBT
Lot PBP-001 (1 and 2 weeks), were protected
against aerosol challenge with a lethal dose of
toxin serotype A (challenge doses of 13, 24, 26,
27, and 29 LD50). Antitoxin titers in
three monkeys at the time of challenge were
0.25 IU/mL, but lower antitoxin levels in the
remaining two monkeys (0.06 IU/mL and
<0.01 IU/mL) were also protective.

Initial Pentavalent Botulinum
Toxoid Study in Humans

The initial PBT study reported by Fiock et al9 in
humans, using the initial three pentavalent
toxoid lots produced by Parke-Davis, demon-
strated antibody induction with a primary
series given as three 0.5-mL subcutaneous
injections at 0, 2, and 12 weeks. At week
14 (2 weeks after the primary series), a ‘‘mea-
surable titer’’ to the toxin serotypes with the
pentavalent product designated ABCDE-6 was
observed in 90%, 93%, 100%, 80%, and 100%

of vaccinated subjects to the five respective
toxin serotypes. The other two PBT products
(designated ABCDE-7 and ABCDE-8) were as-
sociated with somewhat lower response rates at
week 14, with measurable antitoxin titers for
the five toxin serotypes ranging from 60% to
97% for product ABCDE-7 and 52% to 89% for
product ABCDE-8. A ‘‘measurable titer’’ was
defined as the level of standardization of each
antitoxin that neutralized approximately
30 LD50 of its homologous toxin, which was
as follows for the individual serotypes: type A
(0.02 IU/mL), type B (0.005 IU/mL), type C
(0.02 IU/mL), type D (0.16 IU/mL), and type
E (0.00125 IU/mL).

Antitoxin titers in vaccinated subjects at
week 52 in this study revealed absence of mea-
surable titers in most vaccinated individuals.9

Measurable antitoxin levels in vaccinated
subjects at week 52 for the three pentavalent
products were serotype A (29% to 43%), sero-
type B (4%), serotype C (13% to 25%),
serotype D (0 to 7%), and serotype E (20% to
50%), suggesting that perhaps a 6-month dose
may be required.

After a 12-month booster dose, nearly 100%
of individuals had measurable titers to all five
toxin serotypes with all three PBT products.
Although measurable antitoxin titers were
observed in most vaccinated individuals after
completion of the primary series, the higher
antitoxin titers (antitoxin titers often 10 times
higher than observed after the primary series)
were generally not observed until after the
12-month booster dose.9 Based on the results
of this initial PBT study, the PBT dosing was
recommended as a primary series at 0, 2, and
12 weeks, with a mandatory 12-month booster
dose and yearly booster doses thereafter.

Experience of The United States
Army Medical Research Institute
of Infectious Diseases with
Pentavalent Botulinum Toxoid
(1979 to 2004)

Antitoxin titers and sustainability of titers
varied with the different PBT lots. Four lots of
the PBT were administered to at-risk indivi-
duals at USAMRIID between 1979 and 2004:
Lot A2 (1979 to 1993), Lot PBP-001 (1991 to
1994), Lot PBP-003 (1994 to 1996), and Lot
PBP-004 (1997 to 2004).

In 1988, immunization with three doses of
the primary series of PBT with Lot A-2 was
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demonstrated to result in detectable antitoxin
titers in 21/23 (91%) and 18/23 (78%) vacci-
nated individuals to toxin serotypes A and B,
respectively.10 Similar to the early publication
by Fiock et al,9 antitoxin titers were not detect-
able in most vaccinated subjects before the
12-month mandatory booster dose, present in
only 13/23 (56%) and 9/23 (39%) vaccinated
individuals to toxin serotypes A and B, respec-
tively. All 23 vaccinated individuals had
measurable antitoxin titers after the 12 month
booster dose, with titers that were often 10-fold
higher than observed after the primary series.10

Higher antitoxin levels (antitoxin present at a
1:16 dilution of serum, corresponding to
approximately 0.25 IU/mL or greater) were
also observed post-booster dose in vaccinated
subjects who had received from one to eight
previous PBT boosters doses, with 74/77
(96%) and 44/77 (57%) having higher titers
to toxin serotype A and B, respectively.

Beginning in 1990, serum was obtained
from vaccinated individuals 28 days after dose
3 of the primary series, to confirm the presence
of detectable antitoxin before entrance into
the laboratory. If no antitoxin antibody was
detected (no antitoxin in an undiluted speci-
men of serum, corresponding to less than
0.02 IU/mL for toxin serotype A), individuals
were then given a booster dose of PBT with
follow-up serology 28 days post-booster.

Also, in 1990, the recommendation for the
annual booster doses at USAMRIID was revised
to require only four annual booster doses
following the 12-month booster dose.
Subsequent booster doses were deferred for
another year if antitoxin was present at higher
levels (presence of antitoxin on a 1:16 dilution
of serum, corresponding to approximately
0.25 IU/mL or greater for toxin serotype A).
In 1993, all booster doses subsequent to the
mandatory 12-month booster were deferred
based on the presence of antitoxin on a
1:16 dilution of serum. This policy differed
from the CDC, where antitoxin titers were
obtained every 2 years after the 12 month man-
datory booster dose, to determine the need for
subsequent booster doses.10,15

The sustainability of higher levels of anti-
toxin titers after the 12 month booster dose
varied with the PBT lot and among individuals.
Antitoxin titers persisted a mean of 724 days
(range 16 to 2203 days) after a 12-month boos-
ter dose, with Lot A2 given from 1991 to 1993,
versus only 395 days (range 28 to 1106 days),
with PBT Lot PBP-003 given from 1994 to
1996, and 292 days with PBT Lot PBP-004

(range 28 to 1647 days) given from 1997 to
2001 (P = 0.0161, Sidak; duration of antitoxin
titers to Lot A2 greater than Lot PBP-003).16

Recent Modifications of
Pentavalent Botulinum Toxoid

In 2004, modifications of the PBT dosing regi-
men and protocol were made based on three
sources of data: (1) the MDS Harris Project
(sponsored by the Joint Vaccine Acquisition
Program, Fort Detrick and performed by MDS
Pharma Services, Lincoln, Nebraska and Batelle
Memorial Institute Medical Research and
Evaluation Facility, Columbus, Ohio) that
was designed to determine the need for a
6-month dose of the PBT, as suggested by the
initial PBT study by Fiock et al. in 1962, (2) the
yearly PBT potency studies showing a recent
decline in potency in some of the toxin
serotypes, and (3) results of postimmunization
antitoxin titers in vaccinated individuals at
USAMRIID.9,16-19

MDS Harris Project
Results of the MDS Harris Project, conducted
from July 1998 to May 2000, supported the
addition of a PBT dose at 6 months. After
receiving the primary series (0, 2, and
12 weeks) with PBT Lot PBP-003, most vacci-
nees did not have antitoxin antibody levels
above the predetermined ‘‘benchmark’’ levels
at 6 months. Only 30.8%, 58.3%, 60.9%,
32.3%, and 18.8% vaccinated subjects had ade-
quate titers at 6 months to the five toxin
serotypes A to E, respectively.12,17,18 The
‘‘benchmark’’ titers in this study were defined
as protective levels of antitoxin in guinea pigs,
that were achieved by passive transfer of
human botulinum toxin immune globulin,
and that resulted in 80% survival of the
guinea pigs after a lethal aerosol toxin chal-
lenge dose of 25 � LCt50. The ‘‘benchmark’’
titers to the five toxin serotypes were: toxin se-
rotype A (0.20 IU/mL), B (0.014 IU/mL),
C (0.058 IU/mL), D (0.055 IU/mL), and
E (0.014 IU/mL).12 Of note, the benchmark
level of 0.20 IU/mL for toxin serotype A
was higher than that observed in previously
reported studies, where 0.02 to 0.04 IU/mL
titers ranges were protective,5,8,12-14 and attrib-
uted to a higher toxin challenge dose with toxin
serotype A of 80 � LCt50 instead of 25 � LCt50.
Antitoxin titers with PBT Lot PBP-004
(other PBT lot currently in use at this time)
were similar to Lot PBP-003, with the exception
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that antitoxin titers elicited to toxin serotype B
were statistically significantly lower than with
Lot PBP-003.

The addition of a 6-month dose of PBT in
the MDH Harris study resulted in increased
antitoxin levels at 4 weeks post vaccination.
However, antitoxin levels declined again
by month 12, to levels observed before the
6-month dose. Thereby, the data suggested
that a 6-month dose of PBT was necessary to
maintain ‘‘adequate’’ antitoxin titers, and that
the 12-month booster dose was still required to
maintain protective titers.

Annual Potency Studies
The two aspects to the potency testing for the
PBT are (1) the animal resistance to challenge
testing and (2) the antibody induction compo-
nent. A decline in potency test results to the
PBT was initially noted beginning in 2001. In
the animal resistance to challenge aspect of the
potency test, guinea pigs are vaccinated with
one injection of 1.0 mL (volume of two
human doses) of the PBT and then given a
lethal IP challenge 4 weeks later with each of
the five toxin serotypes. Only toxin serotypes A,
B, and C currently pass the potency challenge
aspect of the potency testing (pass requires
50% or greater animal survival). Failure of
toxin serotype D and E was initially noted
beginning in 2001 (< 50% survival).

In the antibody induction component of the
potency test, guinea pigs are vaccinated with
one injection of 1.0 mL (volume of two
human doses) of the PBT. A minimum level
of neutralizing antibodies must be present on
serum collected 30 days postvaccination,
as measured by a mouse bioassay. Induction
of antitoxin levels required for the five toxin
serotypes are: toxin A (� 0.02 IU/mL), toxin B

(� 0.01 IU/mL), toxin C (� 0.40 IU/mL), toxin
D (� 0.12 IU/mL), and toxin E (�0.035 IU/
mL). PBT Lot PBP-003 currently passes
antibody induction potency testing to only
toxin serotypes A and B (antibody induction
with PBT Lot PBP-004 currently passes only
for toxin serotype A). The other toxin serotypes
(C, D, and E) initially failed in antibody induc-
tion potency testing between 2001 and 2003.

Postimmunization Titers in
Pentavalent Botulinum Toxoid–
Vaccinated Individuals at the
United States Army Medical
Research Institute of Infectious
Diseases

Antitoxin titers to toxin serotypes A, B, and
E obtained from at-risk laboratory workers at
USAMRIID were consistent with results of the
recent potency testing. Antitoxin titers were
obtained at 28 ± 7 days after the primary
series or after a booster dose of PBT Lot
PBP-004, and also as yearly surveillance titers
during the time period from 1999 to 2002,
using a mouse neutralization assay (Batelle
Laboratories, Columbus, OH).16

Nearly all individuals (30/32 [94%] vacci-
nated subjects) who received the primary
series of PBT Lot PBP-004 (2001-02) had
detectable antitoxin levels to toxin serotype
A (� 0.02 IU/mL) obtained between days 21
and 60 after the primary series (Table 31-1).16

At day 21 to 60 post-booster dose of the
PBT, 54/54 (100%) vaccinated individuals
had detectable titers to toxin serotype A, with
52/54 (96%) vaccinated individuals having
higher antitoxin levels (detectable antitoxin

TABLE 31-1 Percentage of Vaccine Recipients with Detectable Antitoxin (On Undiluted Serum
Specimen) to Toxin Serotypes A, B, and E Post Primary Series

Percentage of Vaccine Recipients with Detectable Antitoxin Titer by Time
Post-primary Series (undiluted serum)*

Toxin
Serotype 21-60 days 2-6 months 6–12 months 12–24 months

>24
months

A 30/32 9/12 4/12 3/5 1/5

B 5/7 1/2 0/1 0/0 1/1

E 1/7 1/2 0/1 0/0 0/1

*Presence of antitoxin on an undiluted serum specimen corresponds to antitoxin titer of � 0.02 IU/mL for toxin serotype A, � 0.005

IU/ml for toxin serotype B, and � 0.013 IU/ml for toxin serotype E.
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on a 1:16 dilution of serum which corre-
sponded to a titer of � 0.32 IU/mL) that were
deemed adequate for delay of the booster for
another year (Tables 31-2 and 31-3).

However, results of antitoxin titers to toxin
serotype E were consistent with the failing
potency testing to toxin serotype E.16

Detectable antitoxin titers to toxin serotype E
(�0.013 IU/mL) were observed in only one of
seven vaccinated subjects 21 to 60 days post
primary series given from 1999 to 2001
(see Table 31-1). Only 10/15 (67%) vaccinated
individuals had detectable titers at 21 to
60 days post booster dose, with only 6/15
(40%) achieving higher antitoxin levels for
deferment of the booster dose for another
year (corresponding with an antitoxin level of
� 0.21 IU/mL) (see Tables 31-2 and 31-3).

For toxin serotype B, detectable antitoxin
titers (� 0.005 IU/mL) were seen in five of
seven vaccinated individuals at day 21 to
60 post primary series from 1999 to 2001

(see Table 31-1). After a booster dose, detect-
able antitoxin was noted in all 15 vaccinated
subjects, with 10 of 15 vaccinated subjects
having higher antitoxin titers that would
permit deferment of the booster dose (corre-
sponding to a level of � 0.079 IU/mL)
(see Tables 31-2 and 31-3).16

Antitoxin titers obtained at 6 to 12 months
after the PBT, although detectable in 16/24
(67%) and 10/24 (42%) persons to toxin
serotypes B and E, respectively, were only pres-
ent in a small percentage of vaccines at higher
titers that would allow for deferment of a boos-
ter dose for another year (7/24 and 3/24
to toxin serotypes B and E, respectively)
(see Tables 31-2 and 31-3). However, most
vaccinated subjects (28/37 [76%]) still had
higher titers to toxin serotype A on a 1:16
dilution of serum obtained 6 to 12 months
after the booster dose of vaccine, and more
than 50% (7/12) had higher titers at 12 to
24 months (see Tables 31-2 and 31-3).16

TABLE 31-2 Percentage of PBT Boosters with Antitoxin to Toxin Serotypes A, B, and E Post
Booster Dose on Undiluted Serum Specimens

Percentage of Vaccine Recipients with Detectable Antitoxin Titer by Time
Post-Booster Dose (undiluted serum)*

Toxin
Serotype 21–60 days 2–6 months

6–12
months

12–24
months

24–48
months

>48
months

A 54/54 7/7 35/37 11/12 10/10 21/21

B 15/15 7/8 16/24 18/25 14/26 46/49

E 10/15 4/8 10/24 12/25 14/26 33/49

*Presence of detectable antitoxin on an undiluted serum specimen corresponds to antitoxin titer of � 0.02 IU/mL for toxin serotype

A, � 0.005 IU/mL for toxin serotype B, and � 0.013 IU/mL for toxin serotype E.

TABLE 31-3 Percentage of Pentavalent Botulinum Toxoid Boosters with Antitoxin to Toxin
Serotypes A, B, and E Post Booster Dose on Diluted (1:16) Serum Specimens

Percentage of Vaccine Recipients with Detectable Antitoxin Titer by Time
Post-Booster Dose (1:16 diluted serum)*

Toxin
Serotype 21–60 days 2–6 months

6–12
months

12–24
months

24–48
months

>48
months

A 52/54 6/7 28/37 7/12 5/10 10/21

B 10/15 6/8 7/24 3/25 5/26 20/49

E 6/15 0/8 3/24 2/25 4/26 12/49

*Presence of detectable antitoxin antibody on a 1:16 dilution of serum corresponds to antitoxin titer of � 0.32 IU/mL for toxin

serotype A, � 0.079 IU/mL for toxin serotype B, and � 0.21 IU/mL for toxin serotype E.
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Revisions to the Pentavalent
Botulinum Toxoid Protocol

Based on the results of the MDS Harris project
that demonstrated the need for a 6-month PBT
dose and the results of the failing potency
and immunogenicity studies, the following
revisions were made to the PBT protocol
(IND 161) in 2004. A 6-month dose of the
PBT was added (following the initial 3 injec-
tions at 0, 2, and 12 weeks), but the
12-month mandatory booster dose was still
maintained, owing to the decline of antitoxin
titer by 12 months (decline of titers in MDS
Harris study was to levels observed before the
6-month PBT dose). Owing to the declining
potency studies, booster doses were now
required yearly, and antitoxin titers were no
longer required. The resulting PBT dosing
regimen was essentially the same as the initial
PBT dosing regimen in 1959, with the excep-
tion of the addition of a 6-month dose
(which was even suggested as a potential
requirement in the initial PBT study published
by Fiock in 1962). PBT Lot PBP-003 replaced
the use of Lot PBP-004 for at-risk laboratory
workers at USAMRIID beginning in 2005,
owing to the continued passing of Lot
PBP-003 to both toxin serotypes A and B
on potency testing (PBP-004 passes potency
testing to only toxin serotype A). Last, the
protocol scientists no longer noted potential
protection of PBT against all five toxin
serotypes, based on the failing potency studies
to some of the toxin serotypes.

Adverse Events

The PBT clinical experience has indicated the
PBT to be safe. Ninety percent of vaccinations
(330 of 367 vaccinations given to 183 at-risk
individuals at USAMRRID between August
2005 and August 2007) were associated
with either only mild or no local reactions.20

The most common local reactions observed
were erythema, induration, tenderness or pain,
localized pruritus, and warmth. Moderate local
reactions (erythema or induration �30 mm but
<120 mm) were associated with only 9% of
vaccinations, and severe local reactions
(erythema or induration �120 mm, or axillary
lymph node enlargement and/or tenderness)
were observed in less than 1% of vaccinations
(3 of 367 injections). Systemic adverse events
were associated with 38/367 (10%)

vaccinations, and were mild and self-limiting.
Most commonly reported systemic reactions
were malaise or fatigue, headache, myalgia,
light-headedness, and lower back pain.

Data from USAMRIID are consistent with
data from the CDC from more than 20,000
vaccinations that also showed local reactions
to be the main adverse event, with 91% of vac-
cinations associated with either only mild or
no local reaction.21 Systemic reactions with
the PBT reported by the CDC were also uncom-
mon (5% of vaccinations) and generally mild.
Systemic adverse events included fever,
malaise, headache, myalgia, stiffness/soreness
of neck or back, and hives or pruritus.

Botulinum toxin type A (i.e., Botox and
Botox Cosmetic, Allergan, Inc, Irvine, CA) and
botulinum toxin type B (Myobloc, Solstice
Neurosciences, Malvern, PA) have been
approved by the US Food and Drug
Administration (FDA) for therapeutic and
cosmetic uses. These products have been
approved by the FDA for indications such as
treatment of strabismus, blepharospasm, cervi-
cal dystonia, temporary improvement in the
appearance of moderate to severe glabellar
lines associated with corrugator and procerus
muscle activity, and severe primary axillary
hyperhydrosis; but the products have also
been used off-label for multiple other indica-
tions, including treatment of both migraine
and tension headaches.22-25

Antitoxin antibodies may develop during
treatment with these toxin preparations.26-29

Studies have reported a correlation with botu-
linum toxin antibodies and some response fail-
ures with botulinum toxin A preparations.27-29

Thereby, individuals who receive the PBT may
theoretically have a decreased or possibly no
therapeutic response with the future use of
these products. Antitoxin titers to toxin sero-
type A may persist in individuals who received
from one to three doses of PBT in 28%
of individuals (serum titers > 0.02 IU/mL)
even 18 to 24 months later, and detectable
antitoxin titers may be observed in 99% of
these individuals after a booster dose given at
18 to 24 months.7 There are no data concern-
ing induction of memory response in PBT
vaccinated individuals after injection with the
botulinum toxin type A and B therapeutic
products. However, individuals are cautioned
on the potential decrease in treatment response
to future use of the toxin A and B therapeutic
products, before receiving the PBT. Although
PBT does not result in cross-neutralizing anti-
bodies to type F botulinum toxin,30 the
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decreased duration of therapeutic effect for
dystonias with type F toxin (investigational)
compared with type A toxins may limit clinical
use of type F toxins.29,33

Current Status of Pentavalent
Botulinum Toxoid

Because of the limited supply of PBT vaccine
stocks, compounded by decreasing potency
and immunogenicity of the PBT in vaccinated
individuals, efforts have been under way to
develop a replacement vaccine against botuli-
num neurotoxin that will be available for
(1) at-risk workers for botulinum neurotoxin
and (2) volunteers who are vaccinated for the
purpose of obtaining protective antibodies for
production of human botulinum immune
globulin to treat infant botulism (Baby BIG).
At-risk individuals for botulinum toxin
include laboratory workers and researchers
working directly with large quantities of toxin
(especially those conducting animal studies or
working in manufacturing facilities producing
therapeutic botulinum toxin preparations),
and a select population of individuals in gov-
ernment agencies responsible for Homeland
Security.

STRATEGIES AND
PROGRESS TOWARDS
DEVELOPING FUTURE
VACCINE CANDIDATES

Formalin-Inactivated Toxoids

Production of formalin-inactivated toxoids
requires partially purified culture supernatants
to be treated exhaustively with formaldehyde
within a dedicated high-containment labora-
tory and by a highly trained staff.34 Both the
need for multiple injections to achieve and sus-
tain antitoxin titers and the relative impurity of
formalin-inactivated toxoids are thought to
contribute to the local adverse reactions associ-
ated with the PBT.

Vaccine candidates for protection against
botulinum toxin include formalin-inactivated
toxoids (a tetravalent toxoid for toxin serotypes
A, B, E, and F and a monovalent toxoid for
toxin serotype F) made with similar metho-
dology as the formalin-inactivated PBT.35,36

Recently, a bivalent AB botulinum toxoid
(BBT) was developed, based upon the

experience with the PBT, that optimized the
following manufacturing issues: (1) the use of
animal protein-free media to eliminate the
risk of bovine spongiform encephalopathy,
(2) additional filtration steps to reduce bio-
burden, (3) use of depth filtration to facilitate
product recovery and process scale up,
(4) improvements in detoxification and adju-
vant adsorption steps, and (5) reduction of
formaldehyde levels in the final toxoid product
to reduce local reactinogenicity.37 Preclinical
studies demonstrated that a single dose
(1.0 mL) of the monovalent A and the mono-
valent B product comprising the BBT was
protective in the guinea pig model against in-
traperitoneal challenge with 105 LD50 of toxin
serotype A and B, respectively, and in the
mouse model against challenge with 103 LD50

of toxin. Immunogencity studies performed in
guinea pigs demonstrated neutralizing anti-
body levels of 8 IU/mL to toxin serotype A
after injection with 1.0 mL of the monovalent
toxoid (levels 50 to 100 times higher than gen-
erally observed with the PBT) and 1.25 IU/mL
to toxin serotype B (levels 10 to 20 times higher
than observed with the PBT).

Recombinant Subunit Hc
Vaccines

Development of recombinant vaccines against
clostridial neurotoxins was pioneered by
Helting and Nau38 and Fairweather and his
colleagues39 using tetanus toxin (TeNT) as the
model. They demonstrated that a C-terminal
fragment from TeNT heavy chain (receptor-
binding domain, Hc or fragment C) was able
to protect mice from active challenge with
tetanus toxin. The high sequence and structural
homology between TeNT and BoNT led scien-
tists at USAMRIID to take a similar approach
for BoNT recombinant vaccines. The 50-kDa
fragment C receptor-binding domain from
botulinum toxin serotype A was expressed
in Escherichia coli using both the native C. botu-
linum gene sequence40 and a codon-optimized
gene41 and shown to elicit protective immunity
in mice against native type A toxin chal-
lenges.40,41 Dertzbaugh and West42 expressed
in Escherichia coli overlapping BoNT/A
gene fragments (�15 kDa in size) that spanned
the entire neurotoxin protein. The recombinant
proteins were purified using preparative
SDS-PAGE. The denatured fragments were
inadequate at eliciting any notable protective
immunity in mice, inferring that properly
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folded epitopes were most likely required for
obtaining potent neutralizing antibodies.

X-ray crystal structures of BoNT/A43 (Fig.
31-1) and BoNT/B44 revealed that the recep-
tor-binding domains were composed of two
subdomains, referred to as Hc-N and Hc-C. In
an attempt to define the minimal fragment of
the Hc domain harboring protective antigenic
properties, Tavallaie et al45 produced
the BoNT/A(Hc) domain and each of its two
subdomains (A[Hc-N] and A[Hc-C]) in E. coli
and evaluated their immune response in the
mouse model. All three antigens produced
varying immunoglobulin levels as detected by
enzyme-linked immunosorbent assay (ELISA),
with the Hc-C subdomain evoking the highest
level of antibody. However, only the full Hc
domain protected mice from a challenge of
1000 mouse LD50 after a single vaccination
with 5 mg of antigen. Even with a single 10-mg
dose of the Hc-N or the Hc-C, or a mixture of
5 mg each of the Hc-N and Hc-C, there were
no survivors against the 1000 MLD50 toxin

challenge as opposed to a 90% survival rate
when mice were administered 5 mg of Hc and
100% survival if given a single dose of 10 mg.
If mice were administered three 10-mg doses of
Hc, Hc-N, or Hc-C antigen and challenged with
105 mouse LD50 toxin, complete survival was
observed with the Hc and the Hc-C vaccinated
mice, but only 30% survival with the Hc-N
vaccinated mice. The structural integrity at the
interface between the Hc-N and Hc-C subdo-
mains appeared to be an important factor in
eliciting the most robust protective immune
response in the mice. The single ganglioside
binding site on the Hc-C subdomain46,47 and
potentially a protein receptor–binding site
on the same subdomain are presumably
essential components of the immunodominant
epitope or epitopes on the C fragment, as
judged by the ability of the Hc-C subdomain
to elicit a much higher protective antibody
response after multiple vaccinations than the
Hc-N subdomain.

BoNT Hc antigens were originally produced
in E. coli to demonstrate proof of concept that
they were sufficient for eliciting short and long-
term protective immunity in animal models.48

For pilot lot manufacturing of the BoNT Hc
subunit proteins, the yeast expression system
Pichia pastoris proved to be a superior system
for their production.49,50 BoNT A(Hc),51-53

B(Hc),54,55 C(Hc),56 D(Hc),56 E(Hc),57,58

F(Hc)59,60 antigens were produced in P. pastoris
in high yields and shown to elicit significant
protective immunity in rodent (Table 31-4)
and nonhuman primate models.55,61

Phase I Clinical Assessment of a
rBV A/B Vaccine

Recombinant subunit Hc vaccines for serotypes
A and B were combined into a bivalent vaccine
(rBV A/B vaccine)62 and evaluated in a phase I
clinical trial. In this study, safety and immuno-
genicity of the vaccine at three ascending
dosage levels (5 mg, 10 mg, and 20 mg for each
serotype antigen adsorbed to 0.2% [w/v]
Alhydrogel [Brenntag Biosector, Frederikssund,
Denmark]) was assessed in 33 healthy adults.63

Volunteers received 0.5-mL injections intra-
muscularly (IM) at days 0 and 28, and were
followed for 12 months. BoNT neutralizing
antibody concentrations were measured using
a mouse neutralization assay. The initial (112
days after the second vaccination) study
results62 indicated that the vaccine was well tol-
erated at all dosage levels tested. The bivalent

FIGURE 31-1. Botulinum neurotoxin is composed of a

�50-kDa light chain (LC) and a �100-kDa heavy chain

linked by a single disulfide bond. The LC functions as a

zinc-dependent endopeptidase, whereas the heavy chain

contains two functional �50-kDa domains: a C-terminal

receptor-binding domain (Hc or fragment C) and an

N-terminal translocation domain (Hn). The Hc is subdivided

into a 25-kDa Hc-C terminal subdomain and an Hc-N amino

terminal subdomain. The Hc-C has a single ganglioside-

binding site. An amino acid sequence of �50 amino acid

residues (referred to as a belt) makes up the N-terminal

region of the Hn and wraps around LC domain. (Rendition

of BoNT/A structure was obtained from the Protein

Data Base (PDB) website: BoNT/A: http://www.rcsb.org/pdb/

explore/explore.do?structureId=3BTA Structure for BoNT/A

was from Lacy DB, Tepp W, Cohen AC, DasGupta BR,

Stevens RC. Crystal structure of botulinum neurotoxin

type A and implications for toxicity. Nat Struct Biol.

1998;5:898-902.) See Color Plate
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vaccine stimulated serotype-specific neutraliz-
ing antibodies among the majority of recipients
at all dosage levels studied. Geometric mean
antibody concentrations, as well as the propor-
tion of volunteers seroconverting, increased for
more than 3 months after the second vaccine
injection.63

In a separate arm of the phase I study, the
impact of the Alhydrogel adjuvant on the safety
and immunogenicity in vaccinated volunteers
was assessed.64 Healthy volunteers received IM
vaccinations on days 0 and 28 with 0.5 mL of
rBV A/B containing 20 mg of each BoNT antigen
formulated in buffer with 0.2% Alhydrogel, or
20 mg of each BoNT antigen formulated in
buffer without Alhydrogel. Again, the rBV A/B
vaccine was safe and well tolerated, whether
or not it was adsorbed to 0.2% Alhydrogel or
devoid of adjuvant. The vaccine, when formu-
lated with Alhydrogel, stimulated serotype-
specific neutralizing antibodies among the
majority of recipients. Serum geometric mean
neutralizing antibody concentrations, as well as
the proportion of volunteers seroconverting,
increased for at least 3 months after the
second vaccine injection. In the absence of

adjuvant, each BoNT Hc antigen (20 mg) was
poorly immunogenic, especially for the BoNT/
B(Hc) vaccine component.64

Protection from botulism was demonstrated
in guinea pigs passively immunized with botu-
linum immune globulin (BIG) purified from
the vaccine recipients in the phase I clinical
trial.65 In this study, guinea pigs were passively
immunized by IP injection with hBIG A/B
or immune globulin negative for BoNT-
neutralizing antibodies. Twenty-four hours
later, guinea pigs were challenged by IM injec-
tion with BoNT/A or BoNT/B levels that were
approximately 10 times greater than the guinea
pig IM median lethal dose for both BoNT ser-
otypes. The average circulating neutralizing
antibody concentration at the time of challenge
in the passively immunized guinea pigs was
0.07 ± 0.017 U/mL for BoNT/A and 0.029 ±
0.028 U/mL for BoNT/B. Nine of 10 of the
passively immunized guinea pigs survived
challenge with either BoNT/A or BoNT/B and
none of the surviving guinea pigs had clinical
signs of botulinum intoxication. All guinea pigs
in the negative control group died within
48 hours of challenge.65

TABLE 31-4 Protective Efficacy and Immunological Response of Pichia pastoris Produced
Botulinum Neurotoxin (Hc) Antigens in Mice

% Survival Against Direct
Challenge*

Antigen{
Number
of Doses

103

LD50

104

LD50

105

LD50

106

LD50

GM ELISA
titer

Serum
neutralization

BoNT A
(Hc)

1 ND 100 90 60 615 1.16 IU/mL
2 ND 100 100 100 29,548 20.97 IU/mL
3 ND 100 100 100 97,776 79.20 IU/mL

BoNT B
(Hc)

1 100 90 100 ND 1,678 0.13 IU/mL
2 100 100 100 ND 89,144 28.67 IU/mL
3 100 100 100 ND 97,776 28.67 IU/mL

BoNT C
(Hc)

1 90 50 70 ND 4,032 0.11 IU/mL
2 100 100 100 ND 373,442 284 IU/mL
3 100 100 100 ND 470,507 451 IU/mL

BoNT D
(Hc)

3 ND ND 100 ND 310,419 ND

BoNT E
(Hc)

1 20 30 0 ND 138 0.06 IU/mL
2 89{ 100 80 ND 74,100 1.41 IU/mL
3 100 100 100 ND 242,000 48.20 IU/mL

BoNT F
(Hc)

1 100 90 100 ND <100 <0.05 IU/mL
2 100 100 100 ND 10,640 23.74 IU/mL
3 100 100 100 ND 24,405 70.66 IU/mL

BoNT, botulinum neurotoxin; ELISA, enzyme-linked immunosorbent assay; GM, geometric mean.

*Ten mice per group.
{All groups received 1 mg of vaccine except BoNT D (Hc) group which received 5 mg vaccine.
{Eight of nine survivors.
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Delivery of Hc Antigens by
Intranasal Administration

The route of BoNT Hc vaccination in most of
the animal studies described in the literature
has been with the traditional IM or subcutane-
ous injection of antigen adsorbed to an alumi-
num adjuvant. Recently, monovalent and
trivalent A, B, and E BoNT (Hc) vaccines in
phosphate-buffered saline were tested in the
mouse model using an intranasal delivery to
induce both a mucosal and systemic immune
response.66 Two mucosal adjuvants, chitosan
and a water-soluble form of vitamin E TPGS
(d-alpha tocopheryl polyethylene glycol 1000
succinate), were evaluated as mucosal adju-
vants. In one part of this study, mice were vac-
cinated at 0, 2, and 4 weeks by an intranasal
administration of 20 mg of either monovalent
or trivalent Hc vaccine devoid of adjuvant or
admixed to either chitosan or vitamin E adju-
vant. Coadministration of adjuvant with vac-
cine resulted in a significantly higher level of
IgG and IgA than vaccine without adjuvant and
vitamin E adjuvant yielded higher immuno-
globulin titers (by ELISA) than with the
chitosan adjuvant. All animals vaccinated sur-
vived a challenge of 3�104 mouse LD50,
whereas unvaccinated controls succumbed to
challenge.66

Naked DNA and Recombinant-
Vector Hc Vaccines

Presentation of BoNT Hc antigens in animal
models has included delivery not only of pur-
ified macromolecules but also by naked DNA
vaccines67-70 and by recombinant-vector vac-
cines.71-74 Early naked DNA vaccine research
inserting the Hc genes for types A, B, and E
toxins in plasmids under the control of the
CMV promoter67,68 lead to a fairly inadequate
immune response in mice and poor to no
protection against toxin challenges. Bennett
et al69 reported more encouraging results
using a yeast codon-optimized F(Hc) gene
under the control of the cytomegaloviral
(CMV) promoter, whereas Jathoul et al70

demonstrated a more effective DNA vaccine
when the F(Hc) gene was under the control
of a human ubiquitin gene (UbC) promoter.
In this case, two IM injections with 100-mg
DNA vaccine afforded 90% protection against
a BoNT/F challenge of 104 mouse LD50. Saikh
et al75 compared the immune response of

tetanus toxin DNA vaccine using a TeNT Hc
gene under the control of the Rous sarcoma
virus (RSV) promoter with that of a recombi-
nant tetanus toxin Hc protein and the tetanus
toxoid. The DNA vaccine consistently produced
a lower neutralizing antibody response in mice
than the recombinant purified Hc antigen or
toxoid. Although specific T-cell proliferation
resulted from all vaccines tested, cytotoxic T-
cell responses dominated the DNA vaccina-
tions. Hc and toxoid vaccines elicited T-helper
type-2 responses, whereas the DNA vaccine
exhibited T-helper type-1 responses. The
authors noted that the lower neutralizing anti-
body response with the DNA vaccine was not
due to an insufficient level of Hc being pro-
duced in vivo but rather a result most likely
of a less efficient mode of antigen presentation
for supporting antibody production.

Recombinant-vector BoNT Hc vaccines to
include Venezuelan equine encephalitis
(VEE) virus vector system,71,72 attenuated
Salmonella enterica var typhimurium strains,73

and an adenovirus-vectored vaccine74 have
demonstrated promise in small animal
models, but their efficacy and safety in larger
animals and humans is unknown. Lee et al72

described a multivalent vaccine (against
Marburg virus, Bacillus anthracis and botuli-
num neurotoxins serotypes A and C) vectored
and delivered by VEE virus replicon particles
(VRP). Mice receiving three parenteral inocu-
lations of the VRPs at 107 IU (infectious units)
were completely protected against a challenge
of 103 LD50 of BoNT/A or BoNT/C. Foynes
et al73 evaluated the feasibility of an orally
delivered F(Hc) vaccine using an Salmonella
enterica var typhimurium. Mice were inoculated
intragastrically with two doses (0 and 21 days)
of 1–5 � 109 cells of attenuated Salmonella
harboring an F(Hc) gene under the control
of various promoters and challenged with
104 LD50 type F toxin. Although vaccinations
induce low serum antibody levels, protection
from challenge ranged from 40% to 73%
depending on the promoter used in the
genetic construct. Zeng et al74 constructed
and tested a replication-incompetent adenovi-
rus BoNT/C(Hc) vaccine using a recombinant
human serotype 5 adenoviral vector and a
codon-optimized gene for C(Hc) protein.
After a single IM dose of 2 � 107 plaque form-
ing units (pfu), mice elicited a robust serum
antibody response against the C(Hc) antigen
and were completely protected against a
challenge of 100 LD50 of BoNT/C as late as
7 months postvaccination.
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Domains Other than Hc as
Vaccine Candidates

Undoubtedly, the BoNT Hc domain has been
the most thoroughly studied subunit in botuli-
num neurotoxin in terms of its production
capacities in various recombinant host systems
and in its quality attributes as a vaccine candi-
date to include safety, efficacy, potency and
stability profiles. Recombinant light chains
(LC) for serotype A,76-79 B,80 and C81 were
expressed and purified from E. coli in catalyti-
cally active forms and their ability to induce
protective antibodies in mice assessed.
Refolded light chain76 from E. coli inclusion
bodies were enzymatically active against a
synaptosomal-associated protein with Mr = 25
kDa (SNAP-25) substrate and functionally
inhibited exocytosis-dependent plasma mem-
brane resealing in sea urchin eggs, but failed
to elicit any protective immunity in mice
when vaccinated with 3 doses of 15 mg A(LC)
per dose adsorbed to 0.2% Alhydrogel and
challenged with as little as 100 LD50 BoNT/
A.76 When A(LC) was solubly expressed and
purified from E. coli, the A(LC) again failed to
elicit protective immunity when it was stored in
an acetate buffer.79 However, when the A(LC)
had its buffer changed to a phosphate buffer,
protective immunity in mice was then observed
after vaccination.79 Interestingly enough, when
an A(LC + belt) fusion protein was produced
recombinantly and stored in an acetate buffer,

it had the ability to elicit protective immunity
in the mouse.79 Three doses of 5 mg of A(LC)
in acetate buffer was unsuccessful at protecting
mice from a challenge of 103 LD50 of BoNT/A,
whereas 5 mg of A(LC+belt) in acetate buffer
fully protected mice from the same challenge
level.79 BoNT B(LC)80 and C(LC)81 both
elicited protective immunity in mice when
administered by parenteral inoculation.

Recombinant A(LC + Hn) fusion pro-
tein,79,82 rHC (heavy chain),83 and atoxic
(genetically inactivated protease) holotoxins
for types A84 and C81 toxins elicited a formida-
ble protective immunity against homologous
toxin challenges in mice. Webb et al84 used a
mouse potency assay85 to measure and
compare the ability of recombinant subtype
A1 antigens to elicit protective immunity
against other subtype neurotoxins86,87 from
the C. botulinum Hall strain (subtype A1
toxin), C. botulinum FRI-honey strain (subtype
A2 toxin), and subtype A3 toxin from C. botu-
linum Loch Maree strain (Table 31-5). In the
potency assay,85 seven groups of mice
(10 mice per group) are administered a single
IM injection of antigen adsorbed to 0.2%
Alhydrogel adjuvant. Mice receive in a dose
escalation, 0.011 mg (Group 1), 0.033 mg
(Group 2), 0.1 mg (Group 3), 0.3 mg (Group
4), 0.9 mg (Group 5), 2.7 mg (Group 6), or
8.1 mg (Group 7). Mice are challenged
21 days post-vaccination with 1000 mouse
(IP) LD50 of A1, A2 or A3 neurotoxin.
Survival data were analyzed by Probit analysis,

TABLE 31-5 Effectiveness (ED50) of Recombinant Botulinum Neurotoxin Type A Antigens to
Elicit Protective Immunity in Mice Against Serotype A Toxin Subtypes Using a Mouse Potency
Assay

Antigen* BoNT A1{ BoNT A2{ BoNT A3{

BoNT A(LC) No survivors ND ND

BoNT A(LC + Hn) 89 ng 209 ng 192 mg

BoNT A(HC) 52 ng 6 mg 18 mg

BoNT A(LC + Hn) +
BoNT A(Hc)

14 ng 254 ng 739 ng

Atoxic BoNT A(HT) 18 ng 132 ng 144 mg

BoNT, botulinum neurotoxin; HC, heavy chain; LC, light chain; ND, not determined.

*Antigens adsorbed to 0.2% Alhydrogel were administered (single intramuscular injection) to 7 groups of 10 mice per group in a

dose escalation manner at 0.011 mg (Group 1), 0.033 mg (Group 2), 0.1 mg (Group 3), 0.3 mg (Group 4), 0.9 mg (Group 5), 2.7 mg
(Group 6), and 8.1 mg (Group 7).
{Mice were challenged 21 days postvaccination with 1000 mouse LD50 of either Subtype A1 neurotoxin from Clostridium botulinum

Hall strain, subtype A2 neurotoxin from C. botulinum FRI-honey strain, or subtype A3 from C. botulinum Loch Maree strain.

Challenges were by intraperitoneal injection of toxin. Survival rates were assessed 4 days postchallenge and survival data was

analyzed by Probit analysis (95% confidence limits). Effective antigen dose for 50% survival (ED50) were then noted.
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and the effective dose (ED50) to protect
50% of the mice from the challenge was deter-
mined. The antigens used in the study were
recombinant A1(LC), A1(LC + Hn), A1(Hc),
A1(LC + Hn) + (Hc), and an atoxic A1 holo-
toxin with genetic mutations in the protease
active site rendering the catalytic activity inac-
tive. The light chain domain (see Table 31-5) is
the least immunogenic domain in BoNT/A,
with no survivors after a single vaccination.
The atoxic holotoxin and the vaccine combina-
tion of LC + Hn fusion and Hc yielded similar
ED50s (18 ng vs 14 ng) when mice were chal-
lenged with subtype A1 toxin, whereas LC + Hn
alone had an ED50 of 89 ng. The fragment
C (Hc) had an ED50 of 52 ng against A1
toxin but was not as good as the LC + Hn,
atoxic holotoxin, or LC + Hn/Hc when A2
and A3 were used as the toxin for challenging
(see Table 31-5). These studies did not include
recombinant heavy chain because it is difficult
producing stable heavy chain protein.

Synthetic Peptide Vaccines

Atassi et al88-93 mapped the antibody and T-cell
recognition regions on the N-terminal region
of the heavy chain (residues 449–859)
and the C-terminal region of the heavy chain
(residues 855–1296) using antibodies from
human, horse, chicken, and mouse species.
Localization of immune recognition regions
on the BoNT molecule is an important first
step for inclusion in the design of an effective
synthetic vaccine against botulism. However,
there has been no peptide or combination of
peptides reported to have the ability to induce
a strong protective immunity in animal models
against botulinum toxin. And based on the
work of Dertzbaugh and West42 (described ear-
lier), a synthetic peptide vaccine strategy may
be an impossible task.

SUMMARY

All three architecturally sound and correctly
folded domains (i.e., the catalytic, translocation
and receptor-binding domains) of botulinum
neurotoxin have the capacity to elicit varying
degrees of protective immunity in animal
models and may offer further approaches to
the development of recombinant botulinum
vaccines. Conformationally correct epitopes
appear to be the primary determinant for
inducing notable levels of toxin-neutralizing

antibodies, highlighting the importance of the
B-cell response in adaptive immunity.
Botulinum toxin vaccines are necessary to
protect a limited population at risk from the
toxin and are not vaccines that, in all probabil-
ity, will be widely distributed to the general
population, not only because of the ever-
expanding clinical use of the toxins but also
because it is hard to imagine any risk assessment
that would justify vaccinating an entire popula-
tion against botulinum toxin.94
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FIGURE 31-1. Botulinum neurotoxin is composed of a �50-kDa light chain (LC) and a �100-kDa heavy chain linked by a single

disulfide bond. The LC functions as a zinc-dependent endopeptidase, whereas the heavy chain contains two functional �50-

kDa domains: a C-terminal receptor-binding domain (Hc or fragment C) and an N-terminal translocation domain (Hn). The Hc is

subdivided into a 25-kDa Hc-C terminal subdomain and an Hc-N amino terminal subdomain. The Hc-C has a single ganglioside-

binding site. An amino acid sequence of � 50 amino acid residues (referred to as a belt) makes up the N-terminal region of the

Hn and wraps around LC domain. (Rendition of BoNT/A structure was obtained from the Protein Data Base (PDB) website:

BoNT/A: http://www.rcsb.org/pdb/explore/explore.do?structureId=3BTA Structure for BoNT/A was from Lacy DB, Tepp W, Cohen

AC, DasGupta BR, Stevens RC. Crystal structure of botulinum neurotoxin type A and implications for toxicity. Nat Struct Biol.

1998;5:898-902.)



32Properties of
Pharmaceutical

Products of Botulinum
Neurotoxins

Hans Bigalke

INTRODUCTION

Botulinum neurotoxins (BoNT, terminology
proposed by Niemann1) are produced by sev-
eral Clostridia species including C. barati2 and
C. butyricum.3 The neurotoxins (MR 150,000)
are embedded within a complex of various
sizes depending on the serotype. Botulinum
neurotoxin type A (BoNT/A)–complex may
have an MR of 900,000 (LL), 600,000 (L),
and 300,000 (M). The complexing proteins
consist of hemagglutinins with MR between
17,000 and 52,000, as well as of a nontoxic
nonhemagglutinating protein (NTNH) with a
MR of 120,000. The latter protein is the
connecting link between the neurotoxin and
the various hemagglutins. In case NTNH is
nicked, the hemagglutinins dissociate out of
the complex and the M-complex emerges
consisting of the neurotoxin and the NTNH
(see later). The complexing proteins enhance
oral toxicity by stabilizing the neurotoxins, pro-
tecting them from the hostile environment in
the stomach and upper gut and, most likely,
facilitate their absorption from the intestine
as shown for types A and C1 neurotoxins.4,5

The complex is stable at acidic conditions,
which only makes sense from the view of the
clostridium. The toxin, produced in organic
matter, must withstand the acidic and pro-
tease-rich environment after ingestion. When
pH increases higher than 7, the neurotoxin
desintegrates from the complex.6 This neuro-
toxin is the active ingredient that causes botu-
lism. BoNT/A proteins produced by the same
species are almost identical; however, when the

same serotype proteins are produced by a dif-
ferent group of organisms, their amino acid
sequence can differ,7,8 as seen in the cases of
Botox (Allergan, Inc, Irvine, CA) and Dysport
(Ipsen, Milford, MA) (see later).

The clostridial neurotoxins belong to the
so-called AB class of toxins. They consist of
two separate parts with different functions.
The larger (B, or binding) part (MR 100,000)
navigates the smaller (A, or active) part, the
enzymatic part (MR 50,000), through the
plasma membrane into the compartment,
where its substrate is localized. The organism
produces the toxin as an inactive single chain
protein, which, to become active, must
be cleaved by limited proteolysis at a distinct
nicking site. Physiologically, nicking is
performed by coreleased clostridial proteases,
which can, however, be replaced by trypsin or
various other proteases.9 The resulting two pro-
teins are still connected by an inter-chain disul-
fide bond and ionic interactions. This so-called
di-chain protein represents the actual neurotox-
in (MR 150,000). Inside the neurons, the two
chains have to be cleaved by endogeneous
redox systems, because it is only the free
enzyme that is proteolytically active.10,11

Thus, intracellular enzymes that physiologi-
cally protect cells from the destructive action
of free radicals are used to convert the prodrug,
the inactive di-chain molecule into the active
drug, the light chain enzyme.

As a result of Dr. Scott’s original recognition
of their therapeutic value, which gave rise
to the remarkable success of these otherwise
deadly poisons, botulinum neurotoxins have

Dr. Bigalke is disclosing that he has given lectures in workshops sponsored by Allergan, Ipsen, and Merz, respectively. Dr. Frevert is
disclosing that has employed by Merz Pharmaceuticals since October 2007.
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been used for therapeutic purposes for more
than three decades.12 At present, four different
pharmaceuticals containing BoNT/A are on
the market: Botox, Dysport, Xeomin (Merz
Pharma, Greensboro, NC), Hengli (Chinese
BoNT/A complex [CBTX-A], Lanzhou Institute
of Biological Products, Shanghai, China).
There is one product on the market that con-
tains BoNT/B: Neurobloc/Myobloc (Solstice
Neurosciences, Malvern, PA). They are
approved for various indications. With respect
to the growing market, it can be expected that
other products will be available soon with the
same or different properties and qualities. In
this chapter, the commercially available pro-
ducts are described with respect to content,
potencies, and immunologic properties.

MANUFACTURING OF
BOTULINUM TOXIN
CONTAINING
PHARMACEUTICALS

Because of proprietary concerns, only scarce
information is available about the manufactur-
ing process of the different pharmaceuticals
containing botulinum toxin. In general, the
production of the drug substance (active phar-
maceutical ingredient) starts with the fermen-
tation of the respective type of Clostridium
botulinum. The Hall strain is used for the
production of BoNT/A-containing products
Botox, Xeomin, and the CBTX-A, whereas
Dysport is derived from strain NCTC 2916.
The production of Neurobloc/Myobloc starts
with the fermentation of C. botulinum type B
(‘‘bean’’ strain isolated at Fort Detrick).

After fermentation of Clostridium botulinum,
the toxin is harvested by acid preparation,

followed by extraction, precipitation with etha-
nol, and the toxin is finally crystallized in 0.9 M
ammonium sulfate.6 This procedure pro-
vides a toxin complex with a molecular
weight of 900 kD (the so-called LL complex,
see later), which is the active toxin product in
Botox. Instead of the ethanol precipitation
and crystallization steps used to produce
Botox, an anion exchange chromatography
step (DEAE), followed by final precipitation
with ammonium sulfate is used to produce
the active substance for Dysport.13,14 The pro-
duction of the active substance of Xeomin
employs the same initial steps as the other
products. Contaminating clostridial proteins
including the complexing proteins are sepa-
rated by ion exchange chromatography. In
contrast to the other products, Xeomin is
free of any complexing proteins. To produce
the active substance of Myobloc/Neurobloc,
the toxin is also harvested after fermentation
by acid precipitation, followed by extraction
of the toxin and a series of ammonium sulfate
precipitations. The toxin is finally purified by
anion exchange chromatography (DEAE) and
size exclusion chromatography.15,16

This short overview shows that there are sev-
eral differences in the manufacturing processes
that might affect the properties of the drug sub-
stances, for example, the structure of the active
substance and the presence of other proteins.

DRUG SUBSTANCE

The characteristics of the active substance (drug
substance, active pharmaceutical ingredient)
are summarized in Table 32-1.

The active substance of all botulinum
neurotoxin products is the neurotoxin with a
molecular weight of approximately 150 kD.

TABLE 32-1 Characteristics of the Active Substance of Botulinum Toxin Containing
Therapeutics

Botox Dysport CBTX-A Xeomin
Neurobloc/
Myobloc

Clostridial strain Hall A NCTC 2916 Hall A Hall A ‘‘Bean’’ strain

Molecular
composition

900 kD
neurotoxin
complex

Mixture of
600-kD and
300-kD
neurotoxin
complexes

900-kD
neurotoxin
complex
(probably)

150-kD
neurotoxin

700-kD
neurotoxin
complex

Clostridial protein
per mouse
LD50 unit

48 pg 25 pg 47 pg 6 pg 11 pg
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The neurotoxin is synthesized by the clostridia
as a single polypeptide, which is cleaved by an
endogeneous protease into two subunits that
remain linked by an interchain disulfide
bond. Whereas the cleavage in the type A
neurotoxin is almost complete (> 95%),17 the
type B neurotoxin is only partially severed.18

In Myobloc/Neurobloc, the proportion of
uncleaved neurotoxin is between 22% and
26%.19 Only the dichain molecule exhibits its
full biologic activity. The single chain neurotox-
ins are almost inactive.

Only under slightly acid conditions as in the
fermenter broth is the 150-kD neurotoxin asso-
ciated with the other clostridial proteins, form-
ing toxic complexes of various compositions.20

The complexing proteins protect the neurotox-
in after oral ingestion against the harsh condi-
tions in the intestinal tract and allow the
resorption of the active neurotoxin21,22; they
do not contribute to the active mechanism
of the neurotoxin at the motor endplate. In
Table 32-2, the different forms of the com-
plexes are summarized and the commercial
products are related to the respective forms.

The sizes of the complexes are determined
by sedimentation in a sucrose gradient and
given by the sedimentation constant.23

The 19S (900-kD) complex is found only
in cultures of C. botulinum type A and not in
type B or the other serotypes. The 900-kD
and the 600-kD complexes consist of the neu-
rotoxin, the nontoxic nonhemagglutin protein
(molecular weight 120 kD) and four hemagglu-
tinins (molecular weight 17 kD to 52 kD).24

The stoechiometric composition of the com-
plexes is not known. It was speculated that the
900-kD complex is a dimer and contains two
neurotoxin molecules,24 but there is no exper-
imental proof supporting this hypothesis. In
contrast, it was shown by structural analysis
of the respective hemagglutinin that this

hemagglutinin cannot function as a link to
build a dimer.25

As shown in Table 32-2, the products con-
tain different forms of the neurotoxin
complexes or the neurotoxin alone. Botox con-
tains solely the 900-kD complex. According to
Hambleton,14 the active substance of Dysport
consists of a mixture of toxin complexes with
molecular weights of 300 kD (M complex)
and 600 kD (L complex). The composition of
CBTX-A is not published. Because a similar pro-
duction process is used as for Botox, it can be
assumed that CBTX-A contains also the 900-kD
complex. The drug substance of Myobloc/
Neurobloc consists of the 700-kD (600-kD)
complex of C. botulinum type B.19 Xeomin is
based on the 9S neurotoxin lacking any com-
plexing proteins.26

Although the complexing proteins have no
impact on the active mechanism of the neuro-
toxin, it was hypothesised that the form of the
complex influences the diffusion of the toxin,
that is, that according to Fick’s law, the 900-kD
complex in Botox diffuses less than the smaller
complexes in Dysport.27,28 This should even
more apparent for the complex protein-free
neurotoxin. A faster diffusion out of the treated
muscle could induce more systemic adverse
effects. There is, however, no experimental
proof for this hypothesis, in contrast, Dodd
et al29 have demonstrated that after injection
into the m. tibilials anterior of rats, the spread
of Botox, Dysport, and pure neurotoxin into an
adjacent muscle did not differ. More recently, it
was demonstrated that diffusion of radiolab-
eled complexed toxin and complexing
protein-free neurotoxin, both type A, did not
differ either when injected into rats’ gastrocne-
mius muscle.30 These results could be expected
because the complexes are stable only under
slightly acidic conditions (pH < 7).6,23 At phys-
iologic pH (7.4), the neurotoxin dissociates

TABLE 32-2 Different Forms of Botulinum Neurotoxin Type A According to Sugyama23 1980

Type of Complex/
Neurotoxin Composition

Molecular
Weight

Specific Activity
(LD50 Units/mg
protein) Product

19 S LL NT, NTNH, HAs 900 kD 4.0 - 4.8 � 107 Botox CBTX-A

16 S L NT, NTNH, HAs 600 kD 4.0 - 4.8 � 107 Myobloc Dysport

12 S M NT, NTNH* 300 kD 7.2 - 8.0 � 107 Dysport

9 S S NT 150 kD 1.6 - 2.0 � 108 Xeomin

HAs, hemagglutinins; NT, neurotoxin; NTNH, nontoxic nonhemagglutinating protein; NTNH*, nicked NTNH.
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from the other complexing proteins31 and dif-
fuses as a single molecule in exactly the same
way as the complexing protein-free neurotoxin
into the tissue to the motor endplate.

Although data about the purity of the active
substance of Botox, Xeomin, CBTX-A and
Myobloc/Neurobloc are not published, there
is some information in the public domain
about the active substance of Dysport. Pickett
et al32 showed that beside the neurotoxin with
heavy and light chains, the other complexing
proteins are present. The bulk of the NTNH
protein is nicked by limited proteolysis into
two fragments of lower molecular weight
(115 kD and 5 kD). Neither fragment is able
to bind the other hemagglutinins, leading to
dissociation of the LL complex into a mixture
of M complexes and hemagglutinins.33 It can,
therefore, be concluded that Dysport consists
predominantly of the M complex (300 kD).
This is also suggested by the fact that the
hemagglutinins are present only in a small
amount. In addition to the known complex
proteins Dysport contains further clostridial
proteins: a clp protease and flagellin, a protein
that forms the flagella of motile bacteria.32

CBTX-A is presumably produced according
to the procedure described by Schantz and
Johnson6 and consists of the 900-kD complex.

DRUG PRODUCT

The drug products are manufactured according
to similar procedures. After assessing the
potency of the drug substance solution, a
defined volume (calculated form the potency
of the solution) is diluted into different excipi-
ents.14 A volume that contains the respective
activity of the end product is filled into vials
and the solution is lyophilized, vacuum dried
(Botox), or is not further processed and
provided as a solution (Myobloc/Neurobloc).
The characteristics of the drug products are
summarized in Table 32-3.

All neurotoxin products contain a protein as
a stabilizer that serves especially to prevent the
adsorption of the toxin to glass and plastic sur-
faces. CBTX-A formulation contains gelatin
whereas the other products use human serum
albumin in different amounts. Compared with
the other products, Dysport contains the lowest

TABLE 32-3 Characteristics of the Botulinum Toxin Therapeutics

Feature Botox Dysport CBTX-A Xeomin
Neurobloc/
Myobloc

Manufacturer Allergan Inc Ipsen
Biopharm
Ltd

Lanzho
Institute of
Biological
Products

Merz Pharma Solstice

Type of toxin Type A Type A* Type A Type A Type B

Dose in units
per vial

100 or 50 500 100 100 5000, 10000, or
20000

Protein
stabilizer

0.5 mg HSA 0.125 mg HSA 20 mg gelatin 1 mg HSA 0.5 mg/mL HSA

Other
excipients

0.9 mg NaCl 2.5 mg Lactose 25 mg Dextran
25 mg Sucrose

25 mg Sucrose 10 nM sodium
succinate

100 nM sodium
chloride, sodium
octanoate

pH=5.6

Type of
formulation

Vaccum dryed
powder

Lyophilisate Lyophilisate Lyophilisate Liquid

Storage 2-88C 2-88C -58C to -208C Room
temperature

2–88C

Stability 2 y 1 y 3 y 2 y 3 y

Stability after
opening

24 h at 2-88C 8 h at 2–88C 4 h at 2–88C 24 h at 2–88C 8 h at room
temperature

CBTX-A, Chinese BoNT/A complex.

*The amino acid sequence of this neurotoxin type A is slightly different from the other type A neurotoxins (Pickett et al. 2005).
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amount of albumin. Using an in vitro activity
assay (mouse hemidiaphragm) Bigalke et al34

showed that at higher dilutions of Dysport
(500 U in >5 mL) the concentration of albu-
min is not sufficient to prevent the loss of toxin
completely. This might explain why an appar-
ently higher dose of Dysport than that of the
other type A products has to be injected to
achieve a comparable therapeutic effect.

Other excipients (e.g., sugars) act as bulking
agents in the freeze-drying process and may
also stabilize the toxin. The use of sodium
chloride is detrimental in a lyophilization
procedure.35 Botox contains sodium chloride,
which may be the reason why the toxin is
vaccum dried.

The products are stored in different condi-
tions. Xeomin is stored at room temperature.
The other products are stored at 28 to 88C or
frozen like the Chinese product CBTX-A.

PROTEIN LOAD AND
SPECIFIC POTENCY

The amount of clostridial protein in a vial
cannot be quantified experimentally because
of the tremendous surplus of human serum
albumin. Based on its specific potency, the
active substance (in mg/mL) is diluted several
thousand fold to end up with the respective
concentration (e.g., few nanograms per millil-
eter). Therefore, the amount of clostridial
protein in a vial can be calculated only from
the specific potency and the dilution factor
of the active substance. Because there is no
international standard, each company uses its
own standard to determine botulinum toxin

activity. Moreover, variations in the bioassay
that is used for determination of activity
is large when different laboratories were com-
pared.36 Thus, the units marked on the label of
the different products might not be equivalent.

The content of clostridial protein in a vial
depends on the specific potency of the active
substance and is different in the products, as
can be seen in Table 32-4.

The specific potency is defined by the mouse
LD50 U related to the amount of clostridial
protein. Schantz and Johnson6 described the
specific potency for the 900-kD complex with
3�107 LD50 ± 20% U per mg protein.
This would correspond with 2.4 to 3.6 ng
clostridial protein per 100-U vial. The actual
amount published by Allergan for Botox is
5 ng. Presumably a part of the neurotoxin is
denatured during the formulation process.
This assumption is confirmed by a recent
patent application filed by Allergan,37 in
which the average specific potency of the
active substance is reported to be 28 pg/LD50
U. Therefore, 2.8 ng would suffice to provide
100 LD50 U per vial. Because considerably
more toxic complex must be formulated,
a part of the neurotoxin seems to be inactivated
during the formulation process and is present
as a toxoid.

The information about the protein content
of Dysport is contradictory. Until 2005, an
amount of 12.5 ng clostridial protein per vial
was communicated by Ipsen (company leaflet
for Dysport published in 1994). But a poster
presentation by Pickett et al32 indicated that the
amount was 5 ng/vial, and in a subsequent
article by Pickett et al,38 the protein load
of Dysport was reported to be 4.35 ng. The
authors do not provide any explanation for

TABLE 32-4 Content of Drug Substance in Drug Product

Feature Botox Dysport CBTX-A Xeomin
Neurobloc/
Myobloc

Molecular
composition

900-kD
complex

Mixture of 600-kD
and 300-kD
complex

900-kD
complex ?

150-kD
neurotoxin

700-kD
complex

Clostridial
protein per
vial

5 ng 12.5 ng 4.7 ng 0.6 ng 55 ng (5000 U)

Clostridial
protein per
unit

50 pg 25 pg 47 pg 6 pg 11 pg

CBTX-A, Chinese BoNT/A complex.
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the discrepancy. Thus, it is hard to calculate
from these conflicting statements the actual
specific activity.

The toxin B complex represented by
Myobloc/Neurobloc exhibits a higher potency
than the type A complex16 if determined in
mice. Approximately 11 pg represents the
median lethal dose.

The neurotoxin in Xeomin shows relatively
high specific potency, corresponding to 6 pg/
MLD, possibly reflecting the low mass of the
protein (see Table 32-2).

IMMUNOLOGIC PROPERTIES

Treatment with biologic drugs can cause an
immune response. Even an active substance
with the same amino acid sequence as the
native human protein (e.g., insulin, human
growth hormone, and erythropoietin) may
elicit antibodies.39 Several product-specific
factors influence the immunogenicity of thera-
peutic proteins, for example, impurities,
aggregation, formulation, and degradation
(oxidation, deamidation). Impurities and
contaminants were identified as the main
cause for immunogenicity of human insulin
and growth factor.39 In addition, host-specific
factors also determine the immunologic
response, for example, frequency of treatment
and genetic predisposition of the patient.39 As a
foreign protein, botulinum toxin is inherently
immunogenic. Because this therapeutic protein
is administered only in extremely small quan-
tities and in long intervals, most patients do
not develop antibodies. Nevertheless, botuli-
num neurotoxin elicits antibodies in some
patients that can neutralize the neurotoxin
and terminate the therapy.

Although Botox, Dysport, CBTX-A, and
Xeomin are based on the same active sub-
stance, the 150-kD botulinum neurotoxin
type A substance, the products are not identi-
cal. Differences between the products can influ-
ence the immune response against the active
substance. The products differ in their manu-
facturing process and their formulation and,
furthermore, they contain a different set of
other (complexing) proteins. These differences
could affect the immune response to the neu-
rotoxin. The complexing proteins (especially
the hemagglutinins) elicit antibodies in 40%
to 60% of patients treated with the complex-
containing products Botox and Dysport.40,41

In contrast, the proportion of patients
with antibodies against the neurotoxin

remains small. It was demonstrated that
patients with antibodies only against the com-
plexing proteins still respond to the therapy,
that is, antibodies against the complexing pro-
teins are non-neutralizing, whereas antibodies
against the neurotoxin can prevent the thera-
peutic effect, that is, they cause secondary
nonrespose.40 Besides the NTNH protein
(responsible for binding the neurotoxin into
the complex), the other complexing proteins
are hemagglutinins. These proteins act as lectins
with high specificity to galactose-containing
glycoporteins or glycolipids.42 Lectins are
known to function as immune adjuvants. For
example, the cell-binding subunit of ricin,
which resembles one of the C. botulinum he-
magglutinin (HA 1), stimulates the antibody
production against a virus antigen.43

From vaccination experiments, it is known
that the magnitude of an immune response
against an antigen is predominantly deter-
mined by the concomitant administration of
such an adjuvant.41 Lee et al44 could show
that the hemagglutinins act as adjuvants,
which enhance the antibody titer against the
neurotoxin type B. Atassi,45 however, pointed
out that a formalin inactivated toxin (toxoid)
was used in much higher doses (about 100,000
fold) than the therapeutic dose, and therefore,
the results were not relevant for the clinical sit-
uation. Furthermore, the injections were made
in weekly intervals, which does not reflect cur-
rent therapeutic recommendations. Although
the hemagglutinins acted as adjuvants in
these experiments, it is not clear yet if they
enhance the immune response against the neu-
rotoxin administered in therapeutic doses.

The antibody response is also influenced by
the amount of protein applied to the patient.
This amount depends on the specific potency
of the active substance. Botox consists of the
900-kD complex, and it contains relatively
high amount of other clostridial proteins (com-
plexing proteins); the neurotoxin represents
approximately only 20% of the complex. As
mentioned earlier, the specific potency of
Botox seems to be diminished in the formula-
tion process, that is, a part of the neurotoxin
(about 40%) is denatured and could act as an
antigen.37 Despite these theoretical concerns,
the current Botox product, however, is associ-
ated with very low risk of blocking antibo-
dies,46 suggesting that factors other than
complexing proteins determine the products’
immunogenicity.

Dysport contains predominantly the 300-kD
complex besides the 600-kD complex.14
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This might be the reason why the specific
potency of Dysport (1U = 25 pg) is higher
than that of Botox (1U = 50pg) because the
proportion of the neurotoxin in the lower
molecular weight complexes is higher. It is dif-
ficult to estimate, however, the actual amount
of neurotoxin that reaches the patient’s tissue
when Dysport is applied. Because the concen-
tration of albumin in this product varies
depending on the volume of the solvent and
is not sufficient at larger volumes, the neuro-
toxin binds irreversibly to glass and plastic sur-
faces and a part of the neurotoxin is lost before
it reaches the patients’ tissue. Although the
dose of Dysport is often 3 to 5 times higher
than that of Botox, the actual amount of neu-
rotoxin injected into the muscle might be sim-
ilar to the respective amount of Botox.34

The active substance of Dysport contains
some impurities not related to the complexing
protein.32 Besides other clostridial proteins, a
flagellin, a protein that is known for its immu-
nostimulatory properties, is present.47 It reacts
with Toll-like receptor 5 and induces the
maturation of dendritic cells. Lee et al48

showed that the addition of flagellin to tetanus
toxoid in a vaccination experiment enhanced
the antibody titer against tetanus toxin.
However, it is difficult to estimate the immu-
nologic effect of flagellin in Dysport because
the dose of flagellin in vaccination experiments
was much higher than the amount of flagellin
in a therapeutic dose of Dysport.

It is not known whether the immunologic
potential of the neurotoxin type B is different
from that of the BoNT/A. A vaccine based on
the pentavalent botulinum toxoid induced
a markedly higher antibody titer against
BoNT/A than against the BoNT/B.49 But the
antigenic potential might be influenced by the
fact that the neurotoxins were inactivated by
treatment with formalin. When comparing

the BoNT/A with BoNT/B, it has to be consid-
ered that BoNT/B contains a proportion of
nonactivated neurotoxin (single-chain toxin),
which could act as a toxoid.50 In terms of
mouse LD50 units, the specific activity of
Myobloc is remarkably higher (1 U = 11 pg)
than the specific activity of the type A–
containing products. However, a substantially
higher dose of Myobloc/Neurobloc than the
doses of toxin A–containing products has to
be injected to achieve a similar therapeutic
effect. Thus, the specific potency in human
is much lower (estimated 40-fold lower51).
Table 32-5 gives an overview of the average
protein load for the treatment of cervical
dystonia.

The higher amount of BoNT/B applied with
Myobloc/Neurobloc might be the reason why
patients develop antibodies and become non-
responders to the neurotoxin after only a few
treatments.52,53 The proportion of patients
treated with Botox or Dysport who develop
antibodies against the neurotoxin type A is in
the range of 1%.46,54,55 Because Xeomin has
been in clinical use for a relatively short time
compared with the other products, data about
the immunologic potential of this product are
not yet available.
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33Comparative Clinical
Trials of Botulinum

Toxins

Dirk Dressler and Cynthia Comella

INTRODUCTION

Edward Schantz and Alan B. Scott pioneered
the use of botulinum toxin (BoNT) as a thera-
peutic agent in the 1970s.1 In 1979, Schantz
and colleagues at the University of Wisconsin
prepared 150 mg of twice-crystallized botuli-
num toxin serotype A, which was approved
for human use in the United States in 1989
for the indications of strabismus, blepharo-
spasm (BEB), and other disorders of the
seventh cranial nerve. The original batch of
botulinum toxin serotype A (BoNT/A; Botox,
lot 79-11) was the only commercially available
botulinum toxin for human use until the year
2000. From 2000 to present, four brands of
BoNT have become available. There are three
brands of BoNT/A (Botox [Allergan, Irvine,
CA], Dysport [Ipsen, Milford, MA], and
Xeomin [Merz, Greensboro, NC]) and one
brand of BoNT/B, Myobloc/NeuroBloc
(Solstice Neurosciences, Malvern, PA).

Despite the widespread use of the various
brands and serotypes, the comparability of
the different formulations of BoNT remains
an open question. BoNT is a complex biologic
molecule. In contrast to other medicinal
products, each serotype has a distinct pharma-
cology and mechanism of action. There are no
equivalent plasma concentrations to compare.2

Within a single serotype, pharmacologic differ-
ences may arise from differences in prepara-
tion, type and quantity of associated proteins,
and varied methods in assessing potency

(see Chapter 32). Comparability is further
complicated by widely differing injection
schemes (including target muscle selection,
dosages, injection sites), dilutions, application
techniques, and treated patient population.3

Finally, the standard clinical outcomes used
to assess severity of dystonia may not be sensi-
tive to small differences between groups. Given
the multiplicity of these factors, comparative
trials of different brands may show conflicting
results. At this time, there is no definitive infor-
mation to guide the clinician in choosing one
toxin over the other. This chapter focuses on
the electrophysiologic effect of BoNT brands
in humans and highlights clinical comparisons
among the different BoNT brands for dosing,
clinical efficacy, and adverse effects.

BOTULINUM NEUROTOXIN
BRANDS: MOUSE UNITS

In making comparisons of BoNT brands and
serotypes, it is important to understand the
concept of BoNT dose in mouse units (mu).
The mouse lethality assay is a biologic
assay used to define the activity of BoNT.
The potency of BoNT is indicated as mouse
units. One mouse unit is defined as the
amount of BoNT required to kill 50%
(LD50) of a certain weight, strain, and sex
of mice.4 Although it is well defined, potency
as defined by this biologic assay may vary

Dr. Dressler is disclosing that he has acted as a consultant for Allergan, Ipsen, Merz, Desitin, Medtronic, and Cephalon. Dr. Comella is
disclosing that she has acted as a consultant for Allergan, Merz, UCB, and Boehringer. Also, she has received contracted research support
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from one particular test system to another.5

Hence, it is not surprising that dosages of
botulinum toxin may vary depending on the
preparation of the toxin. For the three brands
of serotype A commercially available, doses of
Botox for cervical dystonia (CD) range from
100 to 300 U per injection series,6 Xeomin
appears to have the same dose range as
Botox,7 and Dysport dosing ranges from 500
to 1000 U.8 Not surprisingly given the basic
differences among serotypes, the dosing of
BoNT/B as Myobloc/NeuroBloc has a much
different dose range than do the brands of
BoNT/A. The usual dosing of Myobloc/
NeuroBloc for CD ranges from 2500 to
10000 U, with some extending the maximum
dose as high as 25,000 U.9

COMPARATIVE EFFECTS OF
BOTULINUM NEUROTOXIN
IN A SINGLE MUSCLE

Direct comparisons of BoNT/A (Botox) and
BoNT/B (Myobloc/NeuroBloc) have been
conducted in single muscles and in patients.
In normal extensor digitorum brevis muscle
(EDB M), M wave amplitudes were compared
following injections of BoNT/A and BoNT/
B.10 In this study, the outcome measure was
the postexercise facilitation of the EDB
M wave following 10 seconds of exercise.
Measures were obtained at baseline and 2,
6, 9, and 14 days following injection.
Subjects were followed using the same
measure at 7, 11, 15, 27, 42, and 57 weeks
following injection to determine duration of
effect. The decrement in M wave amplitude in
the EDB occurred 2 weeks following a dose
of 320 to 480 U of BoNT/B and 7.5 to 10 U
of BoNT/A and was greater with BoNT/A than
with BoNT/B. Whether M wave amplitude is
a reliable measure of clinical response or
whether the doses of BoNT/A (7.5–10 U)
and BoNT/B (320–480 U) used in this
study are comparable is not clear. In the
BoNT/B-treated muscle, M wave amplitude
returned to normal after 11 weeks. In
BoNT/A injected muscle, there was a sus-
tained reduction in M wave amplitude that
was still present at 57 weeks following
injection.10 It may be that increasing the
dose of BoNT/B would have prolonged
the duration of this effect, but this cannot
be accurately extrapolated from the data avail-
able in the study.

COMPARATIVE BoNT
EFFECTS IN
BLEPHAROSPASM AND
HEMIFACIAL SPASM

Three studies have compared BoNT brands for
the treatment of BEB and hemifacial spasm
(HFS) (Table 33-1). Two studies compared
Dysport and Botox. Both studies compared
a conversion ratio of Botox to Dysport of
1:1.4.11,12 In one study, a single-blind, paral-
lel-group design in 91 BEB and HFS patients
was used with duration of effect as the primary
outcome. Maximal benefit is not given. In this
study, 24% of the Dysport group and 12% of
the Botox group required booster treatments.
Overall, the duration of effect did not differ
between the groups, (Dysport 12.8 ± 5.6
weeks versus Botox 13.1 ± 11.8 weeks),
although there was marked of variability in
the outcome. The frequency of adverse effects
was similar for the two brands.11

A second study in 212 patients with BEB
used a randomized, double-blind crossover
study design. Again no efficacy data are pro-
vided. The duration of effect was similar for
Dysport and Botox (8 weeks), but the fre-
quency of side effects, particularly ptosis, was
reduced in those receiving Botox (Dysport
6.6% versus Botox 1.4%).12 A third study
compared Botox and Xeomin in 302 BEB
patients enrolled in 42 study sites. This study
used a conversion ratio of Botox to Xeomin of
1:1 and was designed as a noninferiority study.
Both treatment groups showed similar efficacy
on the Jankovic Rating Scale sum score, as well
as other efficacy measures. Duration of effect
(110 days) and adverse effects did not differ
between the groups.13

COMPARATIVE EFFECTS OF
BOTULINUM NEUROTOXIN
IN CERVICAL DYSTONIA

Botulinum Neurotoxin Type A
(Botox) and Botulinum
Neurotoxin Type B (Myobloc/
NeuroBloc) for Cervical Dystonia

There are two clinical trials that have compared
BoNT/A with BoNT/B in the treatment of CD
(Table 33-2). The ABCD trial evaluated efficacy,
adverse effects, and duration of benefit in

399COMPARATIVE CLINICAL TRIALS OF BOTULINUM TOXINS



TABLE 33-1 Controlled Studies Comparing Brands of BoNT for Treatment of Blepharospasm (BEB) or Hemifacial Spasm (HFS)

Study
Disorder,
Study Aim

BoNT Comparison
Ratio and Dose Study Design Results Comments

Sampaio et al11 BEB n = 42
HFS n = 49
Comparison of duration

of benefit, booster
injections needed,
efficacy and side effects

Botox:Dysport = 1:4
Botox: 25 mu
Dysport: 100 mu

Randomized, parallel
group, single blind

3 centers

No efficacy data
Duration of benefit:

Botox 11.2 weeks
Dysport 13.3 weeks

Adverse effects:
Botox: 47%
Dysport: 50%

High variability in
patient responses in
both groups

Endpoint for duration of
benefit defined as a
patient reported
waning of effect

Nüssgens et al12 BEB n = 212
Prior treatment with BoNT
Comparison of efficacy,

duration of effect, and
side effects

Botox:Dysport = 1:4
Botox: 45.4 mu
Dysport: 182 mu

Randomized, crossover,
double blind, single site

No efficacy data
Duration of benefit:

Botox: 8 weeks
Dysport: 8 weeks

All adverse effects:
Botox: 17%
Dysport: 24%
(p <.05)

Ptosis:
Botox: 1.4%
Dysport: 6.6%
(p<.01)

Botox dilution 4 mL/
100 mu

Dysport dilution 5 mL/
500 mu

No defined endpoint for
duration of benefit

Roggenkämper et al13 BEB n = 304
Previous response to

Botox
Comparison of efficacy,

duration of benefit and
side effects

Botox:Xeomin = 1:1
Botox: 41 mu
Xeomin: 40 mu

Randomized, parallel
group, double blind

42 centers in Europe,
Israel

Similar improvement in
Jankovic Rating Scale
sum

Botox: 2.65
Xeomin: 2.83
p < 0.0001 for change

from baseline
p >.05 Xeomin compared

with Botox
Duration:

Similar duration:
(median 110 days)

Adverse effects:
Similar frequency and
type

Duration of effect
determined through
patient interview

Adverse effects, mild to
moderate in 90% in
both groups

Similar outcomes with
either toxin.
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TABLE 33-2 Controlled Studies Comparing Brands of BoNT for Treatment of Cervical Dystonia (CD)

Study
Disorder,
Study Aim

BoNT Comparison
Ratio and Dose Study Design Results Comments

Comella et al14 CD n = 139
Previous response to

Botox
Comparison of

efficacy, duration
of benefit and
adverse effects

Botox:Myobloc/
NeuroBloc = 1:40

Botox: 205 mu
Myobloc/NeuroBloc:

8520 mu

Randomized,
parallel group,
double blind

19 centers in the
United States

Improvement in total TWSTRS (21%) and
subscales of TWSTRS similar between
groups

Duration in those with benefit
Botox: 14.0 weeks
Myobloc/NeuroBloc: 12.1 weeks
p = .033

Adverse effects:
% change dry mouth
Botox: 9% (p = .70)
Myobloc/NeuroBloc: 43% (p � 0.0001)
% change dysphagia
Botox: 4% (p = 0.25)
Myobloc/NeuroBloc: 34% (p = 0.0009)

Duration if assessed in
all patients (those
with and without
benefit at week 4) did
not differ

Pappert et al18 CD n = 111 in ITT
n = 93 in analysis
Naive to BoNT
Non-inferiority trial

comparing
efficacy, duration
of benefit and
side effects

Botox:Myobloc/
NeuroBloc =
1 mu:67 mu

Botox: 150 mu
Myobloc/NeuroBloc:

10,000 mu

Randomized,
parallel group,
double blind

24 sites in Europe

Improvement in total TWSTRS 21% and
TWSTRS subscales similar between
groups.

Duration:
13.4 weeks; no difference between
groups

Adverse effects:
Dry mouth
Botox: 7.3%
Myobloc/NeuroBloc: 39.3%
p = 0.0001

Dysphagia:
Botox: 14%
Myobloc/NeuroBloc: 16%
p = 1.0

Noninferiority study
showed no
differences other than
dry mouth. Did not
collect adverse effects
at baseline prior to
injection.

Did not systematically
interview for side effects.

Did not include 13 patients
from 1 site for protocol
violations

Tintner et al17 CD n = 20
Previously treated
Comparison of

autonomic
dysfunction

Botox:Myobloc/
NeuroBloc = 1:50

Botox: 227 ± 83 mu
Myobloc/NeuroBloc:

12,083 ± 5899 mu

Randomized,
parallel group,
double blind

1 site

Overall improvement TWSTRS
approximately 29% (not analyzed)

No change in orthostatic hypotension,
blood pressure, heart rate, respiration,
papillary reactions

Dysphagia:
Botox: 28%
Myobloc/NeuroBloc: 55%

Not significant:
Constipation
Botox: 0%

Major limitation is small
number of patients
(10 in each group)

Continued
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TABLE 33-2 Controlled Studies Comparing Brands of BoNT for Treatment of Cervical Dystonia (CD)—Cont’d

Study
Disorder,
Study Aim

BoNT Comparison
Ratio and Dose Study Design Results Comments

Myobloc/NeuroBloc: 33%
p = .037

Odergren et al20 CD (Rotational)
n = 73
Previous response to

Botox
To find dose

equivalence of
Dysport and
Botox

Dysport:Botox = 3:1
Botx: 152 M (range

70-240)
Dysport: 477 mu (range

240-720)

Randomized, parallel
group, double blind

7 study sites

Improvement in Tsui scale at week 4:
Dysport: 35%
Botox: 32%

Similar improvement in pain, patient and
investigator assessment of improvement

Similar type and percent of adverse events:
Dysphagia: 12%
Pharyngitis: 11%

Adverse effects
determined by
spontaneous report.

Botox responsive patients

Ranoux et al21 CD (n = 54)
Previous response to

Botox

Dysport:Botox = 3:1
and 4:1

Randomized, double
blind, 3 period
crossover:

Dysport:Botox = 3:1
Dysport:Botox = 4:1

% change in Tsui scale:
Botox: 38%
Dysport: 1:3: 49%
Dysport: 1:4: 55%

% change in TWSTRS pain scale:
Botox: 46%
Dysport: 1:3: 68%
Dysport: 1:4: 79%

Duration of effect:
Botox: 89
Dysport: 1:3: 97
Dysport: 1:4: 114

Adverse events:
Dysphagia
Botox: 3%
Dysport: 1:3: 15.6%
Dysport: 1:4: 17.3%

Percent with adverse effects:
Botox: 17.6%
Dysport: 1:3: 33%
Dysport: 1:4: 36%

Conclude that Dysport
more effective than
Botox at either 3:1 or
4:1, but higher
frequency of side
effects.

Benecke et al7 CD (n = 420)
Previous response to

Botox

Xeomin:Botox = 1:1
Xeomin: 140 mu
Botox: 139 mu

Randomized, parallel
group, double blind

Noninferiority
51 study sites

Improvement comparable in two groups
TWSTRS severity 33% improved
Cannot approximate for other scores
% with adverse events:

Botox: 24%
Xeomin: 28%

Data for TWSTRS
difficult to interpret.
small changes for
TWSTRS subscales

TWSTRS, Toronto Western Torticollis Rating Scale.
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BoNT/A (Botox) and BoNT/B (Myobloc/
NeuroBloc) using a blinded, randomized
study design in patients with CD, with respon-
siveness to BoNT established through prior
treatments and continued clinical responsive-
ness.14 Patients were treated using doses and
muscle selection previously shown to be effec-
tive, evaluated 4 weeks following injection for
maximal benefit, and followed at 2-week
intervals until loss of 80% of benefit to
estimate duration of effect. The treating inves-
tigator and rating investigator were not the
same to prevent unblinding. Side effects were
systematically obtained using a directed inter-
view. In this study, a conversion ratio of Botox
to Myobloc/NeuroBloc of 1:40 was used. There
were 139 patients randomized, two patients
(1%) were lost to follow-up, and 16 patients
(11%) showing no change in the Toronto
Western Torticollis Rating Scale (TWSTRS)15

score at week 4. This study showed equivalent
improvement in both treatment groups, with
an approximate 24% reduction in TWSTRS
score at week 4. Side effects were more frequent
in the Myobloc/NeuroBloc group for dysphagia
and dry mouth. The duration of effect in those
with improvement in TWSTRS following injec-
tion was longer in the Botox group by approx-
imately 2 weeks.14 The major limitation of this
study was the inclusion of patients previously
and successfully treated with Botox. Increased
frequency of systemic autonomic adverse
effects in the Myobloc/NeuroBloc treated
group supported previous observations, sug-
gesting different sensitivities of the motor and
the autonomic nervous systems to BoNT/A and
to BoNT/B.16,17

A recent noninferiority study using a
parallel-arm, blinded study design randomized
111 BoNT-naı̈ve patients with CD to either
Botox or Myobloc/NeuroBloc.18 In this study,
a conversion ratio of Botox to Dysport of 1:4-5
was used. Patients were assessed for maximal
improvement at week 4, and followed subse-
quently at 4-week intervals. Following adjust-
ments for differences in baseline TWSTRS, both
groups showed improvement of approximately
19% in total TWSTRS scores. The Myobloc/
NeuroBloc patients had an increased frequency
of mild dry mouth but did not differ from the
Botox group for moderate to severe dry mouth
or dysphagia. The duration of effect was 13.1
weeks for Botox and 13.7 weeks for Myobloc/
NeuroBloc, and did not differ between groups.
This study had several limitations. There were
18 patients (16% of those randomized) not
included in the analysis (13 patients were

excluded from one site due to lack of appropri-
ate training); the evaluations for the duration
of effect occurred at intervals of 4 weeks;
adverse effects were not systematically
obtained, relying on spontaneous reports by
the subjects; and the treating investigator was
also the rating investigator, which may have
been a source of unblinding.18

Dysport and Botox for Cervical
Dystonia

In an open label study, 48 patients with BEB,
CD, or HFS were switched from Dysport to
Botox using a conversion ratio of Botox to
Myobloc/NeuroBloc of 1:67. This study found
that Botox provided greater improvement,
fewer adverse effects, and a longer duration of
benefit (62 to 65 days for Botox versus 42 to 47
days for Dysport). However, these findings
must be interpreted cautiously given the lim-
ited number of patients, the lack of blinding,
and the possibility that the patient sample
enrolled was biased toward those not currently
experiencing sufficient benefit from Dysport.19

In contrast, a double-blind, randomized
study compared outcomes in 73 patients with
rotational CD, evaluating Botox and Dysport at
a conversion ratio of Botox to Dysport of 1:3.
Patients returned for assessment 2, 4, 8, and 12
weeks after treatment. These investigators
reported similar benefit, adverse effects, and
duration of benefit for the Dysport group
(mean dose of 477 mu, range 240 to 720
mu) and the Botox group (mean dose of 152
mu, range 70 to 240 mu).20

A second double-blind, randomized, three-
period crossover study involving 54 patients
with CD reported a different outcome. In this
study, CD patients received Botox at the usual
dose; Dysport at a conversion ratio of Botox to
Dysport of 1:3 and Dysport at a conversion
ratio of Botox to Dysport of 1:4. Patients receiv-
ing Dysport at either conversion ratio had
increased improvement over Botox, but also
had increased frequency of adverse effects,
although these were generally mild. They
concluded that the conversion ratio between
Botox and Dysport might be as low as 1:2.21

The REAL study was a retrospective study
that included six international study sites and
evaluated the doses of BoNT/A as Dysport or
Botox administered in a clinical setting without
pre-established guidelines that would be used
in a clinical trial. The study included 70 patients
CD and 44 patients with BEB patients who had
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received at least 1 year of either Dysport or
Botox before switching to the other brand for
at least 1 year. The overall conversion ratio of
Botox to Dysport was 1:4.5, but it ranged from
1:2 to 1:11. Although adverse events were more
frequent during treatment with Dysport (11%
of Dysport versus 4% of Botox), the mean total
toxin dose was lower in those reporting adverse
events. Although this study was not controlled
and efficacy was not systematically collected, it
shows that in clinical practice conversion
between Botox and Dysport varies greatly.
Given the fact that dosages influence the ther-
apeutic effect as well as the adverse effects, it is
not surprising that the variability of the conver-
sion factor used directly influences both
factors.

It may be that the use of clinical scales to
assess differences in effect among the BoNT
brand is an insensitive measure. Using volun-
tary electromyographic activity (M-EMG)
following BoNT injections into the sternoclei-
domastoid muscle in 34 patients, one study
found that Botox at doses of 20 to 60 mu
showed reduction in M-EMG of 80% to 85%.
With Dysport at doses of 100 to 500 mu,
M-EMG activity was reduced from 70% to
91%. Equivalent reductions in M-EMG were
found for 200 to 300 mu Dysport to 40 to
60 mu of Botox, suggesting dose ratios
between 5:1 and 7.5:1 may be equivalent.22

Xeomin and Botox for Cervical
Dystonia

There is only one study that directly compares
Xeomin and Botox in the treatment of CD. In
this double-blind, noninferiority study, 463
patients with CD were randomized to either
Xeomin or Botox, using a 1:1 conversion
ratio. There were 420 patients included. The
study demonstrated similar benefit from both
brands, and a similar side effect profile. The
investigators concluded that Xeomin was not
inferior to Botox at the doses administered.7

CONCLUSION

There are now four brands of BoNT available
for clinical use; three are based on BoNT/A and
one on BoNT/B. Each brand of BoNT is a com-
plex mixture of components, with BoNT being
the therapeutically active one. Each of these
components may influence the therapeutic effi-
cacy, adverse effects profile and antigenicity of

the particular BoNT preparation.6 Comparative
studies among these brands in the treatment of
CD, BEB, and HFS have not been able to estab-
lish simple dose equivalencies that can be used
in a clinical setting. Although studies to date
appear to support a dose ratio of 1 mu:1 mu
between Botox and Xeomin, confirmatory stu-
dies are needed. At present, clinicians should
consider each brand and serotype individually,
and not apply specific dose ratios when switch-
ing from one brand to another. It is likely that
the first choice of brand will not depend on
efficacy or side effect profile but may rest with
other issues including long term antigenicity.
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34Tetanus Toxin

Paul S. Fishman

INTRODUCTION

Clostridia tetani are anaerobic gram-negative
bacteria. Although the organism is sensitive to
heat and oxygen, its spores are highly resistant
and are capable of surviving boiling as well as
household disinfectants. The spores are ubiqui-
tous worldwide and can be found especially in
agricultural areas. Individuals may harbor
organisms in the gut, and the spores can be
found on the skin. In low oxygen environments
such as a wound,the spores will germinate.1

Tetanus toxin, also known as tetanospasmin,
is one of two toxins elaborated by the organ-
ism. The other, tetanolysin, is a hemolysin with
no known function or pathology. Under anaer-
obic conditions, the bacteria can be cultured in
bulk. These bulk cultures allow for high-yield
production of toxin protein for use as the start-
ing product for tetanus toxoid needed in the
vaccine industry.

CLINICAL TETANUS

Signs and Symptoms

Four forms of clinical tetanus have been well
described. Generalized tetanus, localized teta-
nus, cephalic tetanus,and neonatal tetanus.

Generalized Tetanus
Generalized tetanus is the most commonly
described form of clinical tetanus, accounting
for up to 80% of cases in which symptoms
commonly develop in a descending pattern.2

Difficulty opening the mouth due to tetanic
spasms of the masseter, known as trismus or
lockjaw, is the most common initial symptom.
Lockjaw is usually followed by neck stiffness
and difficulty swallowing. This is followed by
stiffness and spasms of the back, abdominal
and chest muscles, as well as flexion and exten-
sion of the limbs. The muscular spasms can be
extremely forceful, resulting in hyperthermia,

rhabdomyolysis, and even vertebral fractures.
Although the toxin is epileptogenic and the
spasms may resemble seizure activity, true sei-
zures appear to be rare, except in the circum-
stance of hypoxia.3 Tachycardia and
hypertension due to autonomic instability are
also commonly seen in generalized tetanus and
are a major source of morbidity and mortality.
Classic descriptions of generalized tetanus note
distortion of the face by muscle spasms, result-
ing in risus sardonicus, as well opistotonic pos-
turing of the back. Death due to generalized
tetanus is usually due to hypoxia secondary to
chest wall spastic immobility, hyperthermia,
and autonomic instability, and the rate has dra-
matically declined in the modern era in devel-
oped nations.4 The onset of symptoms,
although variable, is usually about 8 days
after an identified injury (range 3–21 days),
but in 10% to 20% of cases, a wound or
other portal for the bacteria cannot be identi-
fied. The incubation period has a direct relation
to prognosis, with more rapid onset of symp-
toms a harbinger of a more serious disease due
to greater elaboration of toxin. The course of
generalized spasms is usually 3 to 4 weeks, but
milder and more localized spasms can occur
for up to several months.

Localized Tetanus
Although many patients develop spasms
around the site of elaboration or a wound
during the course of their disease, in a minority
of cases (10% to 15%), these spasms remain
restricted without the appearance of symptoms
of generalized tetanus.5 These patients are
referred to as having localized or local tetanus.
Although the contractions can involve an entire
limb and be sustained for many weeks, it is a
milder form of the disease in which mortality is
rare (1%). Localized tetanic spasm as an initial
presentation of generalized tetanus is also
relatively rare in humans. Cases of localized
tetanus have been seen in previously but appar-
ently inadequately vaccinated persons and in
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individuals who received hyperimmune antite-
tanus antisera early after the appearance of
localized symptoms, likely aborting the pro-
gression to generalized tetanus.6

Cephalic Tetanus
The rarest and most poorly understood form of
tetanus is cephalic tetanus, which is usually
associated with wounds to the face or neck.7

Facial weakness, rather than active spasms,
occurs as well as dysphagia, diplopia, and
oculomotor paresis. Some of these symptoms
(facial weakness) are a result of a direct botuli-
num neurotoxin–like effect on release of acetyl-
choline at the neuromuscular junction, which
is rarely apparent in other forms of tetanus.8

Oculomotor dysfunction appears to be a
result of interference with neurotransmission
both of the neuromuscular junction and
within oculomotor nuclei of the brainstem.9

This syndrome can have the briefest incubation
period of adult forms of tetanus (1–2 days) and
can progress to generalized tetanus with a high
mortality rate if left untreated.

Neonatal Tetanus
The ubiquitous distribution of Clostridia tetani
spores in soil is the likely source of infection in
clinical neonatal tetanus. As with adult tetanus,
this form of generalized tetanus that occurs in
newborns is a result of a lack of maternal
immunity. Such infants are born without
any passive immunity, which would have
been derived from an adequately vaccinated
mother. The usual source of infection is the
umbilicus, usually through severing it during
childbirth with an unsterile instrument.10

This situation is compounded in some
cultures where soil is placed on the infant’s
cut umbilicus. Mortality can be as high
as 90%, especially when symptoms occur
within 48 hours of infection.11 Although with
adequate ventilatory support full recovery can
occur, both cognitive and motor residua have
been reported.12

PREVENTION OF CLINICAL
TETANUS

Epidemiology

In spite of the proven protective benefit of
vaccination against tetanus, there continues to
be significant morbidity and mortality from
clinical tetanus worldwide with more than

300,000 deaths per year. Lack of widespread
vaccination is the major factor driving the
persistent incidence of the disease in develop-
ing nations, whereas lack of access to mechan-
ical ventilatory support contributes to its high
mortality rate, particularly in the case of
neonatal tetanus. In the United States, there
are currently only 50 to 70 cases of tetanus
per year with comparable number of cases in
other developed nations.13 In some parts of the
world, practices in which the umbilicus is
exposed to earth, along with poor sterilization
of surgical instruments, contribute to a high
incidence and mortality of neonatal tetanus.
The mortality rate associated wtih clinical teta-
nus also increases in the elderly. Declining
immune resistance to the toxin with age leads
to more severe and prolonged disease in a more
frail population, with mortality rising to 50%
in patients older than 65 years.14 Routine
re-vaccination has been considered for this
population, which accounts for more than
80% of tetanus-related deaths in a developed
country. Factors relating to treatment such as
inadequate wound débridment, and access
to antibiotics and hyperimmune antitetanus
immunoglobulin also contribute to the high
(25% to 75%) mortality rate of adult tetanus
in developing countries.

Vaccination

Shortly after the discovery of the spores of
C. tetani as the causative agent of clinical teta-
nus in 1889, tetanus toxin was identified and
injected into animals. It was noted that sera
from animals that survived the clinical effects
of the toxin could confer immunity on other
individuals exposed to the toxin. This observa-
tion led by the 1920s to the development of
vaccination with an inactive form of the toxin
(toxoid) to raise antibodies that would be pro-
tective against the active toxin. Passive immu-
nization with hyperimmune sera was
introduced for both prevention of tetanus
after a potential wound exposure as well as
for treatment of clinical tetanus (where much
higher doses are required). In an effort to
reduce the incidence and severity of immune
reaction from equine antitoxin, human hyper-
immune tetanus gamma globulin (TIG) was
introduced in the 1960s.15 This product is in
use today and is titered in international units
(IU), which measure the ability of the antisera
to precipitate a standard amount of toxin pro-
tein. A serum level of 0.01 IU/mL of antitoxin
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is considered the minimal protective level in
humans.

Current treatment of wounds includes not
only local débridement (if evidence of an
infected wound) and antibiotics, but adminis-
tration of TIG, with the dose depending on the
type and severity of the wound and the history
of past TIG administration. Because of the
relative safety of TIG, its administration
(usually 250 U) is recommended if the history
of previous TIG exposure is unknown.16

C. tetani is currently grown in bulk for the
production of tetanus toxin (TTX) that can be
then inactivated with formaldehyde for use as a
toxoid in active immunization. Toxoid protein
is expressed as limits of flocculation (Lf), a mea-
sure of antigen that can be precipitated by a
fixed amount of antitoxin. Administration of
tetanus toxoid is recommended as a series
during childhood in combination with
vaccines against diphtheria and pertussis
(DTP). Tetanus toxoid vaccination is also
recommended as a booster immunization at
the time of treatment of a potentially tetanus-
contaminated wound, along with administra-
tion of TIG.17 Because of the declining
immune protection with age, boosting with tet-
anus toxoid has been recommended in adults
every 10 years. Although serious immune-
related side effects to tetanus toxoid injection
are rare, both local reactions and systemic
allergic reactions have been reported, leading
some experts to question current recommen-
dations for routine use of tetanus toxoid after
wounds.

Treatment

The administration of a high dose of TIG
(3000–6000 IU) is recommended at the time
of suspicion of signs or symptoms of clinical
tetanus, along with appropriate antibiotics and
treatment of a wound source. These treatments
address toxin currently produced in a wound
and in the circulation. However, by the time
clinical signs of tetanus develop, a significant
amount of toxin has been internalized within
the central nervous system (CNS). This active
toxin is not only within the blood brain barrier,
which limits the benefits of systemic antibody
but is internalized within a neuronal cellular
compartment. As is the case with most intracel-
lular protein toxins including botulinum
neurotoxins, once the toxin has been interna-
lized, it cannot be neutralized by antibody.
Unlike botulinum toxin, tetanus toxin,

although internalized by presynaptic motor
terminals of the neuromuscular junction, does
not have its primary site of action at this loca-
tion. Tetanus toxin must be transferred from
the motor neuron cell body in the spinal cord
to the surrounding presynaptic terminals to
express its physiologic action. This transfer
requires passage across the extracellular synap-
tic cleft, a location potentially accessible to
neutralizing antibody. This potential has been
the rationale for studies with intrathecal anti-
tetanus antibody or Fab fragments. However,
clinical studies of intrathecal TIG have not
shown clear superiority to high-dose intramus-
cular TIG.18 A tetanus toxoid booster is also
recommended as initial treatment. The combi-
nation of TIG with a half-life of approximately
1 month and tetanus toxoid boost when
antibody levels rise within 2 to 4 weeks
after injection provides both short-term and
long-term immune protection.

The major focus of treatment of clinical
tetanus is control and relief of symptoms.19

Escalating amounts of intravenous benzodiaze-
pines that enhance inhibitory neuronal activity
within the spinal cord are widely used to
suppress the spasms of localized and general-
ized tetanus as well as possible seizure activity.
Muscle relaxation is the primary goal in spite of
the possibility of respiratory depression. In the
setting of clinical tetanus, mechanical ventila-
tion will likely be needed regardless of treat-
ment owing to spasm of respiratory muscles.
Intrathecal baclofen has also been used to
control the spasms of generalized tetanus,
which also have a spinal neuronal site of
action. If these centrally acting agents fail to
control muscular spasms, neuromuscular
paralytics such as vecaronium are recom-
mended.20 In the setting of mechanical ventila-
tion, autonomic instability is the major cause
of mortality in clinical tetanus. Intravenous
labetolol is useful in controlling the resulting
hypersympathetic activity. Hypotension
and bradycardia are treated with standard
methods such as fluids and intravenous
pressors, and if needed, temporary cardiac
pacemaker placement.

TETANUS TOXIN

Structure

As with most potent protein toxins from plants
and bacteria, including the somewhat homolo-
gous (35%) botulinum neurotoxins, tetanus
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toxin is a toxic enzyme. Similar to the
botulinum neurotoxins, tetanus toxin is a
zinc-dependent endopetidase.21 The toxin is
elaborated by a single clostridial gene as a
single polypeptide, which undergoes proteolyt-
ic cleavage within the bacteria into two chains
(heavy and light) connected by a disulfide link-
age. The amino acid sequence has been eluci-
dated, and its three-dimensional structures
have been partially determined, along with
identification of three functional domains
common to most bacterial protein toxins: a
membrane-binding domain, a membrane-
translocation domain and a catalytic (protease)
domain.22

The toxin’s heavy chain contains the binding
domain of the toxin within its carboxyl termi-
nal region. Current nomenclature for this
domain is Hc, but this domain is virtually
equivalent to a peptide originally described
from papain digestion of the toxin that has
been known as C-fragment or tetanus toxin
fragment C (TTC).23 The availability of
this 50-kD peptide both originally as a toxin
cleavage product and later in recombinant
form has been a major asset in the study of
binding, internalization, and transport of teta-
nus toxin.24 This binding domain is highly
neural specific and contains multiple putative
binding sites. For many years, the nature of the
neural membrane receptor for tetanus toxin
was highly controversial. Kinetic binding
studies identified highly prevalent low-affinity
receptors, along with far less prevalent high-
affinity membrane receptors.25 A large body
of evidence demonstrated that complex mem-
brane gangliosides, in particular GD1B

and GT1B, act as the low-affinity receptor.26

A second membrane receptor thought to be a
protein was also hypothesized primarily on the
basis of the observation that binding was
protease sensitive.27 This membrane protein
component of the tetanus toxin receptor
remains without definitive identification,
but recent evidence has shown a role for
clathrin-associated glycophosotidylinositol
(GPI)–anchored proteins within lipid rafts.28

It is likely that simultaneous binding of
the toxin to both multiple residues of the
highly prevalent membrane gangliosides
along with the protein receptor accounts for
high affinity and physiologically meaningful
binding of the toxin. Crystallography studies
have determined the three-dimensional
structure of the Hc domain, and it is similar
to that of the botulinum neurotoxin.29

The carboxyl terminal domain forms a

beta-trefoil cleft where the terminal five
amino acids appear essential for ganglioside
binding. There are also three surface regions
that have carbohydrate pocket-binding features
and are also essential for high affinity bind-
ing.30 The amino terminal region of the bind-
ing domain has a so called jelly roll
configuration, similar to the carbohydrate
binding plant lectin proteins, with the two
regions linked by an alpha helical segment.

The Hc (TTC) domain has been widely
studied as a nontoxic surrogate for the holo-
toxin in investigations of binding and trans-
port. Because TTC has both neural binding,
retrograde transport, and transsynaptic trans-
port properties, it has been useful for several
purposes. Its neuronal selective binding has
made it useful in the identification of neurons
in culture using either direct fluorescence or
immunohistochemistry with commercially
available reagents.31 Immunohistochemical
studies after intramuscular injection of TTC
have allowed for identification of not only
the innervating motor neurons but also of
their synaptic neuronal partners, although the
degree of specificity of this identification has
been questioned.32,33 More recent studies
have taken a more contemporary approach to
the use of TTC to map synaptic connectivity
within the CNS. Transgenic mice have been
created that overexpress a TTC-GFP recombi-
nant gene. When this gene is driven by a pro-
moter with selectivity for a particular neuronal
subtype, not only are the original expressing
neurons labeled but their synaptic partners
are also labeled through transsynaptic move-
ment of TTC-GFP.34

The amino terminus of the heavy chain
(HN) is linked to the catalytic light chain (LC)
and is involved in translocation of the LC
across the vesicle membrane. The domain is
highly homologous with the botulinum neuro-
toxins and has structural similarities to the
hemagglutinin proteins of influenza virus. HN

has two antiparallel alpha helices that are likely
involved in membrane association, but it
remains the domain of tetanus toxin, whose
three-dimensional structure has not yet been
determined.35 Although well studied for
other toxins such as diphtheria toxin, the trans-
location process remains the most poorly
understood aspect of tetanus toxin action.
Acidification of the vesicles is essential for
translocation with reduction of the interchain
disulfide linkage. Also, acidification is believed
also to induce a conformational change in HN

and LC, exposing hydrophobic regions of the
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protein to allow for insertion of LC into the
lipid bilayer of the membrane. Early studies
of HN have demonstrated pore-forming proper-
ties, but the mechanism of LC translocation
and the role of pore formation remain
uncertain.37

The 50k-D LC of tetanus toxin is referred
to as the catalytic domain and possesses
zinc-dependent protease function. X-ray crys-
tallography reveals that the active protease site
is located within a deep cavity containing a
highly conserved zinc-binding motif.37 All
of the clostridial LCs share structural similarity
in spite of modest (35%) sequence homology.
As expected, the LCs of tetanus toxin and
botulinum neurotoxin type B show more
homology (50%) because they not only
share vesicle-associated membrane protein
(VAMP) as the target substrate but also
cleave at the same peptide bond (Gln
76–Phe77).38 The central position of the
active site is compatible with mutational anal-
ysis in which deletions of part of the carboxyl
terminus of the peptide have relatively
small effects on toxicity. The surface of the
LC molecule likely plays a major role in dock-
ing of VAMP, which contains two SNARE
motifs known to be essential for binding
all clostridial neurotoxins.

Pathogenesis of Intoxication

Overview
Tetanus toxin has a unique mechanism of
action (Fig. 34-1). In a manner similar to the
botulinum neurotoxins, tetanus toxin is ini-
tially bound at the presynaptic terminals of
the neuromuscular junction. Unlike botulinum
neurotoxin, it is then transported by motor
neurons to the spinal cord. In the spinal cord,
tetanus toxin is then transferred to inhibitory
presynaptic terminals surrounding those motor
neurons. The toxin then destroys a vesicular
synaptic membrane protein (VAMP, or synap-
tobrevin), resulting in inactivation of inhibitory
neurotransmission that normally suppresses
motor neuron and muscle activity. This action
results in enhanced excitability and activation
of the affected motor neurons. Widespread
intoxication through the systemic circulation
results in continuous involuntary muscle con-
traction of clinical generalized tetanus, whereas
local internalization and transport of toxin can
result in a localized state of muscle
hyperexcitability.

Binding and Internalization
Tetanus toxin produced by bacteria in the
wound is liberated into the bloodstream,
where it is able to bind to presynaptic terminals
primarily at the neuromuscular junction. The
150-kD toxin is too large to pass through the
CNS endothelial tight junctions but has access
to the extracellular space including all of the
neuromuscular junctions and postganglionic
autonomic motor terminals that are not pro-
tected by a blood-nerve or blood-brain barrier.
The concentration of toxin may be particularly
high at neuromuscular junctions near the
wound site. The pattern of toxin spread from
the site of its elaboration to either nearby mus-
cles or to the systemic circulation, as well as the
relative susceptibility of motor neurons and
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FIGURE 34-1. Tetanus toxin uptake and action.

(1) Internalization of toxin at the neuromuscular junction

from a nearby wound (or local injection). (2) Retrograde

transport to motor neuron cell bodies in the spinal cord.

(3) Transsynaptic transfer to presynaptic terminals (inhibi-

tory). (4) Cleavage of vesicle-associated membrane protein

with failure of transmitter release. (5) Increased motor

neuron excitability, firing rate, and local muscle tetanic con-

traction. (6) Spread of toxin into the bloodstream. (7) Toxin

uptake by all motor neurons. (8) Widespread inactivation of

spinal motor inhibition. (9) General increase in motor neuron

excitability—generalized tetanus. See Color Plate
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muscles to the action of the toxin, likely
accounts for the patterns of localized, general-
ized, or cephalic tetanus that occur in individ-
ual patients. At the neuromuscular junction,
tetanus toxin binds to presynaptic nerve
terminals because its neuronal receptors are
enriched at synapses.39 As noted earlier, this
binding is mediated by the C-terminal
domain of the heavy chain. The toxin is then
internalized into membrane-bound endosomes
of the presynaptic terminal. At this point, the
pathogenic processes diverge from that of the
botulinum neurotoxins. Although tetanus
toxin is capable of blocking transmitter release
at the neuromuscular junction, this action
occurs at high toxin concentrations and is
usually not a significant aspect of the physio-
logic or clinical action of the toxin.40 Although
a study of hippocampal neurons in culture
showed uptake of toxin directly into synaptic
vesicles, uptake at the neuromuscular junction
is into clathrin-mediated endosomes.41,42

Tetanus toxin–laden endosomes, unlike those
of botulinum neuron toxins, are trafficked to
the motor neuron cell body in the spinal cord
by the retrograde form of fast axoplasmic
transport.43 This compartment is used by
normal regulatory molecules and makes teta-
nus toxin one of the most efficiently
transported known exogenous proteins into
the CNS. Up to 2% of the toxin injected
systemically into experimental animals can
later be detected in the spinal cord, even
though the toxin uses only the narrow portals
of neuromuscular junction.44 Tetanus toxin tra-
vels in a specific endosomal compartment of
retrograde axonal transport that is not acidi-
fied, probably accounting for lack of toxin
translocation within the motor neuron.45,46

Retrograde transport of tetanus toxin appears
to be similar to that of the neurotrophins and
their receptors. Binding of TTC can activate the
neurotrophin receptor tyrosine kinase pathway,
and TTC is transported in the same axonal
organelles as nerve growth factor (NGF) and
its P75 NTR receptor.47 Unlike botulinum neu-
rotoxins, uptake of the tetanus toxin at the neu-
romuscular junction is not activity dependent,
but can be enhanced by the neurotrophin brain
derived neurotrophic factor (BDNF).48 Once
toxin-containing vesicles reach the motor
neuron cell body, they are trafficked in a
highly unusual fashion. The majority of sub-
stances, particularly exogenous proteins that
undergo retrograde axonal transport, undergo
lysosomal degradation in the cell soma.

Tetanus toxin not only evades motor neuronal
degradation but also is involved in a process
called trans-synaptic transport shared by very
few substances including growth factors and
neurotropic viruses (herpes virus, rabies virus,
glial-derived neurotrophic factor [GDNF] and
NGF).49,50 In this process, toxin-containing
vesicles likely fuse with the motor neuron cell
body plasma membrane,resulting in exocyto-
sis, emptying their contents into the extracellu-
lar space.51 Toxin release appears to occur
preferentially at motor neuron synaptic
regions. Tetanus toxin liberated into the synap-
tic cleft diffuses across and binds to adjacent
synaptic membrane of presynaptic terminals.
Toxin bound to membrane of these presynaptic
terminals within the brain and spinal cord
(surrounding the originally transporting
motor neurons) undergoes a second round of
endocytosis by vesicles that appear to be part of
the synaptic vesicle compartment. Once within
these second-order presynaptic terminals, the
toxin behaves in an analogous manner
to that of botulinum neurotoxin at the neuro-
muscular junction, with translocation of the
toxin across the vesicle membrane and libera-
tion of the LC into the cytosol of the presynap-
tic terminal.

Physiologic Action
It is within the presynaptic terminals of spinal
interneurons that the LC cleaves VAMP
(predominantly the VAMP2 isoform) in a
manner similar to the action of botulinum neu-
rotoxin type B at the neuromuscular junction.52

Failure of neurotransmitter release and loss of
neurotransmission affects predominantly
inhibitory synaptic inputs onto motor neurons,
although suppression of excitatory synaptic
activity onto motor neurons also has been
demonstrated.53,54 Motor neurons, particularly
those innervating limb muscles in general, have
low resting spontaneous firing rates, reflecting
a predominance of inhibitory transmission on
limb motor neurons.

The preference for inactivation of inhibitory
neurotransmission is not only the hallmark of
the action of tetanus toxin but is also the most
poorly understood aspect of its mechanism of
action. Neither the receptors for tetanus toxin
or its substrate VAMP appear to have any pref-
erential concentration within inhibitory
synapses. One explanation given for the prefer-
ence for inhibitory transmission relies on the
known cytoarchitecture of the spinal cord. In
this model, inhibitory presynaptic terminals
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are known to be concentrated around motor
neuron axon hillock and soma regions, where
they can act as an inhibitory brake on excitato-
ry synaptic potentials coming from presynaptic
terminals on more distal dendrites. Endosomes
containing tetanus toxin are transported from
the neuromuscular junction by retrograde
axonal transport and would fuse with motor
neuron postsynaptic membrane on a first
come, first serve basis. This process would
result in preferential transfer of tetanus toxin
to axonal and somal presynaptic terminals,
and preferential inactivation of inhibitory
neurotransmission. The model is supported
by ultrastructural studies localizing toxin pre-
ferentially in presynaptic terminals of the
spinal cord that were judged to be inhibitory
on anatomic criteria.55 The strongest evidence
against the spinal cytoarchitecture model are
experiments showing that the preference of
tetanus toxin for blocking inhibitory neuro-
transmission is evident even in tissue cultures
derived from dissociated spinal cord neurons.56

This work in spinal cord neuronal cultures also
illustrates that the toxin’s preference for inhib-
itory transmission is not absolute, because
continuous incubation with tetanus toxin
results eventually in blockade of all synaptic
transmission, similar to incubation with
botulinum neurotoxin. The physiologic prefer-
ence of tetanus toxin for inactivating inhibitory
neurotransmission has also been demonstrated
after intracerebral injection of toxin into the
hippocampus in rodents, resulting in a model
of focal epilepsy.57

DELIVERY VECTORS FROM
TETANUS TOXIN

The determination that Hc of tetanus toxin
retained most of the uptake and transport
properties of tetanus toxin led to the rapid
recognition of its potential use as a delivery
vector to the nervous system. Systemically
administered holotoxin toxin binds to neuro-
nal surfaces that lie outside the BBB, particu-
larly synaptic membranes, where their
receptors are enriched. These limited surfaces
include the sites of clinically important binding
at the presynaptic terminals of the neuromus-
cular junction and peripheral autonomic
endings. Toxin also binds brain surfaces
where the blood-brain barrier (BBB) is incom-
plete such as the area postrema of the brain-
stem, periventricular areas, particularly in the

region of the hypothalamus. Hc shows a similar
distribution of uptake from the periphery of
the holotoxin, although its uptake from sys-
temic routes has not been formally quanti-
tated.58 Experiments that have quantified
uptake of Hc from an intramuscular injection
find it to be inferior to the holotoxin, although
these early experiments used forms of Hc pro-
duced through enzymatic digestion of holo-
toxin rather than the recombinant form of the
protein used in contemporary research.59 In
spite of its possible inferiority to holotoxin in
CNS uptake, Hc has been shown to dramati-
cally enhance the CNS uptake of a wide array
of passenger proteins. Studies of Hc have
shown that it has many useful qualities as a
delivery vector for macromolecules to the
CNS including (1) highly avid and also high-
capacity binding to neurons, (2) neuron spe-
cific binding and internalization, (3) transsy-
naptic passage between neurons of the CNS,
and (4) prolonged persistence within the ner-
vous system. In many instances, these proper-
ties are fully preserved when coupled to a
passenger protein.

The potential of Hc as a carrier molecule was
demonstrated quickly after its original charac-
terization. Toxicity of TTX in animals could be
re-established by chemically coupling Hc with
the other domains of the toxin. Toxicity was
correlated with the capacity of this engineered
toxin to be transported to the spinal cord.60

The first potential therapeutic use of Hc to be
considered was an antidote to TTX intoxication.
As with clinical botulism, circulating antibody
has little impact on the course of clinical teta-
nus after the disease is established. This is likely
caused by the inability of circulating antiteta-
nus antibody to neutralize toxin after internal-
ization by neurons. Conjugates linking Hc to
antitetanus antibody directed at the other
toxic domains have been created to intercept
and neutralize internalized toxin in experimen-
tal animals.61

The development of conjugates of Hc with
horseradish peroxide (HRP) for use as a neuro-
nal tracer, emphasized the potential utility of
coupling an enzyme to Hc.62 The first successful
use of an Hc-enzyme conjugate as a potential
therapeutic involved hexosaminidase (HEX
A).63 The conjugate enhanced the uptake of
HEX A by neuronal cells in culture more than
15-fold than that seen with unmodified
enzyme. When exposed to Hc-HEX A conju-
gates, these HEX A–deficient cells demon-
strated a marked reduction in stores of its
accumulated substrate (GM1 ganglioside).
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This physiologic effect was correlated with
internalization of conjugated protein into cel-
lular vesicles. Similar chemical conjugates of Hc

with other enzymes also demonstrate clearly
enhanced uptake and retrograde axonal trans-
port in vivo from intravenous or intramuscular
injection (both HRP and glucose oxidase).64,65

The availability of Hc in a recombinant form
stimulated the development of Hc enzyme
hybrids. Hc has been expressed as a hybrid
protein with the major free radical detoxifying
enzyme superoxide dismutase (SOD1).
The hybrid enhances the delivery of SOD1 to
cultured neurons by approximately 1000-
fold.66 The hybrid also undergoes retrograde
and transneuronal transport from an intramus-
cular injection site in vivo.67 Similar results
have been obtained after injection of an
Hc–beta-galactosidase hybrid, which demon-
strates preserved enzyme activity within the
CNS as well as transsynaptic transport.68

Tests of physiologic and therapeutic efficacy
of such Hc-enzyme hybrids have been some-
what disappointing thus far. An Hc-SOD1
hybrid has a modest beneficial effect that is
not seen with free enzyme in a rodent stroke
model.69 The larger hybrid molecule also
showed improved pharmacokinetic properties
after intravenous injection as compared with
rapidly cleared free SOD1. It is unclear whether
the beneficial effects seen reflected improved
serum SOD1 levels or an Hc specific effect.

Incubation with Hc-SOD1 can substantially
raise enzyme levels associated with neuronal
cells in culture. These cells, however, were not
protected from the cytotoxic effects of starva-
tion, which produces a form of oxidative
injury.70 Absolute SOD1 levels did not predict
the lack of beneficial effect of Hc-SOD1 in this
model. Neuroprotection was observed when
enzyme levels were raised to comparable
levels (two to three times control) with trans-
fection or transgenic overexpression of SOD1.

These disappointing physiologic tests of
Hc-enzyme hybrids are highly illustrative of
both the limitations and potential strengths
of this form of vector. Hc-linked enzyme has
a very different intracellular distribution from
enzymes delivered by overexpression of intro-
duced genes. Gene delivery generally leads to a
cytostolic distribution that can be modified if
the natural or recombinant gene includes a
domain that directs the protein to a specific
subcellular target (i.e., mitochrondria or secre-
tory vesicles). As discussed earlier, Hc-linked
enzymes remain tightly associated with synap-
tic membranes and vesicles. In the case of

SOD1, it is likely that a cystolic location with
intimate contact with important structures such
as mitochrondria is needed for protection from
oxidative injury.

Enzymes linked to Hc can escape into the
cytosol if the hybrids also contain an appropri-
ate translocation domain. The entire tetanus
toxin molecule can even be functionally recon-
stituted after expression and purification of
recombinant light and heavy chains.71 A
three-domain hybrid has also been created
that contains Hc as its binding domain, as
well as the translocation and catalytic domains
from diphtheria toxin. Although it is also a
toxic enzyme, the substrate for diphtheria
toxin is associated with ribosomes, a more
distant cytosolic target than synaptic vesicles.
This hybrid protein is extremely neurotoxic in
vitro, a property not seen with native diphthe-
ria toxin.72 Cellular specificity of this toxin is
mediated by its neuronal specific Hc-binding
domain, whereas its cytotoxicity reflects the
ability of its diphtheria domain to inhibit cel-
lular protein synthesis. This hybrid toxin has
been proposed as a potential means of selec-
tively killing motor neurons driving abnormal
contractions when used in a manner similar to
long-lasting, but reversible, inactivation of
neuromuscular transmission obtained with
botulinum toxin. However its potential of
irreversible neurocytotoxicity of nontarget
motor neurons with accidental overdosage
limits its use in vivo.

Tetanus toxin derived vectors share goals and
weaknesses to a number of other vectors that
attempt to translocate across the cell membrane
in order to reach a cytosolic or nuclear location.
There is a large and controversial literature on a
group of small cationic peptides referred to as
protein translocation domains (PTDs) or cell
penetrating peptides (CPPs).73 These peptides
are originally derived from naturally occurring
proteins, which like the bacterial toxins, are
capable of translocating a passenger peptide or
protein across a cell membrane. The most
common are derived from the Tat protein of
HIV or the homeobox transcription factor
antennapoedia from drosophila.74,75 All of
these vectors illustrate the restrictive nature of
the cell or endosomal membrane to the trans-
location process with regard to passenger pro-
teins. In the case Hc, translocation of the
survival motor neuron (SMN) protein, (whose
absence leads to an inherited motor neuron
disease, spinal muscular atrophy) could not
be demonstrated even though the fusion pro-
tein included a translocation domain from
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diphtheria toxin.76 Peptides such as toxin LCs
that normally undergo translocation appear to
be the most suitable passenger protein for cyto-
solic delivery.

Recombinant proteins have been created to
direct a TTC vector to the appropriate cellular
compartment. Although TTC does not
normally localize to the endoplasmic reticu-
lum, a fusion protein has been created linking
TTC to the lysosomal enzyme beta glucoroni-
dase, which contains sequences directing
insertion into a membrane-bound compart-
ment. Expression of this protein in mammalian
cells leads to a fusion protein that has appro-
priate post-translational modification, has
neuronal binding properties, and is secreted
into the media.77

Nanoparticles made from polymers of poly-
ethylglycol (PEG) have been linked to TTC
using a avidin-biotin binding strategy. These
particles could be selectively targeted to neuro-
blastoma cells. The goal of this work is to use
the particles as a drug delivery system in which
diffusion from even an intravesicular cellular
location would be useful.78

Another class of proteins that has been
coupled to TTC in an effort to improve thera-
peutic properties has been the neurotrophic
factors. In some cases, the goal was to enhance
neuronal specificity. Cardiotrophin (CT-1) is
neurotrophic for motor neurons but also
binds to heart and liver. A TTC–CT-1 recombi-
nant protein has shown both preserved motor
neuron survival properties and enhanced
neuron selective binding.79 Insulin-like
growth factor 1 (IGF1) is another growth
factor that shows a trophic effect on motor
neurons but little motor neuron selectivity of
binding. A recombinant IGF1-TTC shows
preserved neurotrophic activity but, unlike
IGF1, shows readily detectable retrograde
uptake from an intramuscular injection.80

This protein is one of the rare instances in
which a TTC fusion protein showed an
enhanced physiologic effect over the native
protein. IGF1-TTC injected animals showed
evidence of preserved muscle innervation over
control animals in aged mice.81 A fusion
protein linking TTC to GDNF also shows
preserved activity of both domains. The
fusion protein showed enhanced spinal cord
uptake from an intramuscular injection com-
pared with native GDNF and comparable
(although not superior) protection of motor
neurons in the neonatal rat axotomy model.82

Although the majority of studies have
exploited the capacity of TTC to enter the

CNS from the periphery, it also has useful
properties when injected directly into the
CNS. Although clearly invasive methods, both
intraventricular and intracerebral injection
have been used in experimental studies in
both animal models and humans of protein,
gene- and cell-based therapy. These forms of
therapies have frequently encountered difficul-
ties during translation from animal models to
clinical trials. Issues of penetration, retention,
and clearance of protein are clearly more prob-
lematic when dealing with a much larger
volume human brain. TTC and TTC fusion pro-
teins show substantially superior penetration
and retention after intracerebral injection
than non-neuronal binding proteins such as
SOD1 or albumin.83 This unusual combination
of high tissue penetration along with high
tissue retention may relate to the large
number of low-affinity receptors within the
CNS, with movement of TTC fusion protein
resembling transsynaptic transport. Linkage of
TTC also improved delivery of SOD1 from an
intracerebral ventricular infusion. Although
native SOD1 was limited to periventricular
regions of brain, the hybrid protein was
detected in a perineuronal location throughout
both the brain and spinal cord. TTC-SOD1 was
retained for at least a day after the infusion was
stopped.84

It is not surprising that TTC has been con-
sidered as a vector to enhance gene therapy in
which similar issues of specificity and tissue
penetration within brain tissue have been
raised. Initial experiments demonstrated that
linkage to TTC could enhance to efficiency
and neural specificity of transduction of a non-
specific nonviral gene vector such as polyly-
sine.85 TTC has been linked to antiviral
antibody with the goal of masking the normal
surface protein of adenoviral vectors and sub-
stituting the neural binding properties of
TTC.86 Although this modified vector shows
substantially improved selectively for neuronal
cells and gene transfer to motor neurons in
vivo, the efficiency of neuronal transfection
was not enhanced.

Translocation across the cell membrane or
the endosomal membrane is likely the major
factor limiting the effectiveness of TTC-based
gene vectors. To enhance the efficacy of trans-
fection, recombinant multidomain proteins
have been expressed that include TTC, a yeast-
derived DNA-binding protein (GAL4 transcrip-
tion factor), along with the translocation
domain from diphtheria toxin.87 Proteins that
contained the translocation domain had the

414 BOTULINUM TOXIN: THERAPEUTIC CLINICAL PRACTICE & SCIENCE



highest transfection efficiency for delivery of
plasmid DNA expressing the green fluorescent
protein as well as a high specificity for neuronal
cells. Although much of the DNA was either
bound to the cell surface or internalized into
endosomes, the efficiency of transfection
was increased with incubation of cells in chlo-
roquine whose action is known to enhance
membrane translocation.88

Through phage library screening methods, a
small peptide (12 amino acids) has been iden-
tified with many of the neuronal binding
features of tetanus toxin but does not have
sequence homology to TTC.89 This peptide
has advantages over TTC as a gene vector
through its reduced size, high level of expres-
sion, and reduced immunogenicity. This pep-
tide (TET1) has been linked to the nonspecific
gene transduction agent polyethylenimine
(PEI).90 The modified complexes preferentially
transduced both neuroblastoma cells and
primary neurons in culture using plasmid
DNA. Although this peptide shows retrograde
transport in vivo as well, quantification of its
efficiency of uptake and direct comparison with
TTC have not yet been performed.91

TTC’s properties of retrograde and transsy-
naptic transport have also made been explored
in gene therapy studies. Intramuscular injection
of viral or nonviral vectors containing
TTC fusion results in gene expression of TTC
hybrid proteins within muscle. This allowed in-
jected muscles to act as a reservoir of TTC linked
to GFP or beta-galactosidase. The hybrid pro-
teins not only underwent retrograde transport
to motor neurons but were transferred to their
synaptic partner neurons as well.92

Gene delivery within the CNS is also usually
performed by intracerebral injection. A
common problem is the limited penetration
of large viral vectors into brain tissue, with
expression of the target genes and protein fre-
quently limited to regions close to the injection
site. Expression of the recombinant gene as a
fusion protein with TTC results in transsynaptic
spread of the TTC-linked target protein in trans-
genenic mice. TTC-hybrid proteins can be
visualized in neurons connected to cells trans-
fected by adeno-associated viral vectors con-
taining the recombinant gene (JH Wolfe,
personal communication) in a manner similar
to the transneuronal spread of Tat-linked
hybrid proteins after intracerebral viral vector
injection.93 As with TTC-linked protein deliv-
ery, these hybrid genes may allow for an
enhancement of the distribution of injected
gene therapeutic.

TETANUS TOXIN AS A
POTENTIAL THERAPEUTIC

Overcoming Immunity to Tetanus
Toxin

Although Botulinum neurotoxin has a wide
range of clinical indications, the potential
clinical use of tetanus toxin has been ignored
in the scientific and medical literature. This
disregard can be traced to the view that antite-
tanus antibodies, which are present in the vast
majority of individuals in developed countries,
would effectively block the biological action of
the toxin.94 Similar concerns regarding the
potential clinical use of TTC-linked proteins
have been expressed.95

Evidence from vaccinated animals and
humans challenges the assumption that vacci-
nation precludes local intramuscular use of
tetanus toxin. Clinically effective titers in
actively vaccinated animals are designed to pro-
vide protection from at least 100 times a lethal
dose of toxin, but this amounts to only nano-
gram quantities rather than absolute protection
against the toxin.96 In contrast, uptake of
microgram amounts of TTC and its transport
from an intramuscular site to the CNS can
occur in fully actively immunized animals
(Fig. 34-2).97 This result is consistent with a
previous study by Fezza et al98 in passively
immunized rabbits. That study used a model
of cephalic tetanus in which the toxin causes
flaccid muscular weakness rather than typical
spastic tetanus seen in limbs. The rabbits devel-
oped a localized muscle effect with high doses
of the toxin without signs of systemic toxicity.

These studies demonstrate that following
intramuscular injection, a small but physiolog-
ically effective amount of the toxin can evade
immune inactivation. It is likely that dose-
dependent uptake into local presynaptic
motor nerve terminals makes the toxin inacces-
sible to antibodies. The work of Fezza, along
with the earlier work of Scott with botulinum
neurotoxin/A and Wiley with the plant toxin
ricin, further suggests that vaccination may
actually enhance the safety of local injection
of these toxins.99,100 Circulating antibodies,
by neutralizing toxin that has not been locally
internalized, may decrease the amount of active
toxin that diffuses from the injected target
muscle, producing unwanted effects on neigh-
boring and distant muscles.

We have completed a study evaluating the
response to tetanus toxin of animals that have
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been either passively immunized with TIG or
actively vaccinated against with toxoid in a
manner comparable to clinical practice in
humans (Fig. 34-3). We wished to determine
the extent and duration of localized clinical
tetanus in these animals as a preliminary explo-
ration toward the clinical use of the toxin
in vaccinated humans. One group of mice
was vaccinated with tetanus toxoid (Sanovi
Aventis) by IP injection with 1/50th of the
recommended human dose and underwent a
second (booster) vaccination 30 days later.
Passively immunized animals in another
group received IP TIG at the time of toxin
injection. Initial injection of toxin
(List Laboratories) into the gastrocnemius
muscle occurred 30 days after the booster vac-
cination in the active vaccination group or at
the time of TIG injection in the passively
immunized group. Clinical tetanus was evalu-
ated using a motor behavior scale modified
from Webster, in which 5 = generalized tetanus,
4 = sustained spontaneous localized limb teta-
nus characterized by extension at the knee,
ankle, and toes, 3 = intermittent spontaneous
limb tetanus, 2 = limb tetanus consistently

evoked on attempted limb movement and usu-
ally involving the entire limb, and 1 = limb
tetanus that involved only part of limb (usually
toe extension/spreading) or that was observed
inconsistently with movement.101 Sera for
determination of antitetanus titers were
obtained at the time of euthanasia in the
actively vaccinated group.

The motor responses of passively immu-
nized mice are shown in Figure 34-3A. All
animals developed prolonged localized tetanus
with some degree of generalization within the
first 1 to 2 weeks. The dose response of animals
within each group was highly consistent.
Protection from the effects of toxin was sub-
stantial, with animals surviving doses of toxin
more than 2000-fold, a uniformly lethal dose
in naı̈ve animals (data not shown).

Actively vaccinated mice were also dramati-
cally more resistant to the toxin, with only
one animal with generalized tetanus requiring
euthanasia at a dose of 2.5 mg (see Fig. 34-3B).
Unlike the unvaccinated and passively immu-
nized animals, actively vaccinated mice had a
more variable dose response to the toxin,
although this variability was less apparent at

A
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B

C

FIGURE 34-2. Photomicrographs from sections through the brainstem of mice injected into the tongue with rhodamine-

labeled tetanus toxin fragment C and then allowed to survive for another 24 hours. Numerous fluorescent cells are visible in

low-magnification views (A, B) of the hypoglossal nucleus (bounded by arrows) from both control/naive (A) and vaccinated (B)

mice. The distribution of fluorescent cells was commonly asymmetric (as seen in B) in animals from either group. Higher

magnification views show that labeled cells in both control (C) and vaccinated (D) animals were equally fluorescent, with

comparable intensities and had morphologies typical of motor neurons (arrows). (From Fishman PS, Matthews CC, Parks DA,

Box M, Fairweather NF. Immunization does not interfere with uptake and transport by motor neurons of the binding fragment

of tetanus toxin. J Neurosci Res. 2006;83:1540-1543.)
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the highest dose, with all animals showing
moderate to severe prolonged localized teta-
nus. Although there were limited numbers of
samples from each dose group, sensitivity to
the toxin was not strongly correlated with anti-
tetanus antibody titers among actively vacci-
nated animals (mean titer 1:20,000, range of
titers 1:8000–1:46,000).

Because tetanus toxin is one of the most
potent biologic toxins known, its effective
dose in even vaccinated animals is still within
the single microgram range. The duration of
response in mice with higher doses was over
1 month, which is consistent with earlier liter-
ature in humans in which symptoms and signs
of local clinical tetanus lasted from a few weeks
to many months, even in patients with histor-
ical and serologic evidence of previous vaccina-
tion.102 In agreement with earlier studies,

localized tetanus of a moderate degree is well
tolerated in both humans and experimental
animals. In humans with localized tetanus
of a moderate degree, resting tone may be
normal with exaggerated contraction of the
involved muscles with attempts at voluntary
movement.103 In our study, mice that devel-
oped only localized tetanus showed no signs
of distress.

The literature on the effects of tetanus toxin
on nerve and muscle suggest that localized
tetanus has no significant long-term deleterious
effects.104 Motor neuron and muscle pathology
induced by local tetanus is generally mild
and of limited duration.105,106 An electrophys-
iologic study of 40 patients who recovered
from tetanus had evidence of only mild axonal
neuropathy.107 More significant muscle pathol-
ogy, such as myonecrosis and interstitial
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FIGURE 34-3. Scatter plots of motor score

and postinjection day of observation for pas-

sively (A) and actively (B) immunized mice.

A, X-animals injected with 1.25 mg tetanus

toxin (TTX) and 20 IU tetanus gamma globulin

(TIG). Circles with 2.5 mg TTX and 20 IU TIG:

Triangles: with 5.0 mg TTX and 40 IU TIG: (B)

actively vaccinated mice. X, animals injected

with 1.25 mg TTX: Circles with 2.5 mg TTX:

Triangles with 5.0 mg TTX.
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fibrosis, has been described after local tetanus
but only in the setting of prolonged forced
stretching of the tetanically contracted
muscle.108

It may be a significant challenge to deter-
mine an optimal dose in a vaccinated individ-
ual. Even in an inbred strain of animals
with a standardized vaccination and injection
protocol, actively vaccinated mice still had
considerable variability in sensitivity to the
toxin. In the US population with mandatory
antitetanus vaccination, there is a great deal
of heterogeneity in antitetanus antibody levels
and clinical immunoresistance to the toxin.109

The number of toxoid vaccinations, age,
and duration since the last toxoid booster can
contribute to the variability of antitetanus titers
and physiologic immunoresistance.110

There are potential strategies for determining
the appropriate dose of toxin for a particular
individual in the setting of a wide variation in
immunoresistance to tetanus toxin. The first
would be to assess the immune status before
toxin injection. The most convenient and
widely used assays are enzyme-linked immuno-
sorbent assays (ELISAs) that measure binding
to tetanus toxoid, the formaldehyde denatured
form of the toxin used for active vaccination.111

This binding assay is converted to international
units (IU) of antitetanus antibody by compar-
ing the patient’s sera with standardized com-
mercial antitetanus hyperimmune gamma
globulin. The second antitetanus assay is a
functional bioassay of protection called the
mouse neutralization assay (MNA). In this
assay, the patient’s sera is mixed with a
standard amount of tetanus toxin and injected
into mice, which are observed for the develop-
ment of clinical tetanus. The antitetanus titer is
determined by the extent to which the patient’s
sera can be diluted and still protect the mouse
from tetanus toxin–induced death.112 In gen-
eral, there is a correlation between antitetanus
immunity by ELISA and by MNA.113 However,
there have been several cases reports of patients
who developed clinical tetanus in spite of
‘‘protective’’ levels of antitetanus titers by
ELISA or other in vitro assays.114,115 Although
they are more convenient, there is reason to
believe that the capacity of antitetanus ELISAs
to predict physiologic resistance to the toxin
may be poor. ELISA measures antibody binding
to epitopes of denatured toxin regardless of the
importance of these epitopes to function of the
toxin in its native confirmation. As with botu-
linum neurotoxins, a subject’s antitetanus titer
by MNA may show a stronger correlation with

functional immunoresistance than with anti-
body levels by ELISA.

There is little previous literature regarding
the immunologic effects of repeated injections
of an antigen for therapeutic purposes in pre-
viously immune individuals. In general, an
immune response to a protein therapeutic is
associated with a declining physiologic
response, with a need for increasing doses to
attain the same desired effect. However, in
most well-studied settings (bovine insulin,
interferons, botulinum neurotoxins A and B),
protein therapy is initiated in immunologically
naı̈ve individuals.116-118 Antitetanus titers show
an initial dramatic increase with initial and
booster vaccinations, but a plateau of maximal
antitetanus titers after a limited number of
injections, suggesting that immunoresistance
to tetanus toxin may stabilize in spite of
repeated toxin injection.119

Although there is potential for deleterious
effects of tetanus toxin injection in vaccinated
individuals, there is also enormous clinical
experience with administration of tetanus pro-
tein in its toxoid form in this population. It is
standard practice in the United States to
administer a booster vaccination of tetanus
toxoid to individuals receiving wound treat-
ment who do not have a documented previous
vaccination within the past 3 years. Many of
these individuals, however, do in fact have a
recent but undocumented tetanus toxoid boos-
ter, as well as protective antitetanus titers.120

This policy reflects the low risk of an adverse
vaccination reaction even in a recently boosted
individual compared with the risk of clinical
tetanus in a patient of unclear vaccination
status. Vaccination reactions to a tetanus
toxoid booster, although common, are gener-
ally mild and localized to the site of injection,
with serious local reactions occurring at a
rate of less than 1% of patients.121 Local reac-
tions are associated with high antitetanus
antibody levels, although protein load of
toxoid and aluminum adjuvants have also
been implicated.122 Systemic allergic reactions
are rare (1/60,000), but skin testing is recom-
mended for patients with a history of sensitivity
to the toxoid.123

The Path to Clinical Development

Observations in humans as well as studies of
experimental tetanus in animals support the
hypothesis that tetanus toxin could be used to
produce a state of hyperexcitability and
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overactivity in a targeted population of motor
neurons in fully and actively vaccinated ani-
mals and humans. Although a large number
of agents including the botulinum neurotoxins
are capable of reducing motor neuron or
muscular activity, tetanus toxin is the only
substance described that has the potential for
selective enhancement of motor function.124

In a published patent application,
Sanders125 described the potential uses of teta-
nus toxin coupled with simultaneous antitoxin
injection for a wide range of disorders of inad-
equate muscle tone, including sleep apnea. To
date, the only published report of an attempt at
treatment has been of an unvaccinated bulldog
(an animal model of sleep apnea) with gradu-
ally escalating doses of tetanus toxin injected
into pharyngeal muscles. This resulted in
improvement of sleep apnea without any
observable adverse effects.126

One can envision the use of tetanus toxin to
enhance inadequate muscle activity in a
manner analogous to the clinical use of botu-
linum neurotoxin to suppress excessive activity.
Current state-of-the-art evaluation of patients
with motor deficits from conditions such as
stroke or cerebral palsy involves both clinical
and electrophysiologic analysis of attempts at
functionally important movements such as
grasping and walking. In this manner, one
can discover the pattern of muscle activation
during these acts and determine the degree of
inappropriate overactivation, as well as inade-
quate activation of specific muscles. For mus-
cles in which this analysis determines that
overactivity of particular muscles as occurs in
spasticity interferes with normal posture and
movement, those muscles can be injected
with botulinum neurotoxin.127 Injection of
botulinum neurotoxin can result in reduction
of muscle activity, tone, improvement in limb
posture, and to some extent, improvement in
use of the limb. Although several strategies,
including the use of botulinum neurotoxin,
are available to treat spasticity, their capacity
to improve motor function and voluntary
movement is limited.128 This limitation is
explained by studies in patients after stroke
demonstrating that rather than spasticity, inad-
equate voluntary muscle activation is the major
source of weakness and motor disability.129

The reduced population of surviving cortical
motor neurons after stroke and other forms
of brain injury generates a reduced voluntary
motor signal, resulting in minimal activation
of the target spinal motor neurons and inade-
quate muscle contraction. Although the many

muscles with inadequate activation can be
identified in patients affected by conditions
such as stroke, multiple sclerosis (MS), brain
or spinal cord injury, there is no current med-
ical therapy to enhance their activation. These
muscles potentially could be injected with an
appropriate dose of tetanus toxin. The antici-
pated effect would be the enhancement of vol-
untary contraction of the target muscles
resulting in an increase in strength. Like botu-
linum neurotoxin, tetanus toxin has a long
duration of action, with the opportunity for
repeated treatments and long-term benefit.
Tetanus toxin may be the only substance with
the potential for selective enhancement of
muscle activation in brain- or spinal cord–
injured patients. The immunologic conse-
quences of repeated injections of this protein
into vaccinated individuals will need to be
determined before its use in chronic conditions
such as weakness or hypotonia after stroke.

Disuse Muscle Atrophy: An Initial
Target for Tetanus Toxin Therapy

Although tetanus toxin has clear therapeutic
potential for a wide range of indications,
most are persistent conditions that would
likely require repeated series of toxin treat-
ments in a manner similar to current botuli-
num neurotoxin treatment. A condition of
limited duration, in which a single course of
treatment could have a significant impact is
disuse muscle atrophy.

Muscle atrophy after limb immobilization is
a major obstacle in the rehabilitation of
patients after limb trauma or surgery.130 In
spite of current therapy, a large number of
patients have prolonged and significant loss
of muscle mass and strength. This is particu-
larly true for fragile and cognitively impaired
patients who are unable to comply with early
and intensive exercise rehabilitation protocols.
A new form of therapy that could prevent
or reverse muscle atrophy associated with
immobility would significantly compliment
current rehabilitation regimens for patients
with limb trauma.

We have performed a pilot experiment in
unvaccinated rats to assess the capacity of
tetanus toxin to prevent disuse atrophy.131 To
induce muscle atrophy, one hindlimb was
surgically immobilized (HI) at the knee.
At the time of immobilization, the tibialis ante-
rior (TA) muscle was injected with saline (HI/
Saline) or tetanus toxin (HI/Tet; 2.5 ng/5 ml).

419TETANUS TOXIN



TAs from normal rats were injected with saline
(N/Saline) as a control. After 2 weeks, the mus-
cles were removed, weighed, and processed for
histology.

As expected, hindlimb immobilization pro-
duced substantial atrophy in the saline injected
TAs. HI/Saline TA muscles had a wet weight

normalized to body weight of 1.71 ± 0.16
(mean ± SD; N = 6), which was significantly
different from wet weight of TAs from normal
rats that were injected with saline but not
immobilized (2.42 ± 0.30; P < 0.001; N = 6).
Most promising, TAs that were immobilized
and injected with tetanus toxin (2.20 ± 0.24;
P < 0.01; N = 7) were significantly larger than
the immobilized, saline injected TAs, the same
muscles used to determine fiber cross-sectional
areas. Figure 34-4A shows that the fiber cross-
sectional areas of the HI/Saline TAs (1522 ±
462 mm2) were smaller than those from the
HI/Tet (2759 ± 306 mm2; P < 0.05) and N/
Saline (2249 ± 125 mm2; P < 0.01) groups.

With the goal of muscle rehabilitation being
the return of function, we were interested in
determining whether the HI/Tet rat TAs could
produce more force than the HI/Saline TAs.
Our preliminary results suggest that they do.
Figure 34-4B shows representative tracings of
twitch and tetanic (Po) tensions obtained
from HI/Saline (N = 3) and HI/Tet (N = 3)
rats. The TAs from HI/Tet rats produced 63%
greater twitch and 48% greater tetanic tension
than those from the HI/Saline rats.

All of the tetanus toxin–injected animals
showed clinical signs of localized tetanus of
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the injected muscle. All of the injected animals
otherwise showed normal behavior, with no
signs of distress or of generalized tetanus.
These results are encouraging for the further
development of tetanus toxin as a treatment to
prevent disuse muscle atrophy. This condition
with its well-validated animal model, expected
effects from only a single course of treatment,
and its high clinical importance makes it a
logical first target for tetanus toxin therapy
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FIGURE 34-1. Tetanus toxin uptake and action. (1) Internalization of toxin at the neuromuscular junction from a nearby wound

(or local injection). (2) Retrograde transport to motor neuron cell bodies in the spinal cord. (3) Transsynaptic transfer to

presynaptic terminals (inhibitory). (4) Cleavage of vesicle-associated membrane protein with failure of transmitter release.

(5) Increased motor neuron excitability, firing rate, and local muscle tetanic contraction. (6) Spread of toxin into the blood-

stream. (7) Toxin uptake by ALL motor neurons. (8) Widespread inactivation of spinal motor inhibition. (9) General increase in

motor neuron excitability—generalized tetanus.
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INTRODUCTION

Alpha-bungarotoxin (a-BTX) is a neurotoxin
contained in the venom of the Taiwanese
many-banded krait. It produces paralysis of
striated muscles by blocking cholinergic recep-
tors in the neuromuscular junction. The toxin
also blocks a subtype of neuronal cholinergic
receptor (a7) located in the central and periph-
eral nervous systems. Although a-BTX is not
used clinically, it is an important experimental
tool for studying the properties of cholinergic
receptors. This chapter reviews (1) the structure
and actions of a-BTX and related toxins, (2) the
location and function of cholinergic receptors
sensitive to a-BTX and (3) the role of a-
BTX–sensitive cholinergic mechanisms in dis-
ease, and the potential clinical uses of drugs
that target these mechanisms.

HISTORY

Venom from snakes (and other animals) con-
tains many peptide toxins targeting a multitude
of ion channels and receptors with high affinity
and remarkable specificity. Many of the peptide
toxins isolated from snake venom target the
peripheral nervous system, especially the
neuromuscular junction, where they block
neuromuscular transmission, leading to paral-
ysis of skeletal muscles. The focus of this chap-
ter is on a-BTX from the many-banded krait
(Bungarus multicinctus). Like most snake
venoms, krait venom is a combination of
many proteins together producing an impres-
sive combination of toxic neurologic effects.
Krait venom has numerous effects on neuro-
muscular transmission, mediated by both pre-
synaptic and postsynaptic actions.

In order to determine the precise mecha-
nism of action of krait venom, it had to be
separated into its individual toxic constituents.
Based on electrophoretic mobility, the crude
venom was separated into four distinct
fractions, three toxic fractions named a-, b-
and g-BTX and one nontoxic fraction that was
not named.1 Subsequent studies that explored
the mechanisms of action of the toxins revealed
that a-BTX binds to the postsynaptic nicotinic
acetylcholine receptor (nAChR) at the neuro-
muscular junction. On the other hand, b- and
g-BTX act presynaptically to reduce acetylcho-
line (ACh) release.2 After the initial studies,
another BTX fraction, named k-BTX, was
isolated and found to have a postsynaptic
mechanism of action. In contrast to a-BTX,
k-BTX has little effect on muscle nAChRs but
is a potent antagonist of a3 and a4 containing
neuronal nAChRs. Interestingly, even though
the original naming of the BTX fractions was
based on their electrophoretic mobility, neuro-
toxins are now named according to their site of
action but using the original terminology.1

Those that have a postsynaptic mechanism of
action are categorized ‘a’ neurotoxins and those
with a presynaptic mechanism of action ‘b’
neurotoxins. a-Neurotoxins are found in the
venoms of snakes from the families Elapidae
(elapids) and Hydrophiidae (sea snakes).
To date, more than 100 a-neurotoxins have
been purified and characterized.3 The a-neuro-
toxins are often called curare-mimetic toxins
because of the similarity of their effect to the
arrow poison tubocurarine. However, unlike
curare alkaloids that bind reversibly to the
nAChR, the a-neurotoxins bind irreversibly to
the nAChR at the neuromuscular junction.
Thus, a-BTX has been a very useful tool
to study the neuromuscular junction, and to
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identify subtypes and localization of nAChRs.
The toxin has revolutionized the study of neu-
romuscular transmission.

CHEMISTRY

Structure of Alpha-Bungarotoxin

Three-Finger Family of a-Neurotoxins
X-ray crystallographic studies and nuclear mag-
netic resonance (NMR) techniques revealed
that all a-neurotoxins share a tertiary structure
known as the three-finger fold, consisting of
three adjacent b sheet-loops (loop I, II, III)
that emerge from a four-disulfide globular
hydrophobic core and a C-terminal tail (Fig.
35-1A-D).3 Consequently, they are referred to
as the three-finger family of neurotoxins. Based
on the number of amino acids and tertiary
structure, a-neurotoxins have been classified
as: short-chain, long-chain, atypical long-
chain, and non-conventional a-neurotoxins.3,4

The short-chain a-neurotoxins, like toxin-a
(from Naja nigricollis) (see Fig. 35-1A), contain
60 to 62 amino acids and target primarily

muscle nAChRs with high affinity (Kd=10�9-
10�11). The long-chain toxins, which include
a-BTX (see Fig. 35-1B), are composed of 66 to
75 amino acids and target muscle (Kd=10�9-
10�11) and neuronal a7 nAChR subtype
(Kd=10�8-10�9). The atypical long-chain
toxins, like Lc-a and Lc-b (Laticauda colubrine)
are composed of 69 amino acids and target
muscle nAChRs (Kd ffi 10�11). The nonconven-
tional a-neurotoxins, like candotoxin (from
Bungarus candidus) (see Fig. 35-1C), are com-
posed of 65 to 67 amino acids and target
muscle with low and high affinity (Kd muscle

>10�6 or 10�9) and neuronal nAChRs with
high affinity (Kd neuronal ffi 10�9).3 Almost all
a-neurotoxins have about the same equilib-
rium dissociation constant for the nAChR, but
they differ in their binding kinetics. The short-
chain toxins bind to and dissociate from the
nAChR five to nine times faster than the long-
chain toxins. Thus, the binding of the short-
chain toxins can be reversed by washing,
while binding of the long-chain toxins is
almost irreversible.3 The relative irreversibility
of the long-chain a-neurotoxins binding to
the nAChR, especially a-BTX, has made them
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FIGURE 35-1. Three-finger structure of a-neurotoxins. The three-dimensional structures are averaged nuclear magnetic res-

onance structures shown in similar orientation and in line ribbon representation. Disulfide bridges are shown in black. I, II, III

denote loop numbers. Protein Data Bank accession codes are 1NEA, 1IK8, 1JGK, and 2NBT for A, B, C, D, respectively. A. Three-

dimensional structure of the short-chain toxin-a (from Naja nigricollis). B, Three-dimensional structure of the long-chain

a-bungarotoxin (from Bungarus multicinctus). C, Three-dimensional structure of the non-conventional long-chain candotoxin

(from Bungarus candidus). D, Amino acid composition of a-BTX. Cysteine residues are in gray, and the links between them are

illustrated. Numbers underneath the residues indicate their position. (With permission from Nirthanan S, Gwee MC. Three-finger

alpha-neurotoxins and the nicotinic acetylcholine receptor, forty years on. J Pharmacol Sci. 2004;94:1-17.)
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valuable tools for the purification and charac-
terization of nAChRs.

Domains and Residues Important for
Folding, Function, and Binding to the
Target
The amino acid structure of a-BTX, an 8000 Da
molecular weight long-chain a-neurotoxin, is
illustrated in Figure 35-1E. The crystal structure
was elucidated initially at 0.25-nm resolution5

and recently at 1.94 A.6 Solution NMR struc-
ture further confirmed the three-finger structure
(see Fig. 35-1B) and identified flexible and/or
mobile parts of the protein that could be
involved in binding.7 Crystallography, NMR,
mutagenesis, and chemical modification
studies indicated that the amino acid sequence
contains several invariant residues that are
conserved in most a-neurotoxins and are
believed to play a role in folding and binding
to nAChRs.8 Among these, the disulfide
bridges, the hydrophobic core, and the
COOH-terminal are discussed here.

The disulfide bridges are critical in maintain-
ing the proper folding of the toxin (see Fig.
35-1A to C). In fact, the three-finger structure
is determined by disulphide bonds. Short-
chain and atypical long-chain a-neurotoxins
have four disulfide bonds located at the hydro-
phobic core of the toxins (see Fig. 35-1A).
a-BTX and long-chain toxins have an addi-
tional bond located at the tip of loop II
(see Fig. 35-1B), whereas the nonconventional
a-neurotoxins have an additional bond located
at the tip of loop I (see Fig. 35-1C).3 When
these bonds are reduced in cobrotoxin (a
long-chain a-neurotoxin similar to a-BTX),
both the native structure and the toxicity of
the toxin are lost. However, the native structure
can be restored after reoxidation.8

The hydrophobic core is believed to contrib-
ute to protein folding and also to enhance
thermal stability of long-chain neurotoxins.8

The core contains several aromatic residues,
for example, Tyr-25, that are conserved in
most a-neurotoxins. Nitration (introduction
of a NO2 group at Tyr-25) of this residue in
a-BTX results in changes in conformation asso-
ciated with loss of function.9

The COOH-terminal is involved in a-BTX
binding to the nAChR. When five residues in
the COOH-terminal of a-BTX (residues 71–75)
were removed, proton NMR and circular
dichroism techniques indicated that the dele-
tion did not induce a significant conforma-
tional change of the protein. However,
competition binding studies using tritium

labelled (3H) toxin-a and 3Ha-BTX showed
that the ability of a-BTX to bind to nAChRs
was greatly reduced.10 The toxicity and
potency of the toxin to block the neuromuscu-
lar transmission were also reduced.11

Therefore, it was concluded that the COOH
terminal plays a role in binding to AChRs
rather than in maintaining the proper confor-
mation of the structure.

Specific high-affinity binding of a-BTX to the
nAChRs involves not only residues in
the COOH-terminal but also several other
conserved amino acids including Trp-29,
Asp-31, Arg-37, and Lys-53 located near the
end of loop II.8,11 Recent NMR studies compar-
ing the structure of free a-BTX and a-BTX
bound either to a 14 amino acid synthetic pep-
tide mimicking the nAChR binding site or to a
18 amino acid peptide derived from the a1
subunit of the Torpedo electric organ, indicated
that the interaction with the peptide induced
conformational changes mainly at loop II and
the COOH terminus of the protein,7,12 validat-
ing the conclusion of earlier studies that these
sites play a major role in receptor binding.

Nicotinic Acetylcholine Receptors

General Discussion of Nicotinic
Acetylcholine Receptors
AChRs are the primary postsynaptic targets of
the toxins found in the venom of snakes. There
are two types of AChRs, nicotinic (nAChRs;
ionotropic) and muscarinic (mAChRs; metabo-
tropic) receptors, located in the peripheral ner-
vous system (PNS), the central nervous system
(CNS) and various target organs. The nAChRs
are in general excitatory (i.e., depolarizing the
membrane) and are further divided into
muscle and neuronal type nAChRs, based on
their structure and localization. They are
activated by the endogenous ligands ACh and
choline, a metabolite of ACh produced by
acetylcholinesterase.

The muscle nAChR is the most extensively
studied ligand-gated ion channel and was the
first to be purified and sequenced.13 In order to
characterize the biochemical and biophysical
properties of the receptors, a rich source of
receptors had to be found. Early studies
around 1920 to 1940, aimed at the discovery
of the source of the electric discharge of the
Torpedo and Electrophorus electric fish, suggested
that ACh is the neurotransmitter responsible
for the discharge. This was demonstrated by
the following: (1) the denervated organ was
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unable to discharge, (2) there was a latency
between the stimulation and discharge, and
(3) there was an abundance of acetylcholines-
terase.14 After it was realized that the electric
organ had a rich cholinergic innervation, it
became the source of nAChRs, used for charac-
terizing the biochemical properties of the
receptors.14 The nAChR protein was initially
isolated and purified from the membranes of
the electric organ of the electric fish
Electrophorus electricus15 and Torpedo marmor-
ata14,16 with the aid of radiolabeled
125Ia-BTX. The technique to obtain nAChRs
started with solubilization of membranes with
appropriate detergents to form micelles
containing membrane proteins. nAChRs were
then isolated through affinity columns contain-
ing 125Ia-BTX or other neurotoxins, which
yielded two 125Ia-BTX molecules per each
250-kDa molecule of protein.

Because of the discovery of the high-affinity,
almost irreversible binding of the a-BTX, the
nAChR became the most intensely studied
ligand-gated ion channel and, therefore,
a model for understanding the structure and
function of related receptors such as glycine,
g-aminobutyric acid type A (GABAA), g-amino-
butyric acid type C (GABAC), and type 3
serotonin receptors, which function as ligand-
gated ion channels.

Structure of Nicotinic Acetylcholine
Receptors
nAChRs are pentameric structures (mw �250
kDa) consisting of five subunits arranged to
create a cylindrical complex forming an ion
channel (Fig. 35-2A to C).13 To date, five
muscle-specific nAChR subunits, named a1,
b1, g, d, and e, and 12 neuronal specific
nAChR subunits named a2 to 10 and b2 to
4, have been identified and cloned. Each sub-
unit is encoded by a different gene. The a8
subunit is found only in avian tissue.17

The muscle nAChRs are heteromers composed
of two a1 subunits, and one of each g, b1,
and d subunits in the neonatal muscle (see
Fig. 35-2A). In the adult muscle, d subunit
is replaced by e subunit.13 The neuronal
nAChRs assemble as homomers composed of
a7 to a9 subunits, or heteromers composed of
combinations of a2 to a6 and b2 to 4 or a10
and a9 subunits (see Fig. 35-2B, C).17 It has
been shown that a7 can combine with b2 to
form a functional channel in heterologous
systems, although this combination has not
been found in native cells or tissue.18 It also
has been proposed that native a7 heteromers

exist in cultured embryonic chick sympathetic
neurons.19

Each subunit of nAChR is composed of four
membrane-spanning segments (M1–M4; see
Fig. 35-2D), a large extracellular N-terminal
involved in agonist binding, a large cytoplas-
matic loop between M3 and M4 that confers
specificity to each subunit, and a short extracel-
lular C-terminus. The second transmembrane
region, M2, from each subunit contributes to
the formation of the wall lining the channel
pore and is involved in gating and ion selectiv-
ity properties of the channel. The muscle and
neuronal receptors have high homogeneity in
the N-terminus and in the pore region.13

Alpha-Bungarotoxin and
Agonist-Binding Sites
The properties of muscle nAChRs were ini-
tially studied by taking advantage of the
binding properties of a-BTX and tubocurarine
(i.e., tubocurarine binding is reversible,
wherease a-BTX binding is almost irreversible).
In early studies, the binding site of a-BTX was
investigated using muscle preparations treated
with tubocurarine followed by a-BTX. On
washout, the function of AChRs was recovered,
suggesting that tubocurarine and a-BTX com-
peted for the same binding site.1 Experiments
using photoaffinity labeling and site-directed
mutagenesis revealed that the binding sites for
ACh and a-BTX partially overlap and that they
are located at the interface of the a subunit with
an adjacent subunit (see Fig. 35-2A-C). There is
a principal and a complementary binding site
for ACh. In muscle and heteromeric neuronal
receptors, the principal binding site is located
in the a subunit and the complementary site in
the g, d, b subunits, respectively, whereas in the
homomeric receptors, each a subunit contri-
butes to both principal and complementary
binding sites. The a5 and b3 subunits have
no binding sites.20

Studies using proteolytic fragments of the a1
subunit from the Torpedo electric organ or
synthetic peptides mimicking the proteolytic
fragments have been employed to determine
the a-BTX binding site on the a subunit of
the nAChR. They have shown that the binding
sites of a-BTX are located between the positions
173 and 204 on the a1 or a7 subunit, a region
that is situated in the N-terminus and that
contains highly conserved aromatic residues
(i.e., Tyr190, Tyr198, and Cys192, Cys193;
relative to a1 numbering).6,12,21 Placing
residues 184 to 191 of the a-BTX–sensitive a1
and a7 subunits into the corresponding

428 BOTULINUM TOXIN: THERAPEUTIC CLINICAL PRACTICE & SCIENCE



positions of the a3, a-BTX–insensitive subunit
of nAChRs resulted in nAChRs sensitive to
a-BTX.22 Mutation of the aromatic residues
Tyr-187 and Tyr-194 of a7 to phenylalanine
decreases the affinities to a-BTX of receptors
expressed in Xenopus oocyte.23 In summary, it
is believed that the a-BTX–binding sites

correspond to the residues 189 to 195 in the
Torpedo a1 subunit and to 187 to 197 in the
human a7 subunit. The binding site for ACh
involves several overlapping key residues
Tyr190, Tyr198, Cys192, and Cys193, located
in the N-terminus.13 There are two ACh bind-
ing sites per receptor for muscle and neuronal
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heteromeric nAChRs, and both of them have to
be occupied for the channel to be functional.
Binding of ACh induces conformational
changes in the receptors, which allow the open-
ing of the channel. There are five binding sites
for neuronal homomeric nAChRs.13

a-BTX was found to bind with high affinity
to muscle a1 subunit (Kd=10�9-10�11) and to
neuronal a7 to a10 subunits (Kd=10�8-10�9).3

The binding of a-BTX can be displaced by
several competitive agonists of nAChRs. In a
study of neuronal a7 receptors expressed in
oocytes, it was shown that 1 nM a-BTX was
displaced by ACh with an IC50 value of
11 mM and by epibatidine with IC50 value of
0.25 mM.24 In addition, 0.2 mM NaCl was used
to terminate the binding reaction between
a-BTX and nAChRs from crude rat brain
preparations, indicating that inorganic cations
can compete effectively for the binding sites.
Other proteins that bind to neuronal nAChRs
include horse heart cytochrome c and hen egg
white lysozyme, but they have affinities
about six orders of magnitude lower than that
of a-BTX.25

Ion Channel Structure-Function
Relationship
Current models of the nAChR ion channel
indicate that the receptor undergoes conforma-
tional changes between four states: closed (B),
open (A), inactive (C), and desensitized (D)
(see Fig. 35-2F). In the absence of the agonist,
the receptor is in a basal closed state. On ago-
nist binding, there is a fast transition to an
active open state, followed by a fast transition
to an inactive closed state. With the agonist
still present, the receptor undergoes further
conformational changes to a desensitized
closed state. On agonist unbinding, the recep-
tor returns to the basal state.26 The ACh
receptor channel can also open spontaneously
at a very low rate in the absence of bound
agonist. Opening of the channel results in
membrane depolarizations and Ca2+ influx
because the channel is permeable to Na+,
Ca2+, and K+. The relative permeability of
Ca2+ to Na+ is approximately 0.1 to 0.2 for
muscle nAChRs, approximately 1 to 1.5 for het-
eromeric neuronal nAChRs, and 10 to 20 for
homomeric a7, a9 or heteromeric a9/a10
nAChRs.17,18

The best characterized a-BTX–sensitive
receptor in the brain is the a7 homomeric
receptor, which comprises a small proportion
of the CNS nAChRs, the predominant receptor
being the heteromeric combination. There are

two particular features that distinguish the a7
homomeric channel from other nAChRs: high
permeability to Ca2+ and rapid and pro-
nounced desensitization (see Fig. 35-2G).18,27

The physiologic implications of these proper-
ties are discussed in later sections. The high
permeability to Ca2+ is due to a particular
arrangement of charged residues, including
glutamate at the inner mouth of the ion
channel and to some polar residues in the
outer part of the channel.17 The desensitization
is a complex process that reflects conforma-
tional transitions of the receptor. The M2
domain is involved in these conformational
states because it has been shown that in the
a7 subunit from chick brain, mutations of
some conserved residues (Leu and Thr) in the
M2 domain decreased the rate of desensitiza-
tion, increased the affinity for ACh, and
allowed antagonists to act as agonists, suggest-
ing that this mutant channel can conduct ions
in the desensitized state.28

Channel activity is also altered by phosphor-
ylation and allosteric modification. The main
target for phosphorylation is the cytoplasmic
loop between M3 and M4. This region has the
most diverse sequence among nAChR subunits
and confers the receptor specific kinetic proper-
ties and subcellular localization. Src-family
kinases play a role in modulation of nAChRs
by phosphorylating the receptor. In SH-SY5Y
neuroblastoma cells, Xenopus oocytes, rat hip-
pocampal interneurons, and neurons from the
supraoptic nucleus, phosphorylation of the a7
subunit causes a decrease in ACh-evoked cur-
rent without altering the surface expression of
the receptors, as assessed using 125Ia-BTX.29 In
addition to altering channel activity, phosphor-
ylation can affect receptor expression, assembly,
and turnover. For example, in mammalian
muscle, a-BTX–isolated nAChRs were found to
directly interact with Src kinases via b subunits,
and this interaction played a role in clustering
of nAChRs at the endplate. a7-containing
nAChRs are also candidates for allosteric mod-
ulations. Several allosteric modulators includ-
ing dimethylphenylpiperazinium or ivermectin
have been shown to alter the amplitude of the
ACh-induced current and response time
course.17

TOXICOLOGY

Snake envenomation is a major clinical issue,
with an estimated 2.5 million cases worldwide
annually.3 It is a particularly devastating

430 BOTULINUM TOXIN: THERAPEUTIC CLINICAL PRACTICE & SCIENCE



problem in Asia and Africa, where the annual
mortality rate due to snake bites is estimated at
100,000 and 20,000, respectively. In the
United States, there are approximately 8000
venomous snake bites per year, resulting in
5 to 10 deaths. Victims of envenoming bites
by krait snakes have a wide spectrum of symp-
toms. A retrospective study30 of a large number
of subjects (n=210) envenomed by the
common krait, Bungarus caeruleus, reported
that most patients exhibited ptosis, exophthal-
moplegia, dysphagia, dyspnea, and neuromus-
cular weakness. In severely poisoned patients
(representing approximately 50% of the study
population) who had tidal volumes less than
200 mL, cyanosis and failing speech, mechan-
ical respiration was required. The time between
the bite and the initiation of ventilation ranged
between 30 minutes and 50 hours (mode 6
hours), and the duration of ventilation
ranged between 12 hours and 29 days (mode
2 days). The decision to withdraw ventilation
was based on return of neck strength and tidal
volume. However normal muscle function
usually did not return for 8 to 9 days. Neither
anticholinesterase agents nor polyvalent anti-
venom were effective in reversing symptoms.
Approximately 20% of patients exhibited
delayed neurologic signs such as nerve conduc-
tion deficits.31

Because the venom of kraits contains four
major types of neurotoxin (a-BTX, b-BTX,
g-BTX and k-BTX), there has been interest in
determining which toxins are responsible for
the prolonged neuromuscular paralysis.
k-BTX, like a-BTX, acts on postsynaptic
nAChRs but has weak effects on receptors
located at the neuromuscular junction and is
a minor component of venom.4 k-BTX also
has a greater affinity for a3b2 type neuronal
nAChRs and, therefore, is not thought to be
involved in neuromuscular paralysis. On the
other hand, b-BTXs, which constitute greater
than 20% of the protein content of krait
venom, act presynaptically and are believed to
be the most toxic components of the venom.32

b-BTXs have phospholipase activity that hydro-
lyzes phosphoglycerides. The toxins belong to
the A2 class of phosphatases. The presynapti-
cally active neurotoxins produce neuromuscu-
lar blockade by inhibiting the release of
acetylcholine from the motor nerve term-
inals.33-35 These neurotoxins appear to have a
triphasic effect on ACh release. First, there is a
decrease, followed by a transient increase, and
then a complete block of release. The initial
two phases are reported to be independent of

phospholipase A2 activity; however, the late
phase is directly related to enzymatic activity.

In vivo studies in rats revealed that within
1 hour after injection of b-BTX, nerve terminals
exhibited signs of irreversible physical damage
and were devoid of synaptic vesicles.35 Large
numbers of terminals were totally destroyed
by 24 hours, leaving up to 70% of muscle
fibers denervated. Taipoxin, a presynaptic
toxin from snakes of the Elapidae family
irreversibly interferes with the formation of
synaptic vesicles by arresting vesicle membrane
recycling at the plasma membrane.36

Neuromuscular block occurs when pre-existing
stores of ACh-containing vesicles are depleted
by nerve activity. In vitro, the rate of neuromus-
cular block by b-BTX depends on the frequency
of nerve activity and temperature, the onset of
block slowing as frequency of nerve stimula-
tion and temperature are lowered.37 In general,
there is a lag period of between 5 and 20 min-
utes before effects on transmission occur. This
lag is thought to represent the time during
which the toxins are binding to the presynaptic
membrane. After the lag period in vitro,
removal of excess toxin by washing has no
effect on the rate or degree of neuromuscular
blockade. These observations demonstrate why
envenomation with b-BTX causes severe and
prolonged paralysis that is refractory to
antivenom therapy as well as drugs such as
anticholinesterases that block the metabolism
of ACh. Recovery is dependent on regeneration
of motor nerve terminals or formation of new
synaptic vesicles, or both.35,38

Although b-BTX acting presynaptically is
thought to be the major contributor to the
toxicity of krait bites, the a-BTX could also be
involved in the prolonged neuromuscular
paralysis because these toxins are thought to
bind irreversibly to the postjunctional cholin-
ergic receptors.3 However, there are clinical
reports that treatment with appropriate anti-
venom can result in rapid reversal of paralysis.
Based on these findings, it has been proposed
that in vivo antivenom accelerates the dissoci-
ation of toxin-receptor complex, leading to
reversal of paralysis.

In an attempt to develop more effective
treatments for a-BTX toxicity, knowledge of
the chemical structure of the toxin has
been used to design short-chain peptides simi-
lar to certain amino acid sequences in the
nAChRs that can bind to a-BTX with high
affinity, preventing the toxin from blocking
the receptor and perhaps speeding dissociation
of bound toxin. These peptides are thought to
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offer promise as antivenom agents.3 A
13-residue–long lead-peptide has been identi-
fied from a combinatorial phage-display library
that inhibited a-BTX binding with low-
micromolar affinity.39 This led to the creation
of a new peptide library and the development
of systematic residue replacement, a method
for the design and synthesis of high-affinity
peptides.40 Peptides binding a-BTX with high
affinity (IC50 �2nM) developed using these
methods were better inhibitors of a-BTX
binding to muscle nAChRs than peptides
derived from natural amino acid sequences
of the muscle nAChR itself. In vivo experiments
demonstrated that injection of this pep-
tide (peptide No. 50) along with a-BTX
prevented all toxic effects, including paralysis
and death.39 Thus, this method of pep-
tide design and synthesis has potential
for developing effective antidotes against
a-BTX poisoning.

TARGETS AND
PHYSIOLOGIC EFFECTS OF
ALPHA-BUNGAROTOXIN

Neuromuscular Junction

As described earlier, a-BTX binds to the muscle
nAChR with high affinity, effectively blocking
neurotransmission at the neuromuscular junc-
tion. This leads to muscular weakness and
paralysis, resulting in death due to paralysis
of the respiratory muscles. a-BTX dissociates
from the nAChR very slowly, resulting in a
virtually irreversible block of the receptor,
although it may be very slowly reversible in
vivo.3 The long-lasting physiologic properties
and high-affinity binding of a-BTX make it an
ideal tool for studying the localization and
function of nAChRs at the neuromuscular
junction. It has been used to determine
morphologic localization of muscle nAChR,
and because it binds stoichiometrically to the
nAChR, the number of receptors can be esti-
mated by the number of a-BTX binding sites,
allowing for the detection of relatively small
changes in receptor numbers in the membrane.
Furthermore, among the a-neurotoxins, a-BTX
has the least species difference in its affinity for
the muscle nAChR, so it can be used effectively
in a variety of preparations. Muscle-type
nAChRs have been studied using radioactive,
fluorescent, or biotinylated derivatives of
a-BTX to determine morphologic localization

or qualitative and quantitative identification
of the receptors.3

Muscle nAChRs on the postjunctional
membrane have been labeled with radioactive
a-BTX and visualized with autoradiography.
These studies allowed for calculation of total
binding sites per endplate and the number
of receptor sites per squared micrometer
of membrane.41 The precise distribution of
nAChRs on the postjunctional membrane
was determined using 125Ia-BTX and autora-
diography at the electron microscopic level.42

This method convincingly demonstrated that
nAChRs are not evenly distributed on the
postjunctional membrane but are localized
to the crests of the junctional folds
(Fig. 35-3). Clustering of high densities of
nAChRs at the junctions is induced by the
motor nerves during development and is
retained after denervation.43

Bambrick and Gordon44 refer to the discov-
ery and isolation of a-BTX as a revolution in
the field of neuromuscular transmission. a-BTX
allowed researchers to make quantitative com-
parisons between the amount of receptors
expressed in muscle at various ages or states
of innervation and to determine how nerves
regulate muscle chemosensitivity. For example,
denervated muscles become supersensitive to
ACh, responding to concentrations approxi-
mately 1000 times less than those needed to
activate normally innervated muscle.45 The dis-
tribution of junctional and extrajunctional
nAChRs was examined in whole-mount
preparations of normal and denervated rat
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junction. Figure shows an electron micrograph of a cross
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which contain high density clusters of nAChRs. Scale is 0.3

mm. (Source: Synapse Web, Kristen M, Harris PI. http://synap-

ses.clm.utexas.edu/)
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hemidiaphragm muscles using 125Ia-BTX auto-
radiography.46 These studies revealed that the
increased sensitivity to ACh of denervated mus-
cles was due to increased density of extrajunc-
tional nAChRs with no change in the number
of receptors in the junctional membrane.
Additionally, muscle fiber strips teased from
large hindlimb muscles were labeled with
125Ia-BTX and used to measure changes in
nAChRs following denervation or postsynaptic
blockade of neuromuscular transmission.47,48

These studies demonstrated that extrajunc-
tional nAChRs are down-regulated by neuro-
muscular activity and that postsynaptic
blockade of neuromuscular transmission,
whether by denervation or blocking postsynap-
tic nAChRs, increases extrajunctional nAChR
expression.

Development of the Neuromuscular
Junction
In the study of nervous system development,
the neuromuscular junction, owing to its
large size, accessibility and simplicity, has pro-
vided a preparation with which scientists have
been able to learn a great deal about critical
developmental phenomena. Advances were
possible in large part due to the use of a-BTX
to label and visualize changes in the numbers
and distribution of postjunctional nAChRs
during development and in response to
changes in neuromuscular transmission.49

One striking change that occurs in the neuro-
muscular junction during development is
the clustering of nAChRs at the junctional
folds of the muscle fiber membrane
(see Fig. 35-3).50 Newly formed myotubes
express functional pentameric nAChRs in the
membrane with a-BXT binding sites distributed
over the entire surface of the myotubes at a
density of 200 to 1000 sites/mm2. In contrast,
adult muscle has a very steep gradient in the
density of nAChRs with a density of more than
10,000 mm�2 directly beneath the motor nerve
terminal, declining to less than 10 mm2� in the
extrasynaptic membrane. During postnatal
development, the density of extrajunctional
receptors declines, resulting in a gradient of
receptors within a distance of several micro-
meters from directly under the nerve terminal
to the extrajunctional membrane. This gradient
becomes very steep in the mature neuromuscu-
lar junction.42 The turnover time of nAChRs
also changes during development, whereby
adult receptors have increased metabolic
stability compared with embryonic receptors.
The residence time in the membrane of

embryonic receptors is about 1 day, whereas
in the adult muscle, synaptic nAChRs reside
in the membrane for about 14 days. The deg-
radation rate of nAChRs is reduced shortly after
the muscle fiber receives innervation by the
motor neuron and is coincident with the recep-
tors becoming resistant to dispersal.

Clustering of nAChRs on the postjunctional
membrane is triggered by contact with the
motoneuron terminal. Neurites contact myo-
tubes and new nAChR clusters are formed at
the sites of contact. Although modulated by
synaptic activity, the process of receptor cluster-
ing does not require neurotransmission to
occur. Instead, it is mediated by agrin, a large
heparin sulfate proteoglycan. Isolated by
McMahan and colleagues,51,52 agrin is synthe-
sized by motor neurons, transported down
motor axons, released from nerve terminal,
and associated with basal lamina of the synap-
tic cleft. Agrin activates muscle-specific receptor
tyrosine kinase (MuSK), which is essential to
nAChR clustering in vivo. The activation of
the agrin-MuSK pathway results in clustering
and anchoring of nAChRs at the postjunctional
folds of the muscle fiber membrane.

A series of elegant studies by Lichtman and
colleagues has provided an in vivo examination
of nAChRs during development after other
experimental manipulations. For example,
Balice-Gordon and Lichtman43 used fluores-
cently tagged a-BTX to label nAChRs at the
mouse sternomastoid muscle and analyzed
changes in the distribution of nAChRs in the
postsynaptic muscle fiber membrane that occur
during growth. With this technique, the same
neuromuscular junctions could be visualized
from 2 weeks to 18 months of age. This study
demonstrated that the growth of postsynaptic
regions is directly related to the expansion of
the muscle fiber. Previously labeled nAChRs
spread apart in the muscle membrane as the
muscle fibers grew, while simultaneously, new
receptors were inserted into the membrane
throughout the postsynaptic area.43

Plasticity of Nicotinic Acetylcholine
Receptors
Denervation of skeletal muscle causes changes
in the distribution and properties of nAChRs.50

Following denervation, receptor synthesis is sti-
mulated and the density of extrajunctional
receptors increases to embryonic levels (200–
900 mm2�) throughout the muscle surface.
However, the receptor distribution at postjunc-
tional membrane initially remains the same.
Receptors remain clustered and immobile at
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the junctional folds for 8 to 16 days after
denervation. One property of junctional recep-
tors that does change following denervation is
the turnover rate, reverting to the embryonic
rate (1/2-life of 17–24 hours).

Acute or chronic blockade of neuromuscu-
lar transmission with a-BTX treatment affects
the distribution of nAChRs on the postjunc-
tional membrane. In a study by Akaab-
oune and colleagues,53 mouse sternomastoid
muscle was saturated with a single dose of
a-BTX, and the receptors viewed from
2 hours to 7 days later. Even 2 hours after
exposure to a-BTX, the half-life of the recep-
tors had been greatly reduced, from approxi-
mately 14 days to less than 24 hours, and the
lost receptors were not replaced. Thus, the
number of receptors in the membrane was
significantly reduced 2 hours after a-BTX
treatment. Chronic blockade of neuromuscu-
lar transmission with a-BTX resulted in a high
rate of receptor loss that continued for 7
to 9 hours following a-BTX treatment.
Extracellular stimulation of the muscle fibers
during saturation with a-BTX prevented the
receptor loss, and slowed the rate of receptor
loss in previously a-BTX–treated muscle
fibers. The receptors lost from the junctional
membrane migrated into the perijunctional
membrane and were eventually internalized.53

Taken together, these data suggest that neuro-
muscular transmission is required to maintain
the high-density clusters of nAChRs at the
junctional folds.

Myasthenia gravis (MG) is an autoimmune
syndrome in which autoantibodies to nAChRs
in the muscle, or other postsynaptic proteins
involved in skeletal muscle transmission,
cause muscular weakness and fatigability due
to failure of neuromuscular transmission.54

The first effective treatment of MG was
developed in the 1930s, when Mary Walker
recognized the similarities between the symp-
toms of MG and those of curare poisoning,
which had been treated with the cholinester-
ase inhibitor physostigmine. Administration
of physostigmine promptly improved the
muscle symptoms in MG patients.55 Analysis
of the neuromuscular junction of patients
with MG using a-BTX–binding methods
revealed that the motor dysfunction was
related to a decreased density of post-
junctional nAChRs. Today, MG is treated
with acetylcholinesterase inhibitors like neos-
tigmine, as well as steroidal or nonsteroidal
immunosuppressants.13 However, the efficacy
of anticholinesterase agents can decrease

over time; the phenomenon is called drug
tolerance.

Chang and colleagues56 were the first to
investigate the mechanism underlying the
development of drug tolerance to anticholines-
terase agents in clinical situations. Armed with
a radiolabeled a-BTX derivative, Chang and
colleagues had the tools needed to evaluate
the possibility that drug tolerance was
mediated by changes in nAChR numbers on
the postjunctional membrane of the neuro-
muscular junction. The study showed that
7 days of neostigmine treatment caused a
42% decrease in the number of nAChRs in
the rat diaphragm muscle. In contrast, treat-
ment with drugs that decrease neuromuscular
transmission (such as hemicholinium-3 and
b-BTX) increased the number of nAChRs in
the muscle.56 Chang’s studies using radiolab-
eled a-BTX to measure numbers of nAChRs at
the neuromuscular junction provide a clear
demonstration of the homeostatic mechanism
that serves to maintain normal transmission
that has been disrupted by chronic drug
treatment. Since these studies, there have
many examples of chronic drug treatment
causing upregulation or downregulation of
receptors in a variety of neuronal systems.

Neuronal Alpha-Bungarotoxin–
Sensitive Nicotinic Acetylcholine
Receptors in the Peripheral
Nervous System

In the PNS, a-BTX–sensitive nAChRs, which
consist of a7, a8 and a9 subunits, are located
in autonomic and dorsal root ganglia, as well
as on autonomic postganglionic nerve term-
inals and motor nerve terminals.57-60 The
a7-containing homomeric receptors are the
major a-BTX–sensitive nAChR subtype, and
are located presynaptically, postsynaptically,
and extrasynaptically. In autonomic ganglia,
ACh, which is the main neurotransmitter
released by preganglionic nerves, acts on post-
synaptic a3-containing nAChRs (k-BTX–
sensitive and a-BTX–resistant receptors) to
initiate fast synaptic transmission, and on post-
synaptic muscarinic receptors to mediate slow
synaptic transmission. Thus, the role of
a7 nAChRs in ganglionic transmission is
uncertain.

Presynaptically, a7 receptors function as
autoreceptors in sympathetic and parasympa-
thetic ganglia, and at the neuromuscular
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junction, where they are activated by synapti-
cally released ACh and act to increase subse-
quent evoked and spontaneous ACh release.58

Presynaptic a7 receptors may also mediate het-
erosynaptic modulation. For example, a-BTX–
sensitive nAChRs have been detected at the
postganglionic nerve terminals of adrenergic
ganglion cells. Nicotine is known to activate
these receptors and stimulate the release of nor-
epinephrine. At some sites in the vascular
system, norepinephrine then acts in an auto-
feedback manner via b2 receptors on the
nerve terminals to release nitric oxide, which
then elicits vasodilation.61 a-BTX blocks this
effect of nicotine, indicating that a7 nAChRs
are likely to be involved.

Postsynaptically, a7 receptors can contribute
to evoked and spontaneous nicotinic synaptic
currents in autonomic ganglia, for example, in
the chick parasympathetic ciliary ganglion.62

However, in most cases, a7 receptors are not
components of the postsynaptic density and
are not essential for ganglionic transmission,
because transmission is not blocked by
a-BTX.60 In autonomic ganglia, most postsy-
naptic a7 receptors are localized on the periph-
ery of the synapse (i.e., perisynaptically).
Although the precise physiologic function of
these receptors has not been determined, they
are postulated to contribute to cellular signal-
ing via regulation of calcium-dependent
events.62 Activation of a7 receptors leads
directly to increased intracellular calcium
levels owing to the high calcium permeability
of the receptor and via depolarization-induced
opening of voltage-gated calcium channels.
Furthermore, because choline, a metabolic
product of ACh, is an agonist of a7 receptors,
breakdown of ACh released at the synapse may
activate perisynaptic a7 receptors by diffusion
of choline from the synaptic region. This sug-
gests an additional possible modulatory role
for ganglionic a7 receptors.

In the chick parasympathetic ciliary gang-
lion, which has on average 106 nAChRs per
cell, early studies revealed that 125Ia-BTX
binding sites were located extrasynaptically.63

Subsequent experiments using biotinylated
a-BTX showed that a7 receptors were also
localized to perisynaptic somatic spines,
which are in close proximity to presumed
presynaptic sites of transmitter release.64

Nevertheless, the a7 receptors do not appear
to be essential for synaptic transmission
because incubation of the ganglion in a-BTX
does not block transmission.65 However, an
a-BTX–sensitive, rapidly desensitizing current

induced by nicotine has been recorded in iso-
lated ciliary ganglion neurons or by stimulating
the preganglionic nerve. In addition, activation
of a7 receptors on isolated ciliary ganglion neu-
rons raises intracellular calcium levels, suggest-
ing a possible modulatory role of extrasynaptic
a7 receptors.66 Although the a7 receptors are
not necessary for transmission through the
adult ganglia, early in ganglionic development,
they are necessary to ensure reliable and
synchronous firing of synaptically evoked
action potentials in ciliary neurons at frequen-
cies as low as 1 Hz, likely by contributing
directly to the total synaptic current.56 This sug-
gests a developmental role of a7 receptors in
the ciliary ganglion. Although this requirement
of a7 for reliable transmission is temporary,
ciliary ganglion neurons later in development
express greater numbers of a7 receptors that are
maintained throughout adulthood. Thus,
although both the soma and nerve terminals
of autonomic ganglion cells express a7 recep-
tors, the physiologic role of these receptors has
not been definitively established.

Non-neuronal Alpha-
Bungarotoxin–Sensitive Nicotinic
Acetylcholine Receptors

a7 receptors are also found in many types of
non-neuronal tissues, including adipocytes,
lymphoid tissue, macrophages, keratinocytes,
astrocytes, and endothelial cells and epithelial
cells of the intestine, lung, and bladder.20,67 In
keratinocytes, a7-containing receptors regulate
chemotaxis.68 Endothelial and bronchial epi-
thelial cells express several neuronal nAChRs
subtypes, including a7, and contain the
machinery to synthesize and store ACh, sug-
gesting the possibility that ACh may act as an
autocrine/paracrine factor in the lung or in the
cardiovascular system. A study of a7 receptors
in human umbilical vein endothelial cells
(HUVECs) investigated the involvement of
a7-mediated cholinergic signaling in angiogen-
esis. The a7 receptor agonist choline increased
intracellular calcium concentration, cell prolif-
eration, and tube formation by endothelial
cells, as well as the expression of a7
nAChRs.69 Application of a-BTX produced the
opposite effects, suggesting that ACh may be
involved in regulation of endothelial cell func-
tion as an autocrine factor. Additionally, acti-
vation of a7 receptors increased capillary
density in ischemic tissues in a rat model of
myocardial infarction, suggesting that a7
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receptors may be a target for revascularization
in treatment of ischemic heart disease.

Neuronal Alpha-Bungarotoxin–
Sensitive Nicotinic Acetylcholine
Receptors in the Central Nervous
System

Localization of Nicotinic Acetylcholine
Receptors Using Alpha-Bungarotoxin
Radiolabeled or fluorescently labeled a-BTX
has been used for mapping the nAChRs in
the CNS. In early studies in rats, the distribu-
tion of a-BTX-sensitive receptors was assessed
by either injecting radioactive 125Ia-BTX intra-
ventricularly in vivo, followed by a survival
period of 1 to 8 days before removal of the
tissue and autoradiography or by incubating
fresh tissue sections in dilute solutions of
radioactive toxin.70 Comparisons of a-BTX
distribution with the distribution of other
radioligands for cholinergic receptors (i.e.,
3H-nicotine or 3H-epibatidine) resulted in
mismatches. Later, it became evident that
these mismatches were due to different types
of nAChRs, some sensitive to a-BTX and some
not. Further studies using mRNA for specific
nAChRs subunits indicated that the a-BTX-
labeled receptors corresponded mostly to the
a7 containing nAChRs, whereas the other
nicotine-labeled receptors have different subu-
nit structure (i.e., a4b2 a-BTX–insensitive
receptors that comprise the majority of
nAChRs in the brain) (see Fig. 35-2A-C).4,13,17

In addition, studies using brain tissue from a7

knockout mice showed that although there
was no 125Ia-BTX binding, the 3H-nicotine
binding was unchanged, thus validating that
the a-BTX binding sites are equivalent to the
a7-containing nAChRs.71 In several species
including human and rodent, a-BTX staining
is localized predominantly in (1) areas associat-
ed with sensory processing, including cerebral
cortex, olfactory bulb, superior colliculus, ven-
tral lateral geniculate nucleus, cochlear nuclei,
substantia gelatinosa in spinal cord, spinal tri-
geminal nucleus, the principal sensory nucleus
of the trigeminal, and the dorsal column nuclei;
(2) limbic areas including the hippocampus,
amygdala, olfactory tubercle, medial mammil-
lary nucleus, cingulate cortex; and (3) other
areas including the cerebellum, hypothalamus,
thalamus, substantia nigra.20,70 Thus, a-BTX–
sensitive receptors are widely expressed in the
CNS (Fig. 35-4).

Function of Alpha-Bungarotoxin–
Sensitive Nicotinic Acetylcholine
Receptors
a-BTX–sensitive a7 nAChRs, have been impli-
cated in many CNS functions including
synapse formation and remodeling, Ca2+-
dependent regulation of gene expression,
cognitive functions (learning and memory),
nicotine and drug addiction, and various neu-
rologic diseases (Alzheimer disease [AD],
schizophrenia). The role of a7 receptors varies
in different brain areas depending on the cellu-
lar localization of the receptors (presynaptic,
postsynaptic and perisynaptic) and on
the type of neurons where they are expressed
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Medial habenula

Pineal gland

Cerebellum

Spinal
cord

Interpeduncular
nucleus

Hypothalamus

Amygdala

Substantia nigra
Ventral tegmental area
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FIGURE 35-4. Distribution of alpha-bungarotoxin–sensitive receptors in the rodent brain.
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(i.e., GABAergic, glutamatergic, dopaminergic,
serotonergic, adrenergic, cholinergic neurons).

a7 nAChRs located at the presynaptic term-
inals or on the axon close to the terminal
(perisynaptic) act as autoreceptors or heterore-
ceptors modulating the release of several neu-
rotransmitters including ACh, dopamine,
norepinephrine, glutamate, GABA, and seroto-
nin. Although the release of many neurotrans-
mitters is regulated by a7 as well as other
nAChRs (i.e., a4b2), it appears that the release
of glutamate is strictly under the control of
a7 nAChRs.18 Activation of presynaptic
a7 nAChRs enhances neurotransmitter release,
but depending on the neurotransmitter type, it
can produce postsynaptic inhibition (i.e.,
GABA) or excitation (i.e., glutamate). The
mechanisms of modulation involve enhance-
ment of Ca2+-dependent exocytosis via
increases in the intracellular Ca2+ concentra-
tion due to high Ca2+ permeability of these
receptors. Influx of Ca2+ can cause release of
Ca2+ from ryanodine-dependent intracellular
stores as shown at the hippocampal glutama-
tergic terminals72 or membrane depolarization
that activates voltage-gated calcium channels.
as shown in the case of glutamate release
from the prefrontal cortex synaptosomes.73

At postsynaptic sites, a7 nAChRs mediate fast
excitatory synaptic transmission; this occurs at
a small proportion of the CNS synapses, and
the physiologic role of these receptors is
thought to be less significant than that of the
presynaptic receptors.17

Developmental Changes in the
Expression of Alpha-Bungarotoxin–
Sensitive Nicotinic Acetylcholine
Receptors
High levels of a-BTX–sensitive receptors are
transiently expressed during prenatal and post-
natal development, suggesting that a7 receptors
may be involved in synapse formation and
maturation.74 In human fetal brain, 125Ia-BTX
receptors are present from 5 to 7 weeks of ges-
tation and their expression increases steadily
until birth. After birth and throughout life the
expression decreases slowly, especially in the
hippocampus (CA1 region), entorhinal cortex,
thalamus, and striatum. Similarly, in fetal rat
brain (hippocampus, dorsal motor nucleus of
the vagus nerve) the number of 125Ia-
BTX–labeled receptors and mRNA for a7 sub-
unit increase from prenatal day 13 or 14 until
birth and then decrease to adult levels in the
first few postnatal days. On the other hand, in
the somatosensory and auditory cortex of rats,

a-BTX staining (and a7 mRNA) appears at P0,
peaks in the second postnatal week (P10–14),
and decreases to adult levels in the third post-
natal week (by �P20), a period that overlaps
with critical period for onset of sensory func-
tion (i.e., rat hearing and vision start at �P12).
Because brain development is dependent on
synaptic activity,75 a mechanism by which pre-
synaptic a7 nAChRs may participate in devel-
opmental functions is by converting silent
synapses into mature synapses by enhancing
glutamate release from the presynaptic
terminals.74

Postsynaptic a7 receptors may also play an
important role during development. Extensive
research in the auditory brainstem nuclei indi-
cates that a-BTX staining and mRNA for a7
subunit decline through the first postnatal
week, a developmental period characterized
by extensive morphologic and functional
changes of these neurons. It is believed that
Ca2+ entry through these receptors contributes
to synapse formation, refinement, and matura-
tion.76 Indeed, in vitro studies in cultured
ciliary ganglion neurons77 or PC12 cells,78

have demonstrated that nicotinic agonists
(nicotine or ACh) induce retraction of neurites,
an effect that is blocked by a-BTX, implicating
a7 receptors in controlling neurite outgrowth.
Other in vitro studies have shown that
activation of a7 receptors and particularly
Ca2+ entry through these receptors can rescue
cultured motor neurons destined to die in the
absence of neurotrophic factors,79 thus impli-
cating a7 in neuronal survival. In summary, a7
receptors clearly play a crucial role during
development.

Physiologic Functions of Alpha-
Bungarotoxin–Sensitive Nicotinic
Acetylcholine Receptors
Although the a7 receptors comprise a minority
of CNS nAChRs, they seem to play a crucial
role in modulating many cognitive functions
including attention, learning, and memory.
Dysfunctions in the cholinergic system are
also thought to underlie some neurologic dis-
eases such as AD and schizophrenia.

a7 In Attention, Learning And Memory
Smoking has been shown to enhance certain
cognitive functions in humans, including atten-
tion, working memory, and learning.80 a7
receptors have been shown to play a role in
these functions. Systemic administration of a7
agonists such as (3-[2,4-dimethoxybenzylidene]
anabaseine (DMXBA) or AR-R17779 improve
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working memory and reverse the working
memory impairment caused by fimbria-fornix
lesions in rats. Conversely, impaired working
memory occurred after local infusions of the
a7 antagonist methyllycaconitine citrate
(MLA) into the hippocampus, one of the
main brain areas involved in learning and
memory.80 The mechanism of a7-mediated
enhancement of memory involves synaptic
plasticity in brain areas such as hippocampus
and prefrontal cortex. In rodent brain slices
containing these areas, it has been shown
that acute and chronic nicotine exposure
facilitates the induction of long-term potentia-
tion (LTP) due to stimulation of presynaptic
nAChRs and enhancement of neurotransmitter
release.81 In addition, Ca2+-dependent down-
stream activation of signaling pathways (ERK/
MAPK kinase activation) contribute to
plasticity.13

a7 in Nicotine and Other Drug
Addiction
The dopaminergic synapses in the nucleus
accumbens (NA) arising from neurons in the
ventral tegmental area (VTA) are a major com-
ponent of the brain reward system. An increase
in dopamine release at these synapses is
believed to play a crucial role in drug addic-
tion.82 In vitro studies in rodent brain slices
have shown that presynaptic a7 receptors
increase glutamate release in the VTA, which,
in turn, activates N-methyl-D-aspartic acid
(NMDA) glutamatergic receptors and leads to
LTP. In vivo infusion of the a7 antagonist MLA
in the VTA prevented nicotine-induced dopa-
mine release in the VTA-NA pathway in
rats.83,84 Together, these studies suggested that
a7 may play a role in nicotine and other drug
addiction.

a7 in the Treatment of Cannabis Use
Recently, a7 receptors located in the VTA and
striatum have been proposed as new targets for
the treatment of cannabis abuse.85 Behavioral
experiments in rats revealed that systemic
administration of MLA reduced the ability of
rats to discriminate between the active ingredi-
ent in cannabis, delta-9-tetrahydrocannabinol
(THC), and vehicle, reduced self-intravenous
administration of a synthetic cannabinoid
CB1 receptor agonist, and reduced the THC-
induced elevations of dopamine in the nucleus
accumbens.85 These experiments raise the pos-
sibility of using a7 specific inhibitors for the
treatment of cannabis addiction.

ROLE OF a7-RECEPTORS IN
PATHOLOGY

Schizophrenia

The relationship between nAChRs and schizo-
phrenia has attracted attention because the
incidence of tobacco smoking is elevated in
schizophrenics and they are heavier smokers
who tend to extract more nicotine per
cigarette smoked than the general population.
One symptom of schizophrenia is the inabil-
ity to focus attention, resulting in cognitive
impairment and overwhelming amounts of
sensory stimuli that may perhaps contribute
to auditory hallucinations.86 This is thought
to reflect an impairment in auditory sensory
gating, specifically indicated by a biologic
measurement called P50 suppression, indica-
tive of the ability to suppress the evoked
response to the second of two auditory
stimuli. P50 suppression, which is impaired
in schizophrenics, involves the a7 nAChR-
mediated GABA release by hippocampal
interneurons resulting in decreased glutamate
release, thus preventing hippocampal neurons
from responding to the second stimulus in
the sensory gating paradigm. DBA/2 mice,
an animal model of P50 suppression impair-
ment, have genetically decreased levels of a7
receptors in the hippocampus and impaired
auditory gating.87 Activation of nAChRs with
nicotine can improve P50 suppression and
normalize sensory gating in DBA/2 mice,87

and in immediate relatives of people with
schizophrenia.88 Also, clozapine, an atypical
neuroleptic that is most effective in treatment
of refractory schizophrenia, normalizes P50
suppression. In animal models, clozapine’s
effect on auditory gating is blocked by
a-BTX, implicating an a7 receptor-dependent
mechanism.

Because many relatives of people with
schizophrenia also have poor P50 suppression,
a genetic link was sought. The a7 receptor gene
(CHRNA7) is at 15q13-14 locus, and the P50
suppression failure phenotype has been linked
to the chromosome 15q14 locus of
CHRNA7.89 Although no polymorphisms
have been found in an amino acid coding
region of CHRNA7, multiple single-nucleotide
polymorphisms in the promoter region have
been characterized. These are present more fre-
quently in schizophrenics and their family
members, and are associated with decreased
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promoter region activity and with impaired
P50 suppression.

a7-selective agonists have shown promise for
the treatment of schizophrenia.86 One well-
characterized compound, DMXBA, which was
developed by Kem and colleagues, is a partial
agonist at the a7 receptor and normalizes inhi-
bition of auditory response in DAB/2 mice.
DMXBA has been evaluated in a Phase I trial
in normal human subjects, and was shown to
significantly improve performance on tasks
of simple reaction time and test of working
memory.90 The drug induces less tachyphylax-
is than nicotine, and animal studies suggest
that abuse and dependence are less likely than
with nicotine. Thus, a7-selective agonists such
as DMXBA seem to be good candidates for
the treatment of cognitive and perceptual
disturbances in people with schizophrenia.

Alzheimer’s Disease

Alzheimer’s disease (AD), the most common
cause of dementia in the elderly, is a neurode-
generative disease characterized by the prefer-
ential loss of cholinergic neurons in the brain.
a7 receptors have been implicated in the
pathology of AD: a reduction in a7 protein
levels in the cerebral cortex and hippocampus
of patients with AD is seen early in the disease
and correlates well with progressive loss of cog-
nitive functions.91 Amyloid plaques composed
of accumulations of beta amyloid protein are a
classic pathologic feature of AD and are
associated with neuronal degeneration. Recent
studies have led to development of the
so-called inside-out hypothesis stating that
extracellular amyloid plaques are the result of
lysis of amyloid-burdened neurons. a7 nAChRs
bind Ab42 (the predominant beta-amyloid
peptide species in amyloid plaques) with very
high affinity,92 and this interaction can have an
antagonist effect on a7-receptor function.93,94

The interaction of Ab42 with a7 receptors is
important for entry and accumulation of amy-
loid proteins in neurons, and is thought to be a
key, early step in the pathogenesis of AD.
Immunohistochemical analyses show the high-
est intracellular accumulation of Ab42 in neu-
rons expressing high levels of a7 receptors and
that the receptor always colocalized with the
peptide in the perikaryon of AD neurons.91

Studies of cultured cells found that Ab42 bind-
ing to a7 receptors and internalization and
intracellular accumulation of Ab42 were all

blocked by a-BTX.95 Furthermore, the level of
neuronal expression of a7 receptors is strongly
correlated with the rate and extent of Ab42 accu-
mulations. Preventing the interaction between
a7 receptor and Ab42 has the potential to pre-
vent intracellular accumulations of beta-amy-
loid protein and may have a positive effect on
cognitive function and slow the progression of
the neuronal degeneration underlying AD.91

Thus, the a7 receptor is an important potential
therapeutic target for treatment of AD.

Cholinergic Anti-Inflammatory
Pathway

An interesting aspect of a7 receptor function in
a non-neuronal system is its critical role in the
cholinergic anti-inflammatory pathway.13,96

Stimulation of the vagus nerve results in ACh
release that reduces the release of proinflamma-
tory cytokines. In vivo studies have demon-
strated that nicotine administration attenuates
the response to lipopolysaccharide and reduces
the systemic inflammatory indicators associa-
ted with endotoxemia.97 The a7 subunit is
essential for inhibiting cytokine synthesis via
the cholinergic anti-inflammatory pathway,
because electrical stimulation of the vagus
nerve inhibits secretion of tumor necrosis
factor in wild-type mice but not in a7-deficient
mice.98 a-BTX binds to the surface of human
and murine macrophages, indicating the
presence of a7 nAChRs, and ACh reduces
the release of proinflammatory cytokines
in lipopolysaccharide-stimulated cultures of
human macrophages. Physiologic or pharma-
cologic stimulation of a7 nAChRs on macro-
phages blocks the expression of tumor
necrosis factor and the secretion of the high-
mobility group box 1 (HMGB1) protein.13

These results suggest that the a7 receptor may
be an important therapeutic target for the
prevention and treatment of the effects of
inflammation and sepsis.

Pain

Early studies have shown that activation of the
cholinergic system is antinoceptive in humans
and laboratory animals.99 Although many
analgesic properties of nicotine are mediated
by non-a7 receptors, a-BTX–sensitive a7 recep-
tors may also play a role in pain modulation.
Expression of these receptors was detected in
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both peripheral and central pain pathways.
Using labeled a-BTX, mRNA for a7, and
electrophysiology, a7 receptors were found in
dorsal root ganglia and trigeminal ganglia
neurons including nociceptive C fiber neurons
(TRPV1 positive, capsaicin-sensitive).57,59

Stimulation of the a7 receptors triggers the
release of nitric oxide.100 Although the physio-
logic role of C-fiber–induced nitric oxide
release is unknown, nitric oxide can block
voltage-gated calcium channels in bladder
afferent neurons, causing an alteration in the
excitability of these neurons.101 a-BTX labeling
was also shown in central brain areas involved
in pain, including the substantia gelatinosa
of the spinal cord (human102), thalamus
(low levels of a7 rat103) or cortex (rat104) in
several species.

The involvement of a7 receptors in pain
modulation has been demonstrated in animal
models of acute thermal, mechanical and
inflammatory pain. Choline or CDP-choline
(a drug used in the treatment of neurodegener-
ative disorders such as AD) administered
intrathecally (IT), intraventricularly (ICV) or
intravenously (IV) in mice subjected to acute
thermal pain (hot plate paw withdrawal
and tail flick tests), acute inflammatory pain
(formalin test, acetic acid writhing test), or
acute mechanical pain (paw pressure test),
had antinoceptive properties that were blocked
by a-BTX and MLA.105-107

a7 receptors in the brain are not only
expressed in neurons but also in non-neuronal
cells such as microglia, the primary immune
cells in the brain.108 Activation of a7 receptors
in cultured microglia resulted in an a-BTX–sen-
sitive decrease in the lipopolysaccharide-
induced release of proinflammatory factors
such as tumor necrosis factor-a.108 This sug-
gests that a7 receptors may be involved in a
central cholinergic anti-inflammatory pathway
similar to the one in the PNS.13,96 Together,
these studies indicate that a-BTX–sensitive
receptors in the brain are potential targets for
pain treatments.

On the other hand, an agent with
a-BTX–like properties could potentially be
useful in pain treatment, not because of its
effect on nAChRs but because of the blockade
of purinergic receptors. Adenosine triphos-
phate (ATP) is known to play a role in pain
mechanisms. For example, release of ATP by
bladder distension can activate afferent nerves
and contribute to painful sensations.109 In
acutely dissociated dorsal root ganglion neu-
rons, a-BTX inhibits purinergic receptors P2X3

and P2X2/3
110; thus, a-BTX may have antino-

ceptive properties via different mechanisms in
sensory neurons.

POTENTIAL CLINICAL
APPLICATION OF DRUGS
THAT TARGET nAChRs:
TREATMENT OF LOWER
URINARY TRACT
DYSFUNCTION

Nicotinic cholinergic transmission in the CNS
and PNS is essential for the neural control of
all striated and visceral smooth muscle, as well
as the regulation of some endocrine and exo-
crine glands. Thus, drugs that target nAChRs
receptors have the potential for widespread
clinical use. To illustrate the potential impact
on organ function of pharmacotherapy direc-
ted at nAChRs, this section focuses on the
treatment of neurogenic disorders of the
lower urinary tract.

The ability of the lower urinary tract to store
and periodically release urine is dependent
upon neural circuitry in the brain and spinal
cord that coordinates the activity of two
functional units: (1) a reservoir, the urinary
bladder, and (2) an outlet, consisting of
bladder neck, urethra, and striated muscles
of the urethral sphincter.111 During urine
storage, the bladder is quiescent and the ure-
thra is tonically active; whereas during voiding,
the pattern of activity is reversed. The bladder
and urethral smooth muscle are controlled by
autonomic nerves; whereas the urethral striated
muscle is controlled by somatic motor nerves.

In rats, intravenous administration of a-BTX
selectively blocks nicotinic transmission in the
urethral sphincter, lowering urethral outlet
resistance, but does not affect nicotinic gangli-
onic transmission in the autonomic pathways
to the bladder and urethra.112 Thus, bladder
contractions and voiding are not affected
by the toxin. On the other hand, ganglionic
transmission, which is mediated by a3-type
nAChRs, can be blocked by drugs (hexametho-
nium or mecamylamine) that selectively target
these receptors. These drugs can block bladder
activity without affecting urethral sphincter
function.

Neurogenic lower urinary tract dysfunction
that occurs after spinal cord injury consists of
two deficits: (1) bladder hyperreflexia, resulting
in failure to store urine, and (2) spasticity of
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the urethral sphincter (detrusor-sphincter-dys-
synergia, DSD),111 causing decreased voiding
efficiency and urinary retention. DSD, which
occurs when the bladder and external urethral
sphincter contract simultaneously, can cause
bladder infections and backflow of urine into
ureters, and can lead to kidney failure.
In chronic spinal cord–injured rats with DSD,
systemic treatment with a-BTX suppresses
urethral sphincter activity and improves void-
ing by blocking postjunctional nAChRs.113

Local injection into the urethral sphincter of
botulinum toxin, a toxin that acts presynapti-
cally to suppress ACh release, has also been
used in spinal cord–injured patients to block
DSD and improve voiding.114 a-BTX has not
been used clinically to treat DSD because of
its shorter duration of action.

nAChRs are also present in the afferent path-
ways controlling bladder function. Intravesical
application of low concentrations of nicotine
(50 nM–1 mM) to the luminal surface of
the bladder suppressed the frequency of void-
ing.115 This effect was blocked by pretreatment
with 10 mM MLA, suggesting that it is mediated
by a7 nAChRs. It has been proposed that this
effect of nicotine is mediated by an action on
urothelial cells that, in turn, release inhibitory
substances such as nitric oxide that suppress
afferent nerve activity. mRNA for the a7 subu-
nit has been detected in cultured rat urothelial
cells as well as in rat urothelial tissue.114

Nicotine can release nitric oxide from cultured
urothelial cells.116

Intravesical administration of high nicotine
concentrations (1–10 mM) facilitated the mic-
turition reflex, significantly increasing the fre-
quency of voiding.117 This effect was prevented
by treatment with an a3 receptor antagonist
(hexamethonium) and by capsaicin pretreat-
ment, suggesting that the excitatory effect of
nicotine was mediated by activation of C-fiber
afferent nerves underlying the urothelium.
a3 as well as b subunits necessary to form
heteromeric receptors have been identified in
afferent neurons as well as in urothelial
tissue. Patch-clamp recordings from L6-S1
capsaicin-sensitive bladder afferent neurons
revealed a3-mecamylamine–sensitive, nico-
tine-induced inward currents.117 Thus, high
concentrations of nicotine may affect sensory
pathways in the bladder via a direct action on
C-fiber bladder afferent nerves or by an indirect
action through the release of neurotransmitters
from the urothelium. Urothelial cells can
synthesize ACh and mechanical or chemical
stimulation of urothelial cells can release

ACh.118 Thus endogenous ACh may function
as a neurotransmitter that acts on a7 and a3
receptor subtypes in the region of the urotheli-
um to modulate afferent nerve excitability.
Modulation of these receptors with drugs may
be useful in controlling bladder dysfunction.

Cholinergic synapses in the CNS also appear
to be involved in the neural control of the
bladder. Intracerebroventricular administration
of low does of epibatidine, an a3 receptor ago-
nist, inhibited reflex bladder activity in the rat,
whereas high doses facilitated bladder activ-
ity.119 This effect was blocked by an a3 receptor
antagonist, chlorisondamine. On the other
hand, intrathecal injection of nicotine resulted
in bladder overactivity (increased voiding
frequency), whereas intracerebroventricular
injection of nicotine inhibited bladder activity
(decreased voiding frequency).117 These effects
were blocked by administration of the a3
receptor antagonist mecamylamine. Thus, acti-
vation of nAChRs at different levels of the
neuraxis can alter lower urinary tract function.
This raises the possibility that drugs might be
developed to selectively target certain subtypes
of nAChRs and be useful in treating urine
storage and voiding dysfunctions.
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36Biology and
Pharmacology of

Conotoxins

Russell W. Teichert, Elsie C. Jimenez, and
Baldomero M. Olivera

INTRODUCTION

Over the course of evolution, the approxi-
mately 700 living species of predatory marine
cone snails (genus Conus) (Fig. 36-1) have
generated in their venoms a vast array of pep-
tide toxins, known colloquially as conotoxins
(alternatively, conopeptides or Conus pep-
tides). Cone snails occupy diverse marine habi-
tats in tropical and subtropical oceans globally,
ranging from shallow water coral reefs to deep
water habitats. As a consequence of occupying
an exclusive ecologic niche, each Conus species
appears to have evolved its own unique set of
venom peptides tailored to the combination
of prey, predators, and competitors that the
species interacts with. Even very closely related
species have different peptides in their venoms.
Because every species of cone snail produces
100 to 200 unique peptide toxins in
its venom, there are estimated to be more
than 100,000 unique peptide toxins distributed
across the approximately 700 species of
cones.1-3

The vast structural and functional diversity
of conopeptides has arisen via several mechan-
isms. One source of conopeptide diversity is
the different gene superfamilies that encode
conopeptides (Table 36-1). Within a gene
superfamily, conopeptides typically share a
single structural scaffold, most often deter-
mined by a common framework of disulfide
bonds. Most conotoxins are disulfide-rich

peptides, which fold in three-dimensional
conformations required for their high affinity
and specificity for their respective targets.
Relatively few gene superfamilies encode the
great majority of conopeptides; thus, cone
snails have used relatively few structural scaf-
folds to achieve extensive functional diversity.
Although conopeptides in a superfamily are
genetically and structurally related, the cone
snails generate diversity by mechanisms that
include accelerated evolution (e.g., rapid diver-
gence in amino acid sequence), numerous
post-translational modifications, and (rarely)
changing the disulfide-bonding framework of
an existing peptide family.2,4-6

Over the past two decades, numerous con-
opeptide families have been characterized,
demonstrating that the diversity of their molec-
ular targets parallels the diversity of the cono-
peptides themselves.6 The biologic
mechanisms that have altered conopeptides,
and the evolutionary forces that have selected
for comparative advantages in predation,
defense, and competitive interactions, collec-
tively have optimized many conopeptides for
high affinity and specificity for particular tar-
gets, often subtypes of receptors or ion chan-
nels in the nervous system. Their targets
include many subtypes of voltage-gated ion
channels (Table 36-2), ligand-gated ion chan-
nels (Table 36-3), and G protein–coupled
receptors (Table 36-4); many of these targets
are described in this chapter. Their unique
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specificity makes conopeptides increasingly
important as research tools for defining the
physiologic roles of closely related subtypes of
receptors and ion channels, and for various
clinical applications, including direct applica-
tion as therapeutic drugs. In this chapter,
we systematically review the structural and
functional diversity of conopeptides, with a
discussion of their pharmacologic selectivity
and utility.

BIOLOGY AND ECOLOGY OF
CONE SNAILS: SOURCE OF
PEPTIDE DIVERSITY

The cone snails comprise one of the largest
genera (Conus) of marine animals.7 Cone
snails are divided into three groups, based on
their prey. The largest group includes the ver-
mivorous (worm-hunting) species that feed on
polychaete, hemichordate, and echiuroid
worms. The second class comprises the mollus-
civorous (snail-hunting) species that hunt
other mollusks. A notable group consists of
the piscivorous (fish-hunting) cone snails;
these have venoms that very rapidly immobi-
lize fish.1,8,9 The different predatory specializa-
tions of cone snails provide one rationale for
the diversity of peptides found in their venoms.

As mentioned earlier, different Conus species
have divergent biotic interactions leading to the
rapid divergence of conopeptides between
Conus species. Cone snails particularly thrive
in tropical marine habitats; these contain the
most diverse array of Conus species. In addition
to the predatory specializations cited earlier,
the incredibly complex web of biologic interac-
tions (e.g., defense and competition with
myriad species) in tropical marine environ-
ments provides another rationale for the
unique and divergent spectrum of conopep-
tides evolved by each Conus species.2

Venom is the major weapon used by cone
snails for prey capture, defense, and deterrence
of competitors. Because these predatory snails
are not notable for their speed or mechanical
weaponry, they have evolved rapidly acting,
potent venoms. Targeting various ion channels
using combinations of conotoxins is a sensible
strategy; the rich molecular diversity of poten-
tial targets and the ability to interfere with the
rapid signaling of ion channels provide an
additional rationale for the molecular complex-
ity of peptides in cone snail venoms.1 As a con-
sequence of all the factors cited earlier, Conus
venoms have become a discovery engine for
ligands with subtype selectivity for many
classes and families of receptors and ion
channels.

SUPERFAMILIES OF
CONOPEPTIDES

An overview of the superfamilies of conopep-
tides is shown in Table 36-1. Two broad

FIGURE 36-1. Shells of some cone snails (genus Conus) that

produce pharmacologically active venom peptides. The

venoms of most Conus species shown are well characterized

and have provided peptides of biomedical interest with ther-

apeutic potential. Two of the species, Conus milneedwardsi,

the Glory of India cone and Conus delesserti, Delessert’s cone

(center middle row and center bottom row, respectively) are

virtually unexplored; these represent the significant number

of cone-snail species with unexplored venoms, a frontier

for new conopeptide discovery. The species shown are, left

to right, top row: Conus geographus, the geography cone;

Conus purpurascens, the purple cone; Conus magus,

the magician’s cone.Middle row, Conus imperialis, the impe-

rial cone; Conus milneedwardsi; Conus radiatus, the radial

cone. Bottom row, Conus striatus, the striated cone; Conus

delesserti; Conus marmoreus, the marble cone. Most species

shown are fish hunting except for Conus imperialis and Conus

delesserti, which prey on worms, and Conus marmoreus and

Conus milneedwardsi, which are snail hunters.
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divisions of venom components are shown:
disulfide-rich and non–disulfide-rich conopep-
tides. In most of the disulfide-rich conotoxins,
cysteine residues occur at an unusually high
frequency. However, the arrangement of
cysteine residues is limited to relatively few
patterns; in general, each pattern corresponds
to a specific disulfide-bonding framework.
Furthermore, the cysteine pattern is indicative
of the gene superfamily that encodes the con-
opeptide and, in some cases, can be indicative
of the pharmacologic target.6

Despite the incredible diversity among
conotoxins, they are encoded by relatively few
gene superfamilies. Characterization of cDNA
clones from venom ducts has established that
conopeptides are initially translated as prepro-
peptide precursors.10 The organization of con-
opeptide precursors consists of a typical signal
sequence (the ‘‘pre’’ region) at the N-terminal
end, followed by an intervening ‘‘pro’’ region,
and the mature toxin region at the C-terminal
end of the open reading frame. Proteolytic
cleavage of the precursor to form the functional

TABLE 36-1 Conopeptide Gene Superfamilies

Superfamily Family Cys Pattern Cys Pattern Class Molecular Target

Disulfide-Rich Peptides

A a CC-C-C I/II nAChR

A aA CC-C-C-C-C IV nAChR

A kA CC-C-C-C-C IV K+ or Na+ channel

I1 i C-C-CC-CC-C-C XI Na+ channel

I2 C-C-CC-CC-C-C XI K+ channel

J kJ C-C-C-C XIV K+ channel

M m CC-C-C-CC III Na+ channel

M c CC-C-C-CC III nAChR

M kM CC-C-C-CC III K+ channel

O d C-C-CC-C-C VI/VII Na+ channel

O mO C-C-CC-C-C VI/VII Na+ channel

O k C-C-CC-C-C VI/VII K+ channel

O o C-C-CC-C-C VI/VII Ca2+ channel

P C-C-C-C-C-C IX

S s C-C-C-C-C-C-C-C-C-C VIII 5-HT3 Receptor

S aS C-C-C-C-C-C-C-C-C-C VIII nAChR

T � CC-CPC I/II NE Transporter

T CC-CC V

Non–Disulfide-Rich Peptides and Polypeptides

Conantokin NA NA NMDA Receptor

Conorfamide NA NA Rfamide Receptor

C Contulakin NA NA Neurotensin
Receptor

C aC C-C X nAChR

Conopressin C-C Vasopressin
Receptor

Contryphan C-C Ca2+ channel

Conkunitzins C-C-C-C K+ channel

NA, not applicable; nAChR, nicotinic acetylcholine receptor; NMDA, N-methyl-D-aspartate, NE, norepinephrine; 5-HT, 5-

hydroxytryptamine (serotonin). Blanks in the table are either undefined or unknown.

Many references for each peptide family are provided in the text and in the subsequent tables in this chapter. For each Cys

pattern, the dash represents a variable number of amino acids between Cys residues. Cys pattern class is utilized as a naming

convention, e.g. m-conotoxin GIIIA has a class III Cys pattern (CC-C-C-CC) and thus has ‘‘III’’ in its name. Conkunitzins are not

considered disulfide rich because each polypeptide is approximately 60 AA in length.
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(mature) toxin is an obligatory step in the mat-
uration of all conopeptides.

A comparison of homologous cDNA
sequences from different Conus species reveals
a striking pattern; peptides with similar arrange-
ments of cysteine residues in the primary
sequence of the mature toxin share a highly
conserved signal sequence. These features
define members of a conopeptide gene super-
family. These gene superfamilies have diverged
structurally and functionally to produce the
majority of the more than 100,000 different
conopeptides found in the venoms of cone
snails.1-3 A variety of mechanisms that lead to
the conservation of the signal sequences juxta-
posed with the hyperdivergence in the mature
toxin region have been proposed.5,10-13 In
addition, the occurrence of a variety of post-
translational modifications contributes to the
molecular diversity of conopeptides.14,15

One insight into the mechanism of post-
translational modification of conopeptides

has been obtained from studies of the g-carbox-
ylation of glutamate to the nonstandard amino
acid g-carboxyglutamate.16,17 The post-transla-
tional modification enzyme g-glutamyl carbox-
ylase has been found in Conus venom ducts. Its
gene was subsequently cloned and expressed.
The Conus enzyme is highly homologous to
the mammalian enzyme.18-20 It recognizes a
sequence in the pro region of the precursor
peptide, where that signal engages and initiates
the enzyme to modify specific amino acid resi-
dues in the mature toxin region. The pro region
of the conopeptide precursor provides poten-
tial anchor-binding sites for the g-glutamyl
carboxylase.21

General Physiology and
Pharmacology of Conopeptides

A pharmacologic insight into the mode of
action of conopeptides is that cone snails

TABLE 36-2 Some Conopeptides Targeted to Voltage-Gated Ion Channels

Peptide Amino Acid Sequence Target (Specificity) Reference

m-GIIIA
m-GIIIB
m-PIIIA
m-SmIIIA

RDCCTOOKKCKDRQCKOQRCCA*
RDCCTOORKCKDRRCKOMKCCA*
ZRLCCGFOKSCRSRQCKOHRCC*
ZRCCNGRRGCSSRWCRDHSRCC*

Na+ channel (NaV1.4)
Na+ channel (NaV1.4)
Na+ channel (NaV1.4)
Na+ channel (TTX-R)#

26-29
26, 27
33
35

mO-MrVIA
mO-MrVIB

ACRKKWEYCIVPIIGFIYCCPGLICGPFVCV
ACSKKWEYCIVPILGFVYCCPGLICGPFVCV

Na+ channel
Na+ channel (NaV1.8)

39
39, 42

i�RXIA GOSFCKADEKOCEYHADCCNCCLSG
ICAOSTNWILPGCSTSSFFKI

Na+ channel 44, 45

d-PVIA
d-TxVIA
d-GmVIA

EACYAOGTFCGIKOGLCCSEFCLPGVCFG
WCKQSGEMCNLLDQNCCDGYCIVLVCT
VKPCRKEGQLCDPIFQNCCRGWNCVLFCV

Na+ channel
Na+ channel
Na+ channel

47
46
49

k-PVIIA CRIONQKCFQHLDDCCSRKCNRFNKCV K+ channel (KV1.X) 51
kM-RIIIK LOSCCSLNLRLCOVOACKRNOCCT* K+ channel (KV1.2) 53, 54
Conkunitzin-S1 KDRPSLCDLPADSGSGTKAEKRIYYNSARKQ

CLRFDYTGQGGNENNFRRTYDCQRTCLYT
K+ channel (KV1.X) 55

kA-SIVA ZKSLVP$VITTCCGYDOGTMCOOCRCTNSC* K+ or Na+ channel 73
p114a
(kJ-PlXIVA)

FPRPRICNLACRAGIGHKYPFCHCR* K+ channel (KV1.6)
and nAChRs

72

o-GVIA
o-MVIIA
o-MVIIC

o-CVID
o-TxVII{

CKSOGSSCSOTSYNCCRSCNOYTKRCY*
CKGKGAKCSRLMYDCCTGSCRSGKC*
CKGKGAPCRKTMYDCCSGSCGRRGKC*

CKSKGAKCSKLMYDCCSGSCSGTVGRC*
CKQADEPCDVFSLDCCTGICLGVCMW

Ca2+ channel (N-type)
Ca2+ channel (N-type)
Ca2+ channel (P/

Q-type)
Ca2+ channel (N-type)
Ca2+ channel (L-type)

57, 58
59, 60
59, 60

65
66

Glacontryphan
Am 975; Cont-P

NgSgCPWHPWC*
GCOWDPWC*

Ca2+ channel (L-type)
Ca2+ channel

77
78

O, 4-trans-hydroxyproline; Cont, contryphan; Z, pyroglutamate; $, O-glycosylated serine residue; TTX-R, tetrodotoxin resistant

sodium current; g, g-carboxyglutamate; F, D-phenylalanine; W, D-tryptophan; *, amidated C-terminus; {, molluscan L-type calcium

channel; #, TTX resistant in amphibians only. The peptide previously designated p114a is designated here as kJ-PlXIVA, the
defining member of the kJ-family.
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employ sophisticated combinations of peptide
ligands with divergent specificities to elicit
a variety of physiologic responses that are
critical to predation, defense, and competitive
interactions. To efficiently inflict the physio-
logic effect on the prey, predator. or competi-
tor, multiple conopeptides act together in a
synergistic manner to affect the targeted
animal. There are similarities between the
evolution of conopeptides and modern phar-
macologic practices. The hypermutation that

occurs in conopeptide-encoding regions
accompanying cone snail speciation is the evo-
lutionary equivalent of a combinatorial library
strategy for drug development. Post-transla-
tional modifications of conopeptides achieve
the same goals as the medicinal chemistry
done after an initial lead candidate for drug
development is identified.1,6

To better understand the diversity of cono-
peptides within a single venom, we have
conceptually grouped conopeptides acting

TABLE 36-3 Some Conopeptides Targeted to Ligand-Gated Ion Channels

Peptide Amino Acid Sequence Target (Specificity) Reference

a-ImI
a-MII
a-RgIA

GCCSDPRCAWRC*
GCCSNPVCHLEHSNLC*
GCCSDPRCRYRCR

nAChR (a7)
nAChR (a3b2; a6bX)
nAChR (a9a10)

82
4, 89
86, 87

aA-EIVA
aA-OIVA

GCCGPYONAACHOCGCKVGROOYCDRO SGG*
CCGVONAACHOCVCKNTC*

nAChR (a/d, a/g interfaces)
nAChR (a/g interface)

93
91, 92

aS-RVIIIA KCNFDKCKGTGVYNCGgSCSCgGLHSCRC
TYNIGSMKSGCACICTYY

nAChR (nonspecific) 94

aC-PrXA TYGIYDAKPOFSCAGLRGGCVLPONLROK
FKE*

nAChR (a/d interface) 95

f-PIIIE HOOCCLYGKCRRYOGCSSASCCQR* nAChR
(muscle-noncompetitive)

96, 97

s-GVIIIA GCTRTCGGOKCTGTCTCTNSSKCGCRYN
VHPSGUGCGCACS*

5-HT3 Receptor 100

Conantokin-G
Conantokin-T
Conantokin-L

GEggLQgNQgLIRgKSN*
GEggYQKMLgNLRgAEVKKNA*
GEggVAKMAAgLARgDAVN*

NMDAR (NR2B)
NMDAR
NMDAR

17, 101
102
103

O, 4 trans-hydroxyproline; g, g-carboxyglutamate; U, 6-bromotryptophan; *, C-terminal amidation; nAChR, nicotinic acetylcholine

receptor; 5-HT, 5-hydroxytryptamine (serotonin); NMDAR, N-methyl-D-aspartate receptor.

TABLE 36-4 Miscellaneous Constituents of Conus Venoms

Peptide Amino Acid Sequence Target/Function Reference

Conopressin-G
Contulakin-G
r-TIA
mr5a; �-MrIA
tx5a; TxIX
m-PnIVA
g-PnVIIA
Conorfamide
Contryphan-Vn
Bromosleeper
Light sleeper r7a
Spasmodic-Tx

CFIRNCPLG*
ZSEEGGSNATKKPYIL
FNWRCCLIPACRRNHKKFC*
NGVCCGYKLCHOC
gCCgDGWCCTAAO
CCKYGWTCLLGCSPCGC
DCTSWFGRCTVNSgCCSNSCDQTYCgLYAFOS
GPMGWVPVFYRF*
GDCPWKPWC*
UATIDgCggTCNVTFKTCCGOOGDWQCVgACPV
UFGHggCTYULGPCgVDDTCCSASCgSKFCGLU
GCNNSCQgHSDCgSHCICTFRGCGAVN*

Vasopressin receptor
Neurotensin receptor
a1-Adrenergic receptor
Norepinephrine transporter
Reduces Ca2+ flux
Na+ channel-molluscan
Pacemaker channel-molluscan
RFamide R; Na+ channel
Ca2+-dependent K+ channel
Unknown target
Unknown target
Unknown target

115
116
117
117-119
120, 121
122
123
124
79
125
126
127

Z, pyroglutamate; O, 4-trans-hydroxyproline; g, g-carboxyglutamate; T, O-glycosylated threonine; W, D-tryptophan; U,

6-bromotryptophan; *, C-terminal amidation.
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concertedly to bring about a particular physio-
logic effect and refer to such groups as ‘‘toxin
cabals.’’1,22 The characterization of conotoxins
from the venom of the fish-hunting species
Conus purpurascens defined the presence of
two different toxin cabals with distinct effects.9

The ‘‘lightning-strike cabal’’ causes immediate
immobilization of the injected prey; compo-
nents of the lightning-strike cabal include
peptides that delay inactivation of voltage-
gated Na+ channels, reduce the threshold for
Na+ channel activation, and block K+ channels
(see the section entitled Conotoxins Targeted to
Voltage-Gated Ion Channels). This mixture
synergistically leads to the massive depolariza-
tion of axons in the immediate vicinity of the
venom injection site, causing an effect similar
to electrocution of the fish. Thus, the character-
istic tetanic state elicited by the peptides of the
lightning-strike cabal are evident immediately
after venom injection. A second group of
venom peptides, the ‘‘motor cabal,’’ causes
complete inhibition of neuromuscular
transmission. This is accomplished more
slowly; components of the motor cabal are
conotoxins that act at sites that are remote
from the venom injection site, for example,
at neuromuscular junctions. Because transport
of the peptides to the target sites is required
before the desired physiologic effects are com-
pleted, the effects of the motor cabal are
observed after those of the lightning-strike
cabal. The motor cabal, which is found in all
fish-hunting Conus venoms studied so far, can
include peptides that inhibit the presynaptic
Ca2+ channels that control neurotransmitter
release, the postsynaptic nicotinic acetylcholine
receptors (nAChRs), and the Na+ channels that
trigger the muscle action potential (see the sec-
tions entitled Contoxins Targeted to Voltage-
Gated Ion Channels and Conopeptides
Targeted to Ligand-Gated Ion Channels).

There is evidence that different fish-hunting
Conus species may have a divergent array of
toxin cabals for prey capture.2 In part, this
divergence can be correlated with different
behavioral strategies for capturing fish.
The combination of lightning-strike and
motor cabals is found in the venoms of Conus
species that extend their proboscis to initially
approach and then harpoon the fish prey.
Some species use an alternative strategy for
capturing fish; such cone snails can greatly
distend their ‘‘false mouths,’’ effectively using
them as a net. These cone snails engulf the
fish with the false mouth before they inject
venom. Thus the venom of fish-hunting

Conus geographus appears to have peptides
whose function is to deaden the sensory
circuitry of the prey; these have been referred
to as the ‘‘nirvana cabal.’’1,6,22 It has been pro-
posed that conopeptide antagonists of a sero-
tonin-gated ion channel (5-HT3) and the
N-methyl-D-aspartate (NMDA) class of iono-
tropic glutamate receptors (see the section
entitled Conopeptides Targeted to Ligand-
Gated Ion Channels), together with a neuro-
tensin receptor agonist (see the section entitled
Other Biologically Active Constituents of Conus
Venoms), can elicit a sedated state, making
prey capture using the net strategy more facile.

The combination drug strategy employed by
cone snails provides an additional rationale for
the complexity of Conus venoms, as well as for
the notable pharmacologic diversity of cono-
peptides. Different toxin cabals may include
peptides that act on the same general class of
targets but through different mechanisms and
kinetics. The radiation of cone snails has given
rise to many venom peptides that synergisti-
cally target distinct ion channel subtypes to
achieve a particular physiologic result. Thus,
different conopeptides may be effective consti-
tuents of different cabals, acting within differ-
ent time frames, without causing any
functional cross-interference.

OVERVIEW OF MAIN
TARGETS OF CONUS
PEPTIDES: VOLTAGE-GATED
AND LIGAND-GATED ION
CHANNELS

Voltage-gated ion channels are targets of toxins
from various organisms. In the following sec-
tions, we describe the properties of conotoxins
interacting with the pore-forming a-subunit of
Na+, K+, and Ca2+ channels.23 Voltage-activated
Na+ channels are key molecules for generating
action potentials in electrically excitable cells.
They have been divided into two pharmacolog-
ic classes, based on their sensitivity to tetrodo-
toxin (TTX), the classic blocker of Na+ currents;
thus, there are TTX-sensitive and TTX-insensi-
tive Na+ channels. The interaction site of TTX
with the channel protein is designated site I; it
is proposed to be at the extracellular end of the
ion channel pore. In addition, up to five
ligand-binding sites on the channel protein
have been distinguished.24 Most ligands that
target these other sites cause a net increase in
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Na+ currents either by shifting the current-
voltage relationship or by blocking the fast
inactivation of the channels. Molecular iso-
forms of Na+ channels are designated as
NaV1.x, where x is 1, 2, 3, and so on.

Potassium channels are important in the
repolarization phase of action potentials, in
setting the resting membrane potential, and
in bursting activity; they have a wide diversity
of specialized functions in various cell types.23

In line with this broad spectrum of different
physiologic roles, about 100 genes encoding
different K+ channels have been identified,
and several families of voltage-gated K+ chan-
nels (KV1.x, KV2.x, where x is 1, 2, and so on)
are known.

Calcium signaling is involved in a great vari-
ety of different physiologic processes including
neurotransmitter release. Voltage-gated Ca2+

channels, which mediate the Ca2+ influx in
response to depolarization, are heteromeric
protein complexes with four or five different
subunits. The observed physiologic and phar-
macologic diversity of Ca2+ channels is mainly
due to the properties of the pore-forming
a1-subunits. Based on their different physio-
logic and pharmacologic properties, voltage-
gated Ca2+ channels were initially classified
into L-, N-, P-, Q-, R-, and T-type channels. A
standardized, more genetically derived nomen-
clature is now generally used for Ca2+ channels,
based on the system originally developed for K+

channels. In this nomenclature, the CaV1
family includes the channels that mediate L-
type Ca2+ currents; the CaV2 family comprises
those that mediate N-, P/Q-, and R-type Ca2+

currents; and the CaV3 family includes those
that mediate T-type Ca2+ currents.

Ligand-gated ion channels mediate fast
synaptic transmission (for an overview, see ref-
erence 25); there are several groups. One
includes those that are activated by acetylcho-
line, serotonin, gamma-aminobutyric acid
(GABA), or glycine; these belong to the Cys-
loop receptor superfamily. Aside from their
ligand specificity, these channels may differ in
their selectivity for permeant ions. The func-
tional channel complexes are comprised of
five subunits, with each subunit containing
four transmembrane helices. The other gene su-
perfamily of ligand-gated ion channels com-
prises the ionotropic glutamate receptors,
usually classified into NMDA and kainate/
AMPA receptors. A third family of ligand-
gated ion channels includes the adenosine
triphosphate (ATP) receptors. The nicotinic
acetylcholine receptors (nAChRs) and NMDA

receptors, which are important targets of
Conus peptides, are discussed briefly below.

Most vertebrate nAChRs are heteromeric
pentamers. Most subtypes consist of two
a-subunits and three non–a-subunits. One
group of nAChRs (a7, a9, a10) can be
assembled exclusively from a-subunits. There
are generally two to four different types of
subunits comprising native functional hetero-
meric nAChR complexes. The acetylcholine
binding sites (also the binding site for other
agonists) are generally located at interfaces
between a- and non–a-subunits. Two acetyl-
choline molecules must bind before gating of
the ion channel from a closed to an open state
can occur.

Glutamate receptors are believed to be
tetramers, and in the NMDA subclass, the func-
tional native receptors consist of two types of
subunits, NR1 and NR2. Only one gene has
been found to encode NR1 subunits, but
eight different splice variants of NR1 have
been identified in mammals. In contrast, the
four NR2 subunits, NR2A, NR2B, NR2C, and
NR2D, are encoded by different genes. These
ligand-gated ion channels are gated by two
coagonists: glutamate, which binds the NR2
subunit, and glycine, which binds the NR1
subunit. NMDA receptors are normally blocked
by Mg2+, which binds in the pore region and
must be removed by membrane depolarization
in order for the co-agonists to elicit currents.

In the following sections, we review the
major conopeptide families and their molecu-
lar targets. One section summarizes conopep-
tides targeted to voltage-gated ion channels
(see Table 36-2), whereas the following section
summarizes conopeptides targeted to ligand-
gated ion channels (see Table 36-3).

CONOTOXINS TARGETED TO
VOLTAGE-GATED ION
CHANNELS

Four different conopeptide families are known
to target voltage-gated Na+ channels; each has a
distinct mechanism of action. As described
later, the m-conotoxins are Na+-channel block-
ers; the mO-conotoxins inhibit Na+-channel
activation; the i-conotoxins reduce the thresh-
old for activation of voltage-activated Na+

channels; and the d-conotoxins delay or inhibit
fast Na+-channel inactivation. Several conopep-
tide families have been shown to target K+
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channels. A remarkable difference between
peptides that target K+ channels and those
that target Na+ channels is that the Na+ chan-
nel-targeted conopeptide families appear to be
widely conserved over a broad range of Conus
species. In contrast, genetically and structurally
divergent conopeptide families that target K+

channels have evolved in different clades of
Conus species. The venoms of fish-hunting
Conus have multiple o-conotoxin isoforms
that may differ in their selectivity for different
Ca2+ channel subtypes.

l-Conotoxins: Sodium Channel
Blockers

The m-conotoxins, which have six cysteine resi-
dues forming three disulfide bonds, belong to
the M-superfamily. The first m-conotoxins were
isolated from the venom of Conus geogra-
phus.26,27 The m-conotoxin GIIIA (m-GIIIA) is
known to specifically block skeletal muscle
Na+ channels (NaV1.4)28,29; it interacts with
the pore region of the ion channel and com-
petes with TTX for binding to site I. In m-GIIIA,
Arg-13 likely occludes the pore; this residue
seems to act as a steric and electrostatic
barrier.30-32 The m-conotoxin PIIIA (m-PIIIA)
from Conus purpurascens venom also contains
an Arg residue (Arg-14), shown to be a major
determinant for binding to site I.33 In amphib-
ian systems, m-PIIIA, but not m-GIIIA, irrevers-
ibly blocks muscle Na+ channels. Using cloned
mammalian Na+ channels, m-PIIIA is not as
highly specific for NaV1.4 as m-GIIIA; although
m-PIIIA has higher affinity for NaV1.4 skeletal
muscle Na+ channels, it also blocks neuronal
NaV1.2 channels with affinity in the submicro-
molar range.33 The peptide m-conotoxin SmIIIA
(m-SmIIIA), from fish-hunting Conus stercus-
muscarum, has several unique features.34,35

In voltage-clamped dissociated neurons from
frog sympathetic and dorsal root ganglia,
m-SmIIIA inhibited most TTX-resistant Na+ cur-
rent irreversibly but had no effect on the TTX-
sensitive Na+ currents. The TTX-resistant Na+

channel blockers, m-conotoxins SIIIA and
KIIIA (m-SIIIA and m-KIIIA), from the fish-hunt-
ing Conus striatus and Conus kinoshitai inhibit
TTX-resistant Na+ currents in neurons of frog
sympathetic and dorsal root ganglia but
weakly inhibit action potentials in frog skeletal
muscle, which are mediated by TTX-sensitive
sodium channels.36 m-KIIIA was recently
shown to irreversibly block the mammalian
neuronal sodium channel NaV1.2.37 Both

m-KIIIA and m-SIIIA exhibit potent analgesic
activity in animal models of pain.37,38 As
more m-conotoxins are discovered and charac-
terized, it is likely that this peptide family will
yield ligands selective for neuronal subtypes of
mammalian sodium channels.

lO-Conotoxins: Inhibitors of
Sodium Channel Activation

The mO-conotoxins, which are hydrophobic
peptides with six cysteine residues forming
three disulfide bonds, belong to the
O-superfamily. Two closely related peptides,
mO-conotoxin MrVIA (mO-MrVIA) and mO-con-
otoxin MrVIB (mO-MrVIB), were isolated from
the venom of the snail-hunting Conus marmor-
eus.39 mO-MrVIA appears to block both TTX-
sensitive and TTX-insensitive Na+ channels; it
blocks NaV1.2 channels expressed in Xenopus
oocytes in the nanomolar range, as well as
Na+ currents recorded from hippocampal pyra-
midal neurons in culture.40 Unlike m-conotox-
ins, mO-conotoxins did not compete for
binding with saxitoxin (STX), indicating that
these peptides do not interact with site I and,
therefore, act through a different mechanism.
Recent work demonstrated that m-MrVIA inter-
acts with domain III of the alpha subunit of
sodium channels.41 mO-MrVIB potently inhib-
ited the rat NaV1.8 sodium channel and had
potent and long-lasting local analgesic effects
when tested in pain assays in rats.42,43

Moreover, mO-MrVIB was shown to block the
propagation of action potentials in A- and
C-fibers in sciatic nerve and skeletal muscle in
rat preparations.42

i-Conotoxins: Enhancers of
Sodium Channel Activation

The i-conotoxins characteristically have eight
cysteine residues forming four disulfide
bonds, and are notable for the very unusual
presence of a D-amino acid in their sequence.
These peptides belong to a branch of the
I-superfamily designated the I1-superfamily.
Unlike any of the other Na+ channel-targeted
conotoxins, the i-conotoxins reduce the thresh-
old for activation of voltage-activated Na+

channels. Consequently, these peptides are
part of the lightning-strike cabal, similar to
d-conotoxins, but through a distinct mecha-
nism of action. The i-conotoxins have a disul-
fide framework that is notably distinct from
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other Conus peptides targeted to voltage-gated
ion channels.44,45

d-Conotoxins: Inhibitors of
Sodium Channel Inactivation

The d-conotoxins are unusually hydrophobic
peptides that belong to the O-conotoxin super-
family; they share a common arrangement of
Cys residues with the o-conotoxins, which
block Ca2+ channels (see the section entitled
o-Conotoxins: Calcium Channel Blockers),
and resemble the mO-conotoxins in their
hydrophobic character (see the section entitled
mO-Conotoxins: Inhibitors of Sodium Channel
Activation). The d-conotoxin TxVIA (d-TxVIA)
from the snail-hunting Conus textile (originally
called the ‘‘King Kong’’ peptide because it
caused a dominant behavior upon injection
into lobster)46 was shown to prolong Na+

currents in molluscan neuronal membranes.
The d-conotoxin PVIA (d-PVIA) from the
venom of Conus purpurascens elicited specific
muscle contractions in fish, resulting in a char-
acteristic extension of the mouth, which was
termed the ‘‘lockjaw syndrome’’47; In contrast
to m- and mO-conotoxins, which are part of the
motor cabal, d-conotoxin are constituents of
the lightning-strike cabal in the venom. The
excitatory effects of d-PVIA are synergistic with
the K+ channel-blocking peptide k-conotoxin
PVIIA (k-PVIIA) (see the section entitled k-,
kM-Conotoxins and Conkunitzins: Potassium
Channel Blockers), resulting in the almost
immediate immobilization of the fish prey.
d-PVIA inhibits fast inactivation of NaV1.2-
mediated currents expressed in the Xenopus
expression system, as well as Na+ currents
recorded from hippocampal neurons in
culture.9 Like d-PVIA, d-conotoxin SVIE
(d-SVIE) caused a delayed inactivation of Na+
current in frog sympathetic neurons.48 The
d-conotoxin GmVIA (d-GmVIA) isolated from
the snail-hunting Conus gloriamaris caused
action potential broadening in Aplysia
neurons49,50; this peptide has micromolar
affinity for NaV1.2 and NaV1.4 but does not
affect NaV1.6-mediated Na+ currents.

j-, jM-Conotoxins and
Conkunitzins: Potassium
Channel Blockers

The k-conotoxins, which have six cysteines
forming three disulfide bonds, are members

of the O-superfamily. As mentioned earlier,
k-PVIIA, isolated from Conus purpurascens,
was the first conotoxin shown to target vol-
tage-gated K+ channels.9,51 The K+ channel
inhibition of k-PVIIA is physiologically signi-
ficant for prey capture; this activity is syner-
gistic with d-PVIA, leading to massive
hyperexcitation of the targeted prey, resulting
in an almost instant tetanic paralysis.9 Using
the Xenopus expression system, it was
demonstrated that this peptide inhibited the
Shaker K+ channel cloned from Drosophila.51

k-PVIIA was shown to differentiate between
splice variants of the Shaker K+ channel
homolog from lobster, indicating its subtype
selectivity.52

The kM-conotoxins, which share a common
Cys pattern with the m-conotoxins, belong to
the M-superfamily. The first characterized pep-
tide belonging to this family, kM-conotoxin
RIIIK (kM-RIIIK), was cloned from the venom
duct of the fish-hunting Conus radiatus. kM-
RIIIK blocks Shaker K+ channels and TSha1, a
Shaker homolog K+ channel from trout, with
high affinity.53 It was shown that kM-RIIIK
blocked the human KV1.2 K+ channel without
any significant effect on KV1.5- and KV1.6-
mediated currents.54

The conkunitzins are polypeptides, approxi-
mately 60 AA in length with four to six
Cys residues, that belong to a new Conus
peptide superfamily. Members of the conkunit-
zin family were recently extracted from the
venom of Conus striatus and identified as inhi-
bitors of Shaker potassium channels. These
conopeptides share a motif, known as a
Kunitz domain, that is found in various pro-
teins, including protease inhibitors and snake
toxins targeted to potassium channels.55,56

Notably, k-conotoxins, kM-conotoxins, and
conkunitzins are channel blockers targeted to
the KV1 subfamily of voltage-gated potassium
channels. However, they are structurally differ-
ent and are encoded by different gene
superfamilies. Significantly, each of these con-
opeptide families appears to have evolved
independently within different clades of fish-
hunting cone snails to achieve the same phys-
iologic end point.55

x-Conotoxins: Calcium Channel
Blockers

The o-conotoxins have six cysteine residues
and belong to the O-superfamily, along
with the o-, d- and mO-conotoxins. The o-
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conotoxin GVIA (o-GVIA) (also designated o-
CgTX in the neuroscience literature) isolated
from Conus geographus57 is widely used as a
pharmacologic tool, mainly to inhibit synap-
tic transmission; it is specific for N-type Ca2+

channels.58 In Conus magus venom, multiple
o-conotoxin isoforms were found: o-
conotoxin MVIIA (o-MVIIA), which is highly
specific for N-type Ca2+ channels (CaV2.2),
and o-conotoxin MVIIC (o-MVIIC), which
selectively targets the P/Q channels
(CaV2.1).59,60 A characteristic feature of
o conotoxins is their high content of basic
amino acid residues that have an essential
role in the inhibition of Ca2+ channels.61 In
addition to the positive charges, it is known
that a tyrosine residue (Tyr-13 in o-MVIIA
and o-MVIIC) is important for the binding
to CaV2.2 and CaV2.1 channels.62-64 The
o-conotoxin CVID (o-CVID) from Conus
catus was shown to target an N-type Ca2+

channel in preganglionic nerve terminals.65

Another peptide, o-conotoxin TxVII (o-TxVII),
targets the molluscan L-type Ca2+ channels.66

Several o-conotoxins have been identified and
functionally characterized; since this field has
previously been reviewed comprehensively
(for overviews, see references 67-69), the
reader is referred to the earlier literature on
o-conotoxins.

OTHER CONUS PEPTIDES
REPORTED TO TARGET
VOLTAGE-GATED ION
CHANNELS

I2-Superfamily Conotoxins

As stated earlier, the i-conotoxins belong to the
I1-superfamily. The genetically distant
I2-superfamily (which has the same Cys pattern
as the I1-superfamily) includes peptides that
purportedly target potassium channels. A
peptide designated k-BtX has been reported to
upmodulate the Ca2+- and voltage-sensitive BK
currents measured from rat adrenal chromaffin
cells without any effect on other voltage-gated
channels.70 In contrast, another member of the
I2-superfamily designated VcTx was shown to
inhibit vertebrate KV1.1 and KV1.3 subtypes
but not KV1.2.71 This situation may parallel
the related mO- and d-conotoxins that tar-
get sodium channels (see the sections entitled
mO-Conotoxins: Inhibitors of Sodium Channel
Activation and d-Conotoxins: Inhibitors of

Sodium Channel Inactivation), but one
enhances and the other inhibits channel
conductance.

J-Superfamily Conotoxins

A recently characterized conopeptide with
four cysteines, designated pl14a, defines a
new conopeptide superfamily (J-superfamily).
This peptide inhibited the KV1.6 subtype of
voltage-gated ion channel with micromolar
affinity. Surprisingly, it also inhibited some
nAChR subtypes with micromolar affinity.
This was the first conopeptide characterized
to date that has demonstrated inhibition of
both a voltage-gated and ligand-gated ion
channel.72 For its inhibition of KV1.6, pl14a
is considered the defining member of the
kJ-conotoxin family.

Glycosylated A-Superfamily
Conotoxins

The first peptide of the group was identified
from the venom of the fish-hunting Conus stria-
tus.73 The peptide, originally designated
kA-conotoxin SIVA (kA-SIVA), contains an
O-glycosylated serine, which was the first evi-
dence for O-glycosylation as a post-transla-
tional modification in a biologically active
conotoxin. The arrangement of the six Cys resi-
dues in kA-SIVA is similar to the pharmacolog-
ically distinct aA-conotoxins. Although the
peptide is clearly an excitotoxin, there is
not yet definitive evidence for its molecular
target. Electrophysiologic assays suggested that
kA-SIVA blocks K+ channels. However, it has
also been suggested that a homologous peptide
designated CcTx from Conus consors, which has
the same cysteine scaffold as kA-SIVA, activates
neuronal voltage-gated Na+ channels at a rest-
ing membrane potential.74 Thus, it is likely that
the glycosylated A-superfamily conotoxins
target voltage-gated ion channels, but the
basic mechanism that underlies their potent
biologic activity needs to be clarified.

Contryphans

The contryphans contain a single disulfide
bond and belong to an undesignated conopep-
tide superfamily. These peptides contain a
post-translationally modified D-amino acid
(D-tryptophan or D-leucine). The first
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contryphan isolated from Conus radiatus eli-
cited ‘‘stiff tail’’ syndrome when administered
intracranially to mice75; Leu-contryphan from
Conus purpurascens caused body tremor and
excessive mucous secretion in fish.76

Electrophysiologic assays using mouse pancre-
atic B-cells suggested that glacontryphan-M
from Conus marmoreus targeted the L-type
Ca2+ channel.77 Using dorsal root ganglion
neurons, contryphans Am 975 and Lo959
from the snail-hunting Conus amadis and the
worm-hunting Conus loroisii, respectively, were
reported to affect high voltage-activated Ca2+

channels; whereas Am975 caused inhibition,
Lo959 resulted in an increase in Ca2+ current.78

The two peptides with eight amino acid resi-
dues differ in only a single hydroxyl group (4-
trans-hydroxyproline in Am975 and proline in
Lo959 at position three). Contryphan-Vn has
been reported to modulate Ca2+ activated K+

channels.79 However, the precise molecular tar-
gets have not been defined.

CONOPEPTIDES TARGETED
TO LIGAND-GATED ION
CHANNELS

Conopeptides that target ligand-gated ion
channels include those that antagonize
nAChRs, the 5-HT3 serotonin-gated ion chan-
nel, and the NMDA class of ionotropic
glutamate receptors. The most extensively char-
acterized groups of conopeptides targeted to
ligand-gated ion channels are the nAChR
antagonists. The most widely distributed of
the nAChR-antagonist conopeptides are the
a-conotoxins.

a-Conotoxins: A Widely
Distributed Family of Competitive
nAChR Antagonists

The a-conotoxins, which have two disulfide
bonds, belong to the A-Superfamily. This
widely distributed family of venom peptides
can be classified into subfamilies based on
the sequence motif: -CCXmCXnC-. The major
subfamilies are the a3/5-conotoxins (m=3,
n=5), a4/3-conotoxins (m-4, n=3), and a4/7-
conotoxins (m=4, n=7). The first members of
the a-conotoxin family to be characterized were
members of the a3/5-conotoxin subfamily,80

which are found in many fish-hunting Conus
venoms; these paralyze prey by competitive

antagonism of the neuromuscular nAChR.
When tested on mammalian nAChRs,
many a3/5-conotoxins appear to be highly spe-
cific for only one of the two acetylcholine-bind-
ing sites. a-Conotoxin MI (a-MI) has
approximately 10,000-fold higher affinity for
the binding site at the a1/d-interface than the
a1/g-interface.81

The best studied of the a4/3-conotoxin sub-
family are a-conotoxins ImI and ImII (a-ImI
and a-ImII) from the worm-hunting Conus
imperialis (see Fig. 36-1); both a-ImI and
a-ImII inhibit homomeric nicotinic receptors
composed exclusively of a7-subunits. a-ImII is
almost identical in sequence to a-ImI (in nine
out of 12 amino acids) and thus was expected
to target the same a7-subtype as does a-ImI.
Surprisingly, a-ImII did not act at the competi-
tive ligand site that is the high-affinity target of
both a-bungarotoxin and a-ImI.82,83 It was
shown that proline-5 in a-ImI was required
for targeting these peptides to the competitive
ligand site; a-ImII lacks this proline residue
at this locus. It is worth noting that most
a-conotoxins have the proline residue critical
for competitive antagonism in a-ImI; the
small minority of a-conotoxins (such as
a-ImII) that lack this highly conserved proline
residue are potential candidates for acting
through a different site. The structure of a-ImI
bound to the acetylcholine binding protein has
been determined.84,85 A recently characterized
a4/3-conotoxin, a-conotoxin RgIA (a-RgIA),
proved to be a specific antagonist of the
a9a10 subtype of neuronal nAChR; the peptide
exhibits analgesic effects in rat nerve pain
models.86,87

The largest and most widely distributed
subfamily of the a-conotoxins is the a4/7-
conotoxin subfamily. The targets of individual
members of this subfamily comprise every class
of nAChR, including the muscle subtype (e.g.,
a-conotoxin EI [a-EI]), homomeric nAChR
subtypes such as a7 (e.g., a-conotoxin PnIB
[a-PnIB]), and heteromeric neuronal nAChR
subtypes (e.g., a-conotoxins MII and AuIB
[a-MII and a-AuIB]). Very few amino acid sub-
stitutions in a4/7-conotoxins can apparently
cause a shift in targeting specificity and affinity.
For instance, a-conotoxin PnIA (a-PnIA) and
a-PnIB from the venom of Conus pennaceus
differ in sequence by only two amino acids,
but one preferentially targets the a7 nAChR
subtype, whereas the other targets the a3b2
nAChR subtype.88

One proposed mechanism for the high
subtype selectivity of a-conotoxins is known
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as the Janus ligand hypothesis; a-conotoxins
have two pharmacophores for two distinct
recognition sites on the receptor complex.1,4

In this way, a-conotoxin can be specific for
an interface between two particular nAChR
subunits. The experimental data supporting
the Janus ligand hypothesis comes from studies
with a-conotoxin MII (a-MII) and its interac-
tion between a high-affinity target nAChR
subtype, the a3b2-receptor, and another
subtype, the a3b4-receptor, for which the pep-
tide has much lower affinity.89

aA-, aS-, and aC-Conotoxins:
Competitive nAChR Antagonists
with Limited Distribution

The aA-conotoxin family belongs to the
A-superfamily; however, these peptides have
three disulfide bonds rather than the two disul-
fide–bond framework of the a-conotoxins, the
most widely distributed members of the
A-superfamily. aA-Conotoxin PIVA (aA-PIVA),
from Conus purpurascens, is a competitive
nAChR antagonist.90 Although aA-conotoxin
OIVA (aA-OIVA), from Conus obscurus, is also
a competitive nAChR antagonist, these peptides
differ in their disulfide-bonding framework,
although they are similar in their paralytic
effects on fish and their antagonism of the neu-
romuscular nAChR.91 Thus the aA-conotoxin
family can be subdivided into two subfamilies:
one group includes aA-PIVA and the other
group includes aA-OIVA; they are designated
as the aAL- (e.g., aA-PIVA) and the aAS-subfami-
lies (e.g., aA-OIVA), respectively92: the aAL pep-
tides are longer than the aAS peptides. The
known aAL peptides are inhibitors of both the
mammalian fetal and adult muscle nAChRs that
compete with acetylcholine for binding at both
a/d and a/g interfaces of the nAChR.93 The aAS

peptides are selective antagonists of the fetal
subtype that compete with acetylcholine for
binding at the a/g interface only.92

Although most nAChR antagonists in Conus
venom appear to be from the A-superfamily
(a- and aA-conotoxins), recently peptides
from two other conopeptide superfamilies
were characterized that target the nAChR;
these are known as aS-conotoxins from the
S-superfamily with five disulfide bonds94 and
the aC-conotoxins from the C-superfamily with
a single disulfide bond.95 The aS-conotoxin
RVIIIA (aS-RVIIIA) isolated from Conus radiatus
broadly targets neuromuscular and neuronal
nAChRs.94 In contrast, aC-conotoxin PrXA

(aC-PrXA) specifically blocks the muscle sub-
type of nAChR; it competes with a-bungaro-
toxin for binding at the a/g and a/d subunit
interfaces of the nAChR, with higher affinity
for the a/d?subunit interface.95

c-Conotoxins: Noncompetitive
nAChR Antagonists

Unlike most other conopeptide nAChR antago-
nists, the c-conotoxins are noncompetitive
antagonists of the muscle subtype of nicotinic
receptors; these include c-conotoxins PIIIE and
PIIIF (c-PIIIE, and c-PIIIF). NMR structures
have been determined for these peptides.96-98

The c-conotoxins were originally believed to be
restricted to a single clade of fish-hunting cone
snails in the Eastern Pacific and the Caribbean.
However, they have recently been found in
Indo-Pacific fish-hunting cone snails as
well.99 Structurally, the c-conotoxins are most
closely related to the m-conotoxins that are Na+

channel blockers, and the kM-conotoxins that
block K+ channels. Although c-, m- and kM-
conotoxins affect different targets, they may
effectively act by plugging the ion permeation
pathway.

r-Conotoxin: Serotonin-Gated Ion
Channel Receptor Antagonist

An unusual conopeptide containing 6-bromo-
tryptophan and 10 cysteine residues, designated
s-conotoxin GVIIIA (s-GVIIIA), was isolated
from Conus geographus and shown to be a com-
petitive antagonist of the 5-HT3 serotonin-gated
ion channel.100 So far, this is the only peptidic
toxin known to target this receptor. Many other
peptides belong to the same gene superfamily
(S-superfamily) as s�GVIIIA, but because of
their sequence divergence, they appear unlikely
to target the 5-HT3 receptor. As mentioned
earlier, aS-RVIIIA, which also belongs to the
S-superfamily, targets nAChRs.94

CONANTOKINS: N-METHYL-
D-ASPARTATE RECEPTOR
ANTAGONISTS

The conantokins (originally called ‘‘sleeper
peptides’’) were first discovered because of
their ability to induce sleep in young mice
and hyperactivity in older mice.17,101 They are
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antagonists of NMDA receptors; these peptides
are biochemically distinctive in their high con-
tent of g-carboxyglutamate, while cysteine resi-
dues are generally absent.17,102,103 Biochemical
characterization of conantokin-G (con-G)
revealed five g-carboxyglutamate (Gla) resi-
dues. Because of the absence of disulfide
bonds in this peptide, it is the Gla residues
that provide the structural framework to form
an a-helical conformation.104-107

The first evidence suggesting that conanto-
kins inhibited NMDA receptors was obtained
using a neonatal rat cerebellum preparation;
con-G blocked the rise in cyclic guanosine
monophosphate levels induced by the addi-
tion of NMDA.108 It was shown that the pep-
tide was a competitive antagonist of the
glutamate binding site.109-111 It has been
established that the glutamate binding site is
located on the extracellular domains of NR2
subunits,112 whereas the homologous posi-
tions in the NR1 subunit interact with gly-
cine, the coagonist for NMDA receptors.
Two studies suggested that con-G is a selective
antagonist of NMDA receptors containing an
NR2B subunit109,113; however, this strong
selectivity for the NR2B subunit was not
observed in a third study.111

Other conantokins have been characterized
from various fish-hunting Conus species: con-
antokin-T (con-T),102 conantokin-L (con-L),103

and conantokin-R (con-R).114 In contrast to
con-G, these peptides do not appear to discrim-
inate between NR2B- and NR2A-containing
complexes111,113,114; however, con-R showed
NMDA receptor subtype selectivity because
the peptide did not inhibit NR2D-containing
receptor complexes.114 With the Frings audio-
genic seizure mouse model, con-R proved to be
an antagonist of NMDA receptors, with potent
anticonvulsant activity and relatively low toxic-
ity.114 Although con-L has a sequence that is
almost identical to that of con-R near the
N-terminus, and is as potent as conantokin-R
in blocking NMDA receptors in vitro, it has
much lower anticonvulsant potency in vivo
compared with con-R.103

OTHER BIOLOGICALLY
ACTIVE CONSTITUENTS
OF CONUS VENOMS

In previous sections, we focused on Conus pep-
tides that target either voltage-gated or ligand-
gated ion channels. In this section, we briefly

summarize other conopeptides that do not
belong to the categories reviewed earler (see
Table 36-4). One group of conopeptides have
been shown to target G protein–coupled recep-
tors: conopressin-G, an agonist of the vasopres-
sin receptor,115 and contulakin-G, which is an
agonist of the neurotensin receptor.116 These
two conopeptides have sequence similarity to
the mammalian neuropeptides that are the
endogenous agonists of these receptors. The
r-conotoxin TIA (r-TIA), which has been
shown to target the a1-adrenergic receptor, is a
G protein–coupled receptor antagonist.117 The
�-conotoxins, including �-conotoxin MrIA
(�-MrIA) (also called mr5a), target the norepi-
nephrine transporter.117-119 Peptide tx5a (also
termed e-TxIX) likely targets either a G protein–
coupled receptor or an ion channel.120,121

Several conopeptides were reported to have
an ion channel target but do not fall under any
of the families as presently defined; these
include m�PnIVA and g-conotoxin PnVIIA
(g-PnVIIA) from Conus pennaceus,122,123 which
target molluscan voltage-gated Na+ channels
and pacemaker channels, respectively. The con-
orfamide from the worm-hunting Conus spurius
venom is possibly an agonist of FMRFamide-
gated ion channels and a modulator of epithe-
lial Na+ channels in mammals.124

There are biologically active conopeptides
whose targets have not been defined; these
include the bromosleeper peptide,125 the light
sleeper peptide r7a,126 and the spasmodic
peptide.127 In many cases, it has been difficult
to determine the functions of the individual
venom constituents. The constituents that
are biochemically and structurally unrelated
may have convergent physiologic roles. Often,
it is the synergy between multiple conotoxins
that makes Conus venoms rapidly acting,
potent, and effective neuropharmacologic
concoctions.

THERAPEUTIC
APPLICATIONS OF
CONOTOXINS

The increasing interest in conotoxins arises in
part from their clinical potential. In addition to
their widespread use as tools for neurobiolo-
gists, several conopeptides are being developed
for therapeutic applications. Notably, six differ-
ent conopeptides have reached human clinical
trials for pain, with five distinct mechanisms of
action (Table 36-5).3,128-130
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In December, 2004, the United States Food
and Drug Administration approved o-cono-
toxin MVIIA (o-MVIIA) as a drug, which is
called Prialt (Ziconitide, Elan Corporation),
for the treatment of intractable chronic pain.
This peptide is a specific inhibitor of
the N-type calcium channel, CaV2.2. A related
peptide, o-conotoxin CVID (o-CVID), is now
being developed as a drug (AM336, Zenyth
Therapeutics, formerly Amrad) for intractable
pain. In the mammalian spinal cord,
the synapses with incoming C-fibers that
propagate nociceptive signals are particularly
sensitive to inhibition of CaV2.2 by these
o-conotoxins.129-133

In addition to the N-type calcium channel
antagonists, conopeptides with diverse
mechanisms of action are in development as
analgesic drugs. Conantokin-G targets NMDA
receptors; it is a potent anticonvulsant and
analgesic, and has reached human clinical
trials as a drug (CGX-1007, Cognetix) for both
epilepsy and pain.134 Moreover, it has been
shown to be neuroprotective in rat models of
ischemia.135,136 Contulakin-G, which appears
to be a neurotensin receptor agonist has
advanced to Phase I clinical trials as an
analgesic drug (CGX-1160, Cognetix).73,116

The a9a10 nAChR antagonist, a-conotoxin
Vc1.1 (a-Vc1.1), has reached Phase II clini-
cal trials for pain (ACV-1, Metabolic
Pharmaceuticals).137-139 Finally, a derivative of
�-conotoxin Mr1A (�-Mr1A), which inhibits
norepinephrine uptake, has advanced to Phase
I clinical trails as an analgesic drug (Xen2174,
Xenome).140 Although the analgesic properties
of conopeptides have been investigated exten-
sively, there are many additional potential clin-
ical applications. As just one exmple, k-PVIIA
(CGX-1051, Cognetix, Inc.) has demonstrated

cardioprotection for myocardial ischemia and
reperfusion injury.141,142

From many perspectives, conopeptides have
proven to be valuable and interesting. The
applications in neuroscience research and the
emerging clinical applications decisively vali-
date their utility. In addition, both basic and
applied science have advanced significantly
from the valuable insights gained by studying
the biology of cone snails, and the vast array of
unique pharmacologic agents that have evolved
to enable the cone snails to thrive in their
complex environments.
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37Therapeutic
Applications of

Conotoxins

Michael F. Saulino

INTRODUCTION

The primary biologic activity of conotoxins
occurs through interactions with specific ion
channels. Most commonly, these peptides
modulate voltage-gated channels and inhibit
the entrance of Na+, K+, and Ca2+ ions into
cells. Conotoxins are among estimated
100,000 small, disulfide-rich peptide venoms
produced by predatory cone snails (genus
Conus). The remarkable diversity of pharmaco-
logic structure, function, and utility has been
recently reviewed.1 The typical physiologic
role of voltage-gated ion channels is the pro-
duction, modulation, and transduction of the
electrical signals. Thus, the potential clinical
utility of these agents would be alteration of
biologic processes that depend upon electrical
signaling. Human disease states that have been
explored as conotoxin targets include pain,
stroke, brain injury, mental illness, addiction,
and epilepsy.

At present, only a single conotoxin has
received approval from the U.S. Food and
Drug Adminstration (FDA) for therapeutic
use. Ziconotide, a synthetic form of ? cono-
toxin MVIIa, is marketed by Élan pharmaceuti-
cals under the name Prialt.2 This compound
was originally isolated from the venom of the
cone snail Conus magus. This drug was also
known as SNX-111 when it was an investiga-
tional pharmaceutical by Neurex Corporation.
The indication for this agent is severe chronic
pain in patients for whom intrathecal therapy
is warranted, and who are intolerant of or
refractory to other treatments, such as systemic
analgesics, adjunctive therapies, or intrathecal
morphine.3 The majority of this chapter will

focus on the use of the medication with a smal-
ler discussion reserved for conotoxins in
clinical development.

Ziconotide is a 25 amino acid peptide that
blocks a neural specific calcium channel on
small myelinated and unmyelinated nocicep-
tive afferents that are primarly localized in the
superficial Rexed laminae (I and II).4 The anal-
gesic effect of ziconotide is produced when this
channel blockade results in diminishing neuro-
transmitter release from these primary nocicep-
tive afferents. Thus, the transmission of the
pain signal never crosses the synaptic cleft
from the primary afferents to the second-
order neurons.

One of the clinical challenges with zicono-
tide use is need for chronic spinal exposure
of the agent in order to achieve therapeutic
efficacy. Oral intake of ziconotide results in
rapid breakdown into inactive peptides.
Vascular exposure of ziconotide produces
hypotension in rats and humans, probably
due to cross-reactivity to vascular calcium
channels. Intravenous administration of
ziconotide was also found to be neuroprotec-
tive in brain ischemia models which lead to the
some early investigations for this agent in acute
stroke and head injury.5 Epidural administra-
tion of this agent did not result in consistent
therapeutic efficacy. Thus, ziconotide is
indicated for use only via an intrathecal deliv-
ery system. This agent has been formally
evaluated with both temporary (CADD-Micro
ambulatory infusion pump, Smiths Medical
MD, Inc., St. Paul, MN) and permanent
(SynchroMed EL and SynchroMed II Infusion
System, Medtronic Inc., Minneapolis, MN)
intrathecal pumps.5

Dr. Saulino is disclosing that he is a member of the speaker’s bureau for Medtronic Intrathecal Baclofen and Élan Pharmaceuticals
Intrathecal Ziconotide.
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Ziconotide’s role in chronic pain manage-
ment is evolving. This agent is entirely different
from all other medications that are routinely
used for intrathecal therapy. While several
agents are commonly used,6,7 only three
agents currently have FDA approval for intra-
thecal use: baclofen, morphine and ziconotide.
Baclofen, a GABA-B agonist, is the mainstay of
intrathecal therapy for spasticity and has FDA
approval for spasticity of both cerebral and
spinal origin. Morphine, considered by many
clinicians to be the first-line agent for intrathe-
cal pain management, has been approved by
the FDA for clinical use for more than decades.
Intraspinal opiates, such as morphine and
hydromorphone, are thought to exert their
therapeutic effect presynaptically by inhibiting
calcium ion influx and postsynaptically by
increasing potassium flux.8 Other commonly
used agents for chronic intraspinal infusion
include bupivacaine and clonidine. Treatment
algorithms for use of these agents, both in
monotherapy and combination therapy, are
far from standardized. The highest level of
evidence-based decision making for intrathecal
pain therapy is consensus statements of experi-
enced clinicians. When the last consensus state-
ment was produced in 2004, ziconotide was
still an investigational agent. Accordingly, zico-
notide was not placed within the treatment
algorithm.6 In January 2007, a consensus of
experts again convened to review the current
medical literature and put forth updated guide-
lines for intrathecal pain therapy. The 2007
consensus guidelines have recently been pub-
lished with ziconotide monotherapy being put
forth as a first-line agent with combination
therapy of ziconotide and other agents attain-
ing secondary indications.9

There are two major clinical trials that sup-
port a positive therapeutic effect of intrathecal
ziconotide. Staats and colleagues11 explored
the use of this agent in 111 patients with pain
associated with cancer or acquired immunode-
ficiency syndrome (AIDS) in a randomized,
controlled, double-blinded trial. The pain diag-
noses included in this trial were variable for
both cancer-related pain (neuropathy, posther-
petic neuralgia, pathologic fractures and
complications of radiation therapy) and
AIDS-related (peripheral neuropathy, Kaposi
sarcoma and postherpetic neuralgia) pain syn-
dromes. The study population is notable for a
relatively high percentage of neuropathic pain,
which is considered relatively challenging to
treat with intrathecal therapy. Patients were
required to either have a permanent

SynchroMed intrathecal infusion system
implanted or have a temporary external intra-
thecal infusion system. Individuals who were
treated with ziconotide started at either 0.1 mg
per hour or 0.4 mg per hour. Patients had to
rate their pain at least 50 mm of 100 mm
line on a Visual Analog Score of Pain
Intensity (VASPI). Dosing adjustments
occurred every 12 to 24 hours based on the
appearance of either adverse effects or pain
relief. Intrathecal ziconotide exposure contin-
ued for up to 2 weeks. Patients were allowed
to adjust their systemic pain regimens as
needed but could not use any other intrathecal
agent.

At the conclusion of the trial, the mean
VASPI improved 53% for the ziconotide-trea-
ted group compared with 19% for the placebo
group. Positive responders, defined as a
30% improvement in VASPI compared with
baseline, was achieved in 50% of the active
treatment group and in 17.5% in the placebo-
treated group. Moderate to complete pain relief
as measured by the Category Pain Relief Scale
(CPRS) was achieved in 52.9 % of ziconotide-
treated patients compared with 17.5 % of pla-
cebo-treated patients. Oral opioid consump-
tion decreased 9.9% in the ziconotide-treated
group, whrereas the placebo-treated group
increased oral opioid consumption by 5.1%.
Following the rapid titration phase of this
study, patients treated with ziconotide were
permitted to enter an extension maintenance
phase, and placebo-treated patients were
allowed to cross over to ziconotide therapy.
All of the patients who continued ziconotide
therapy maintained therapeutic efficacy, result-
ing in a 69.2% decrement in VASPI scores. Pain
relief continued without dose escalation, which
suggests that tolerance does not occur with this
agent. Initial placebo patients experienced a
45% decrement in VASPI at the conclusion of
the crossover phase. The positive therapeutic
effect of ziconotide in this trial was statistically
significant for both starting-dose subgroups (<
0.1 mg/h and > 0.1 mg/h) as well as for either
disease subgroups (those with cancer or AIDS).
No statistical significance in pain relief was
seen with respect to age, gender or prior intra-
thecal therapy.

The adverse event profile for ziconotide ther-
apy during this trial was significant. Seventy-
one patients were initially assigned to receive
ziconotide. Twenty-seven of these 71 indivi-
duals (38%) discontinued ziconotide therapy,
in which 12 were discontinued due to adverse
events (17%). The dropout rate for the placebo
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group was less compared with the active treat-
ment group. Nine of the 40 subjects who were
assigned to the placebo group dropped (22%),
out of which 4 (10%) dropped out due to
adverse events. During the titration phase, 22
of 72 patients (30.6%) exposed to ziconotide
experienced a total of 31 serious adverse effects.
In the opinion of the investigators, 14 of these
31 events were considered related to ziconotide
treatment. All of these serious adverse events
involved the nervous system with confusion,
somnolence, and urinary retention being
reported most commonly. Other common but
less serious adverse events included dizziness,
vomiting, postural hypotension, and fever. An
interesting observation on these adverse events
was that the appearance of adverse events
occurred 2 to 3 days following a dosing adjust-
ment. The central nervous system adverse
events had a median time to resolution of 4
days (range 0 to 58 days) following a dosing
decrement. These time lags supports the con-
cept that ziconotide must penetrate neural
tissue to exert an effect. A total of 15 patients
died during or immediately after the study
period. Death rates were not significantly dif-
ferent between the ziconotide- and placebo-
treated groups. Twelve of the 15 deaths were
due to the incident neoplasm. There were no
reports of anaphylaxis or hypersensitivity to
ziconotide.11

The other major controlled trial that
explored the therapeutic benefit of ziconotide
was performed Rauck and colleagues.12 This
study reported on 220 patients with nonmalig-
nant pain who were randomized to receive
either ziconotide (112 subjects) or placebo
(108 subjects). Similarly, the pain diagnoses
were variable, but a high percentage of neuro-
pathic pain patents were again enrolled (76%
for the ziconotide group and 71% for the pla-
cebo group). In this study, patients were
required to have an implanted SynchroMed
infusion system before enrollment in the trial.
Subjects were weaned from prior intrathecal
medications before being exposed to zicono-
tide. Patients were required to have a VASPI
score of greater than 50 mm at the conclusion
of intrathecal weaning and to have a stabilized
systemic analgesic regimen. The starting dose of
ziconotide was 0.1 mg/h. The titration phase of
this trial lasted for 3 weeks, during which
dosing adjustments upward of 0.05 or 0.1 mg/
h were performed until patients attained anal-
gesia or reported intolerable side effects. At
least 24 hours was required between each
dosing increase, but downward adjustments

were allowed at any time point to improve tol-
erability. Again, patients were allowed to adjust
systemic medications as needed but could not
use any intrathecal agent other than ziconotide.

During this trial, the primary outcome mea-
sure was improvement in VASPI scores. At the
conclusion of the 3 weeks of titration, zicono-
tide-treated subjects demonstrated a statisti-
cally significant improvement in their VAPSI
scores (14.7%) compared with placebo-treated
subjects (7.2%). The onset of pain relief was
observed among ziconotide-treated patients as
early as Week 1, with a mean percent improve-
ment on the VASPI of 16.6%, compared with a
mean percent improvement of 5.0% among the
placebo-treated patients. At Week 2, the mean
percent improvement in VASPI scores for the
ziconotide-treated group (13.8%) was greater
than that for the placebo-treated group
(8.2%), but this difference was not statistically
significant. Another measure of treatment
response was the portion of subjects who
demonstrated at least a 30% improvement in
VASPI score. For this outcome measure, there
was no significant difference between the zico-
notide-treated group (16.1%) and the placebo-
treated group (12.0%). On the clinician’s
global impression (CGI) satisfaction scale,
28.4% of ziconotide-treated patients reported
‘‘a lot’’ or ‘‘complete’’ satisfaction compared
with 12.1% of placebo-treated subjects. On
the CGI Overall Pain Control measure, 11.9%
of ziconotide-treated subjects reported ‘‘very
good’’ or ‘‘excellent’’ pain control at study ter-
mination, compared with 0.9% of placebo-
treated patients. Both of these CGI measures
were statistically significant. The change in the
Global McGill Pain Relief total score was sig-
nificantly reduced in the ziconotide group
compared with that of the placebo group. The
Categorical Pain Relief Scale (CPRS) at study
termination showed a trend in favor of zicono-
tide, but the difference did not reach statistical
significance. With regard to oral opiate con-
sumption, there was a 23.7% mean decrease
in weekly opioid use (in morphine equiva-
lents) from pretreatment stabilization to Week
3 for the ziconotide-treated group compared
with a 17.3% decrease in the placebo group.
Similarly, this result demonstrated a trend
that did not achieve statistical significance.

The adverse event profile observed during
this trial was also considerable, with the major-
ity of subjects in both treatment arms experien-
cing side effects (92.9% of ziconotide subjects
and 82.4% of placebo subjects). The severity of
adverse events reported was primarily mild or
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moderate (ziconotide, 83.6%; placebo,
83.8%). The spectrum of adverse effects in
this trial was similar to that of the cancer/
AIDS trial. The side effects that occur with sta-
tistically greater frequency in the ziconotide
group included dizziness (47.3% versus
13.0%), confusion (17.9% versus 4.6%),
ataxia (16.1% versus 1.9%), abnormal gait
(15.2% versus 1.9%) and memory impairment
(11.6% versus 0.9%). The incidence of serious
adverse event was similar for both the zicono-
tide-treated and placebo-treated groups (11.6%
versus 9.3%). There were no reported deaths
during this trial, which supports the hypothesis
that the deaths noted in the earlier trial were
due to the disease processes and were not
directly related to ziconotide treatment. The
onset and resolution of adverse effects were
delayed in a fashion similar to that of the
Staats study. The median time to onset for the
most commonly reported ziconotide-related
side effects (dizziness, nausea, confusion,
ataxia, and asthenia) ranged from 3.0 to 9.5
days. The median time to resolution for most
of these adverse events was within 1 to 2 weeks
of drug discontinuation.12

As a result of the above-mentioned factors as
well as other trials with ziconotide, this agent
was approved by the FDA in December 2004.
This event represents the first intrathecal agent
for pain control that has successfully passed the
high standards of the approval process.
Morphine was approved more than a decade
ago, but it was ‘‘grandfathered’’ in the FDA.
Intrathecal baclofen is an FDA-approved inter-
vention for spasticity. It is estimated that more
than 1500 patients over 12 years have been
exposed to ziconotide. During this exposure,
there have been no permanent sequelae that

have been unequivocally linked to the drug.
Also, no withdrawal or abstinence syndrome
following sudden cessation of drug delivery
has been reported with this agent. This feature
is distinctly different from intrathecal opiates,
which can have a profound withdrawal
syndrome.

One important observation during the clin-
ical trials as well as after approval surveillance
is that the incidence of ziconotide-related side
effects corresponds not only to total daily dose
but the titration rate at which a particular dose
is achieved. Figure 37-1 demonstrates the
adverse event profile during two early zicono-
tide clinical trials. The majority of side effects
demonstrated an increased incidence during
the ‘‘fast’’ trial (mean daily dose of 36 mg per
day achieved in 5–6 days) compared qirh the
‘‘slow’’ trial (mean daily 7.2 mg per day
achieved in 28 days). The current package
insert describes a titration schedule as follows:
starting dose of no more than 2.4 mg/day,
upward titration by up to 2.4 mg/day at inter-
vals of no more than 2 to 3 times per week, up
to a recommended maximum of 19.2 mg/d (0.8
mg/h) by Day 21. Even this titration schedule,
which is slower than the initial clinical trials,
has been considered excessively rapid by expe-
rienced clinicians. One small group of experts
has put forth the following titration recom-
mendations: starting dosage of 0.5 mg/d, with
increases of no more often than weekly.13

Another challenge with the use of ziconotide
is the issue of stability. In contrast to opiates
and other commonly used intrathecal agents,
which have acceptable stability profiles,14 zico-
notide is susceptible to breakdown at a rate that
is clinically significant. All patients with
implanted intrathecal delivery systems require
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FIGURE 37-1. Comparison of adverse event (AE) profile during two different intrathecal ziconotide titration schedules.
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refill of the pump reservoir to maintain a
constant delivery of medication. Typically,
refill intervals are between 2 and 6 months.10

The phyical stability of the ziconotide molecule
can potentially interfere with refill frequency.
Ziconotide degradation occurs primarily
through oxidation to the methionine sulfoxide
form of the drug. The breakdown products of
ziconotide are both nontoxic and inactive. Two
accelerants of the oxidation process are (1) heat
and (2) the presence of dissolved oxygen in a
solution. For these two reasons, ziconotide is
stored in a refrigerator and is package in a
methionine buffer. Using these strategies, zico-
notide should be capable of maintaining
acceptable stability for clinical use. Undiluted
ziconotide solutions maintain greater than
90% stability for approximately 84 days.15

An increasing concern with long-term infu-
sion of intrathecal agents is the development of
inflammatory, noninfectious mass at the tip of
the intrathecal cathter. Although the exact
pathophysiology of these massses is unknown,
there are several causally linked factors includ-
ing the medication infused, catheter position,
low cerebrospinal fluid volume, and the dose
and concentration of the infused drug.
Granuloma development is the most serious
adverse effect associated with intrathecal pain
therapy, with some clinicians considering this
issue the most significantly barrier to patient
access.9 To date, no granulomas have ever
been detected in patients exposed to intrathecal
ziconotide. Although this may represent a ther-
apeutic advantage of this agent, it is important
to acknowledge that the relatively low preva-
lence of ziconotide use and the rarity of gran-
uloma development preclude a definite
statement that use of this agent is not associat-
ed with granuloma development.

Many patients are exposed to ziconotide
by converting the agents in their currrent intra-
thecal pump as opposed to having ziconotide
as their initial intrathecal agent. If a patient has
intrathecal opiates in his or her pump and a
decision is made to attempt intrathecal zicono-
tide therapy, then weaning from the opiates
should occur. Weaning of patients from intra-
thecal opioid therapy can be challenging. Many
clinicians mistakenly adhere strictly to the
belief that any decrease in the intrathecal
opioid dose should be replaced with equianal-
gesic doses of systemic opioids. Various equi-
analgesic oral to intrathecal dosing ratios have
been suggested, ranging from 12:1 to 300:1.16

These equianalgesic doses are typically inap-
propriate for weaning from chronic intrathecal

opioid therapy, and patients can be weaned
without strict adherence to equianalgesic con-
version ratios. Patients may experience opioid
withdrawal during the weaning process. Signs
and symptoms may include lacrimation,
rhinorrhea, yawning, insomnia, restlessness,
mydriasis, nausea, vomiting, diarrhea, piloerec-
tion, abdominal cramps, anxiety, agitation,
muscle twitching, diaphoresis, palpitations,
flu-like symptoms, hypertonia, and increased
pain.17 During some of the ziconotide trials
described earlier, intrathecal opiates weaning
periods varied from 2 to 8 weeks. A descriptive
method for intrathecal opiate weaning has
recently been published.18

CONCLUSION

Although the majority of investigation into the
use of ziconotide that occurred before FDA
approval examined the use of this agent
as monotherapy, the most commonly used
strategy since the release of this agent is zicono-
tide in combination with other medications.
The current estimate is that ziconotide mono-
therapy represents only 20% to 25% of zicono-
tide use in the United States. A variety of agents
have been attempted in combination with
ziconotide, including morphine, hydromor-
phone, fentanyl, bupivacaine, clonidine, and
baclofen. The utility of this approach to
chronic pain is presently guided by clinical
experience and will likely continue to evolve.
Because intrathecal ziconotide and other
intrathecal agents have different mechanisms
of action, it is possible that combination
therapy could result in a synergistic effect.
Additionally, multiple pain syndromes could
be present in one patient with differential
responsiveness observed to each syndrome.19

Although combination ziconotide therapy
does not appear to produce any additive risk,
the issues of stability makes this approach
somewhat daunting. As noted earlier, zicono-
tide has a degradation profile when used in
isolation. This process is accelerated in the
presence of additional agents and would
appear to a concentration-dependent phenom-
enon of the non-ziconotide agent.15,20 Despite
this complexity, it would appear that most
practioners favor this approach.

Several other conotoxins are in various
stages of development for therapeutic utility.
A summary of this agents is presented in
Table 37-1. All of these agents are small
peptides and thus may require the same
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challeneges of intrathecal delivery and stability
that face ziconotide.5 Despite the challenges as-
sociated with the clinical use of conotoxins,
this class of neurotoxins can have a profound
effect on clinical medicine. As demonstrated by
the 2007 PolyAnalgesic Consensus conference,
ziconotide has changed the face of intrathecal
drug delivery for chronic pain mamagment.
With continued research efforts, these other
contoxins can have a similar impact.
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TABLE 37-1 Conotoxins Under Investigation for Clinical Human Use

Toxin Class Species Proposed indication

Vc1.1 (ACV1) a C. victoria Neuropathic pain

CVID (AM336) o C. canus Neuropathic pain

MrIA/B (Xen2174) � C. marmoreus Cancer pain

Contulakin-G (CGX-1160) Contulakin C. geographus Chronic pain

Conantokin-G (CGX-1007) Conantokin C. geographus Epilepsy
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38Spider and Wasp
Neurotoxins

Wagner Ferreira dos Santos

INTRODUCTION

In an experimental model for glaucoma in
which rat retinas are subject to ischemia
followed by reperfusion, PbTx1.2.3., purified
from Parawixia bistriata spider venom
(Brazilian ‘‘cerrado’’ spider), protected neurons
from excitotoxic death in both outer and inner
nuclear layers, and ganglion cell layers.1 The
venom of spider Macrothele raveni (Chinese
spider) can inhibit cell proliferation and DNA
synthesis of BEL-7402 cells in human hepato-
cellular carcinoma, probably through inducing
cell apoptosis, downregulating C-myc, and
arresting cell cycle progression.2 These were
the conclusions of studies in just two instances,
about the therapeutic applications and many
possibilities in the vast unexplored field of
venoms research.

Venomous animals have evolved a flurry of
toxins, for prey capture and defense. These
toxins target a wide variety of pharmacologic
sites, making them an invaluable source of
ligands for studying the properties of these
targets in different experimental paradigms.
Among the many venomous animals of
different phyla, spiders and wasps should be
recognized because they are useful sources
of polypeptides, acylpolyamines, alkaloids,
sulfated nucleosides, cinines, mastoparans,
among other types of molecules that function
as neurotoxins. These molecules have proved to
be extremely useful tools for the understanding
of synaptic transmission events, and they have
contributed to the design of novel drug models
for treatment of acute and chronic neurologic
disorders and pain.3 Some invertebrate neuro-
toxins are described in Figure 38-1.

A general example is the number of peptides
of venomous animals that have been used in
vivo for proof-of-concept studies, with sev-
eral having undergone preclinical or clinical

development for the treatment of pain, dia-
betes, multiple sclerosis, and cardiovascular
diseases.4

Wasps are grouped into the class of the
insects, being extraordinarily prevalent and
widespread over the Earth because their
adaptability and variety have assured their
continuous existence. They have been surviving
for the least 300 millions years, mainly due to
their wings, exoskeleton, adaptability to differ-
ent niches, chemical communications, capacity
for metamorphosis, and production of toxins.5

For the wasp venoms, the main focus is direc-
ted to the medical area, because their venoms
are cocktails of harmful compounds, mainly
enzymes, which generally trigger inflammatory
responses after sting.

The spiders had evolved from ancestors
during the Devonian period. The oldest spider
fossil is the Attercopus fimbriunguis, of the
medium Devonian (380–374 million years
ago), that was found in the Gilboa farm, in
the state of New York.6 Two species of spiders
with orb-weaver are known from the beginning
of the Cretaceo in Spain.7 Also, an orb made by
a spider of the genus Arancoidea was found in
amber in Sant Just, Spain and was dated of
110 million years ago, in the beginning of the
Cretaceo.7

In evolutionary terms, spiders (class:
Aracnida; order: Araneae) are the most success-
ful predatory invertebrates and they maintain
by far the largest pool of toxic peptides, besides
other compounds. There are approximately
38,000 described species,6 with an even greater
number waiting characterization.7 Sollod and
collegues8 estimate that of approximately
50 peptides per venom obtained from mass
spectrometric analysis of 55 tarantula venoms
and a conservative species count of 80,000,
there should be an amount of 4 million
spider venom polypeptides.

Dr. dos Santos does not report any conflicts of interest.
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In this chapter, I summarize and compile
several biochemical and pharmacologic aspects
and therapeutic applications of spider and
wasp neurotoxins (Table 38-1).

TOXINS ACTING ON
NA+ CHANNELS

Voltage-gated Na+ channels are present in most
excitable cell membranes, and are responsible
for the generation and propagation of action
potentials in these cells. They represent trans-
membrane proteins composed of a major
a-subunit of approximately 260 kDa, sufficient
for functional expression, and of at least three
different auxiliary b-subunits of 30 to 40 kDa,
which modify the kinetics and voltage depen-
dence of channel gating.9,10 A number of toxins

and chemicals that block or modulate the
function of voltage-gated Na+ channels have
been discovered; some of which are presently
being used as chemical tools to study these
channels.

Some spider toxins acting on Na+ channels,
like d-atracotoxin, d-palutoxin, and pompilido-
toxins, bind at site 3, which involves the
extracellular loops IS5-S6, IVS3-S4, and IVS5-
S6 of the ionic channel.11 Most of the studies
in spider toxins interfering with Na+ channels
deal with molecules purified from Agelenopsis
aperta, Phoneutria nigriventer, Atrax robustus,
and Hadronyche versuta.

Spider Venoms

A. aperta (Agelenidae; American funnel-web)
spider venom is a rich source of toxins acting
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FIGURE 38-1. Molecular targets of antiepileptic drugs (AEDs), and invertebrate venoms and neurotoxins.3 Models of action

include the Na+ and Ca2+ channels blockade; of inhibitory neurotransmission, such as GABAreceptor agonists and neuronal and

astrocytic GABA transporter inhibitors, and inhibition excitatory neurotransmission through the antagonism of N-methyl-D-

aspartate, AMPA and kainate receptors. ‘‘Agatoxins,’’ Agelenopsis aperta toxins; ‘‘Conantokins,’’ Conus sp. toxins; BmKAE, Buthus

martensi Karsch antiepileptic pepitide; C119, Centruroides limpidus toxin; FrPbAII, Parawixia bistriata GABA neurotoxin;

Parawixin1, Parawixia bistriata glutamate neurotoxin; PiDv, Polybia ignobilis venom.
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TABLE 38-1 Neurotoxins from Invertebrates and Biologic Activities

Animal Neurotoxin
Na+

Channel Ca2+ Channel
Inhibitory
Transmission

Excitatory
Transmission K+ Channels Cl- Channels Observation

Spider

P. bistriata FrPbAII Increase

Parawixin1 Diminish

N. clavata Jorotoxin-3 Diminish Pain control

S. raptoria SrTxl.3 Diminish

A. lobata Argiotoxin636 Inhibit Ca2+-activated
Cl- currents

Argiotoxin636/
argiopine

Inhibit current Kir2.1

Argiope sp. aFTX3.3 Inhibits
currents

Diminish Inhibit Ca2+-activated
Cl- currents

AG2

o-Aga-IVA Diminish (P/Q) Pain control

Block L

A. aperta

o-Agala-IC

Diminishm-Agal-VII TTX
sensitive

FTX3.3 (synthetic toxin) Inhibit Ca2+-activated
Cl- currents

PhTx3, 3-3 and 3-4 P/Q type

PhTx3, 3-2 and 3-5 L type

P. nigriventer PhTx2 and 2-6

Tx3-1 Inhibit
activation

H. versuta PaTx 1 and 2 Inhibit current A-type

Kv4.2 and 4.4
channels

G. spatulata o-grammatoxin SIA Inhibit current

Wasp

P. trangulum Philanthotoxin-343 Diminish Pain control

Philanthotoxin-433 Diminish

P. occidentalis Th6-BK Pain control

Venom Increase Diminish

P. ignobilis Venom



on Na+ channels.12,13 This spider possesses
m-agatoxins I to IV, which belong to a family
of six 36- to 37-residue peptides containing
four disulfide bridges that present high-
sequence homology to Curtatoxins from the
related Agelenid spider Hololena curta.14 They
cause convulsive irreversible paralysis and
repetitive firing in presynaptic terminals of
Musca domestica. This action is correlated with
repetitive firing in the terminal branches of
insect motor axons, resulting in a significant
increase in spontaneous neurotransmitter
release in the fly.15 This massive release of
neurotransmitters occurs due to the increase
of Na+ influx through tetrodotoxin-sensitive
channels, shifting the activation curve to more
negative potentials.16 However, m-agatoxins
also slow Nav channel inactivation in insect
motoneurons from budworm Heliothis virescens
an action shared by d-PaluIT toxins, isolated
from Paracoelotes luctuosus spider venom with
which they shared considerable sequence
homology.13

Several specific insect neurotoxins are still
awaiting the identification of their mode of
action and thus their target sites, since the meth-
ods of the bioassay used are nonspecific. These
include acute oxicity testing systemic injection
or isolated organ bath screening, for example,
Lasiotoxins 1 and 2 (LpTx1, 2) isolated from
Lasiodora parahybana (Brazilian rosean taran-
tula), Euripelma toxins (EsTx1, 2), Covalitoxin
II from Coremiocnemis validus (Singapura taran-
tula), and Atracotoxin-Hvf17 from H. versuta.
A family of 56- to 61-residue potent insecticidal
peptides, named DTX9.2, 10, and 11 have been
isolated from the venom of the North American
primitive weaving spider Diguetia canities
(Araneomorphae, Diguetidae). These neuro-
toxins cause progressive spastic paralysis in
tabacco budworm larvae, with no effects on
mice following intraperitoneal (IP) or intracer-
ebroventricular (ICV) injections. On the other
hand, lepidopteron larvae presented 50%
paralytic doses (PD50) ranging from 0.38 to
3.18 nmol/g, perhaps being among the most
potent insecticidal compounds yet described
from arthropod venoms. However, binding
studies demonstrated only a partial inhibition
of 125I-AahIT binding to site 3 at Na+ channels
of housefly head membranes. In neurophysio-
logic experiments, DTX9.2 elevated spikes dis-
charges in sensory nerves at neuromuscular
junction and also caused a depolarization of
the membrane potential in cockroach giant
axons.17 The gene encoding DTX9.2 was
isolated and characterized.18

A variety of noninsecticidal spider toxins are
proving to be useful in the study of molecular
differences in Nav channel subtypes such as; cer-
atotoxins (CcoTx1, CcoTx2, and CcoTx3) from
Latin American Phrixotrichus cornuatus, and
phrixotoxin 3 (PaurTx3) from P. auratus. These
neurotoxins block ion conductance and shift
the voltage-dependence of activation towards
more positive values, without affecting inactiva-
tion of these channels. A single amino acid
mutation in ceratotoxin from Tyr32 2 to Asp32

in ceratotoxin 1 completely blocks actions
on the Nav1.3 channel subtype. The specific
site of action of these toxins on the Nav chan-
nel remains speculative, but probably is
associated with site 4.13 The pharmaco-
logical profiles of these new toxins were
characterized by electrophysiological measure-
ments on six cloned voltage-gated sodium
channel subtypes expressed in Xenopus laevis
oocytes (Na(v)1.1/beta(1), Na(v)1.2/beta(1),
Na(v)1.3/beta(1), Na(v)1.4/beta(1), Na(v)1.5/
beta(1), and Na(v)1.8/beta(1)). In general,
these novel toxins modulate voltage-gated
sodium channels with properties similar to
those of typical gating-modifier toxins, both
by causing a depolarizing shift in gating kinetics
and blocking the inward component of the
sodium current.19

Futhermore, pore blocking toxins that are
potential ligands site-1 of Nav channels have
been isolated from spider venoms. They are
part of this group a family of 33-35 residue
toxins with three disulfides known as the
hainantoxins and huwentoxins, which were
isolated from Ornithoctus spp (Chinese bird
spider) (formerly Selenocosmia genera).
Dorsal root ganglion cells with diameters of
20-40 mm were selected to study Na+ channels,
for larger dorsal root ganglion cells from older
animals tend to express fast tetrodotoxin-
sensitive Na+ currents while smaller ones
(<10 mm) tend to express slow tetrodotoxin-
resistant Na+ currents. Completely inhibited
the inactivation Na+ currents induced by
BMK-I from Buthus martensi scorpion.
The Na+ current reductions caused by hanan-
toxin-III and hanantoxin-IV were concentra-
tion-dependent with the IC50 value of 1.1 and
44.6 nM, respectively. Also, hanantoxin-III and
hainantoxin-IV affected the mammalian neural
Na+ channels in this paradigm through a
mechanism quite different from other spider
toxins targeting the neural receptor site 3,
such as delta-aractoxins and m-agatoxins.20

Therefore, the two hanantoxins will be useful
tools to discriminate different Na+ channel
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subtypes and disclose the structure-function
relationship of Na+ channels.

It is recognized that this group of polypep-
tides are the first family of spider toxins to
selectively block Na+ conductance via an inter-
action with site-1 of the Nav channel. However,
competition binding studies with radionuclide-
STX are necessary to confirm this interaction.
Actions that differ from that of site-1 include
the closing of the pore, or the modulation
at a distant site, which allosterically leads to
a conformational change in the channel pro-
tein resulting in a block of ion conductance.
Nevertheless, HNTX-I represents the first
insect-selective spider toxin interacting with
either site-1 or a novel site on the Nav channel.
Therefore, these peptides represent the first
family of spider toxins to selectively block
Na+ conductance and, in the case of HNTX-I,
the first insect-selective toxin to block the Nav

channel.20

Jingzhaotoxin-I (JZTX-I) was purified from
another Chinese tarantula Chilobrachys jingzhao
venom that preferentially inhibits cardiac
sodium channel inactivation and may define
a new subclass of spider sodium channel
toxins. In this study, the authors describe the
contrast to other spider sodium channel toxins
acting presynaptically rather than postsynapti-
cally, because JZTX-I augmented frog end-plate
potential amplitudes and caused an increase in
both nerve mediated and unmediated muscle
twitches. JZTX-I acted both presynaptically and
postsynaptically, and facilitated neurotransmit-
ter release by biasing the activities of Na+

channels toward the open state. These actions
are similar to those of Leiurus quinquestriatus
hebraeus scorpion alpha-toxin Lqh II.21

From the venom of the Chilean ‘‘Rosean-
tarantula’’ Grammostola rosea, a peptide named
GrTx1 was described. GrTx1 has 29 amino-acid
residues, compactly folded by three disulfide
bridges with a molecular weight of 3697 Da.
This peptide blocks Na+ currents of neuroblas-
toma F-11 cells with an IC50 of 2.8 ± 0.1 mM,
up to a maximum of about 85% at 10 mM.
Moreover, the right-shift (+20.1 ± 0.4 mV) of
the fractional voltage-dependent conductance
could also be compatible with a putative
gating-modifier mechanism. Sequence analysis
showed that GrTx1 is closely related to other
spider toxins reported to affect various distinct
ion channel functions.22

ProTx-II is a 30-amino acid peptide toxin
from the venom of the Peruvian green velvet
tarantula, Thrixoplema pruriens, that conforms
to the inhibitory cystine knot motif and that

modifies the activation kinetics of Na+(v) and
Ca2+(v) but not K+(v), channels. ProTx-II inhi-
bits ion current by shifting the voltage depen-
dence of activation to more depolarized
potentials. Therefore, it differs from the classic
site 4 toxins that shift voltage dependence of
activation in the opposite direction.23

From the venom of the Brazilian Ctenid
spider Phoneutria nigriventer, some neurotoxins
that target sodium and calcium channels were
purified. Peptides isolated from the toxic
fraction PnTx1 of the venom of this ‘‘armed’’
spider produced reversible inhibition of recom-
binant Nav1.2 interacting with specific sites of
conotoxins.24 Later, another toxin was isolated
and the sequence analysis pointed to a molecular
mass of 8600 Da and a C-terminally amidated
glycine residue, apparently being identical to
Toxin 1 (Tx1) isolated previously from this
venom. Tx1 reversibly inhibited sodium currents
in Chinese hamster ovary cells expressing recom-
binant sodium (Na(v)1.2) channels without
affecting their fast biophysical properties.25

Patch-clamp and binding data showed that
P. nigriventer Tx1 is a novel, state-dependent
sodium-channel blocker that binds to a site
close to pharmacologic site 1, overlapping
m-conotoxin but not TTX binding sites.

CALCIUM CHANNEL TOXINS

Calcium channels are prevalent in many tissues
throughout the body, being relevant to the
nervous tissue where the entry of Ca2+ into
nerve terminals plays a key role in cardiac, mus-
cular, and neuronal functions. Spider venoms
contain a diversity of polypeptide toxins acting
on voltage-sensitive calcium channels (VSCCs).
There are six different types of VSCCs: T-, L-, N-,
P-, Q- and R-types. This criterion is based on
their electrophysiologic properties and sensitiv-
ity to various activators-inhibitors and ions.26

The presence of Ca2+ channel blocking toxins
in spiders were verified with the characteriza-
tion of the venoms of three spiders: A. aperta,
which produce an irreversible presynaptic block
at the Drosophila neuromuscular junction;
peptide toxins isolated from Plecteurys tristes
spider (PLTXs I-III, MW 6 to 7 kDa) and one
from Hololena curta (Hololena toxin, MW
16 kDA), whose activities were consistent with
long-lasting specific block of presynaptic Ca2+

channels. Hololena toxin selectively blocked
noninactivating Ca2+ current, whereas PLTX-II
blocked band noninactivating Ca2+ currents in
cultured Drosophila neurones.27
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From A. aperta several toxins have been
purified. Type I agatoxins (o-AgaIA, IB and
IC) are heterodimeric peptides of similar size
with MW 7.5 kDa and five disulfide bonds.
Studies demonstrated that o-AgaIA potently
blocks voltage-sensitive Ca2+ channels in
insects, blocks neurotransmission at the frog
neuromuscular junction, and suppresses high-
threshold Ca2+ currents in rat dorsal root
ganglion cells. Therefore, the toxin affects
Ca2+ channels from both vertebrates and inver-
tebrates with relative selectivity for L-type
channels.

Type o-AgaII (IIA and IIB, MW 10 kDa),
which have homology of 43% at NH2 terminal
end with type IA toxins, also block presynapti-
cally the insect neuromuscular transmission.
Unlike, type I o-agatoxins, type II o-Aga inhibit
the binding of o-conotoxin GVIA from Conus sp
in chick synaptosomes and potently block the
potassium-stimulated Ca2+ entry; hence, their
classification as N-type channel blockers. Low
molecular weight (200 to 400 Da) fractions
of A. aperta venom blocks P-type Ca2+ channels
in guinea pig cerebellar Purkinje cells, in
squid giant synapse, and in Xenopus oocytes
injected with rat brain mRNA. The funnel-web
spider toxin (FTX) isolated from A. aperta
venom was identified as a polyamine.28

Hysterocrates gigas is an African spider
from which several toxins were isolated, such
as SNX-482, which is a selective peptide
antagonist of R- and L-type VSCCs. Assays
using chimeric channels combining structural
features of R- (a1E) and L-type (a1C) calcium
channel subunits showed that the presence of
domains III and IV of the R-type current is a
prerequisite for strong gating inhibition.29

The analysis of the venom of Brazilian
‘‘armed’’ P. nigriventer led to the isolation of
several toxins. Large peptides such as o-phone-
toxin-IIA (o-PnTxIIA) and PnTx3-6 blocked P/
Q-type and N-type calcium currents almost
irreversibly at 3 nM for o-PnTxIIA, whereas
R-type currents presented partial and readily
reversible inhibition. Binding and displace-
ment studies using 125I-o-PnTxIIA, showed
that rat cerebral cortex synaptosomes displayed
many kinds of binding sites. Radioactive type
IIA was totally displayed by cold IIA at Ki=100
pM, and 25% by GVIA and 50% by MVIIC
from the Conus sp snail.29

Another neurotoxin of P. nigriventer is
PhTx3, which has a broad-spectrum calcium
channel blocker that inhibits glutamate
release, calcium uptake, and also glutamate

uptake in synaptosomes. The effects of
PhTx3 (1.0 mg/mL), o-conotoxin GVIA (1.0
mmol/L) and o-onotoxin MVIIC (100 nmol/
L) were described on neuroprotection of
hippocampal slices and SN56 cells subjected
to ischemia by oxygen deprivation and low
glucose insult. Confocal images of the CA1
region of rat hippocampal slices subjected to
ischemia insult and treated with PhTx3
showed 18% dead cells. The SN56 cells
derived from mouse septal cholinergic neu-
rons under ischemia were protected from
damage by PhTx3. Omega-conotoxin GVIA
or o-conotoxin MVIIC produced partial pro-
tection in the same paradigm.30 Therefore,
PhTx3 provided a new class of agents that
targets multiple components in the in vitro
model of brain ischemia.

Lambert-Eaton myasthenic syndrome
(LEMS) is a neurologic autoimmune disease in
which downregulation of VGCCs leads to
reduced acetylcholine release from motoneuron
terminals. Serological assays for LEMS autoanti-
bodies by immunoprecipitation of calcium
channels labeled with 125I-o-conotoxins are
well established. However, an assay using the
spider venom peptide 125I-o-Phonetoxin IIA
(125I-o-PtxIIA) was developed. 125I-o-PtxIIA–
labeled recombinant Cav2.1 and Cav2.2 chan-
nels and endogenous VGCCs in rat brain
membranes. Autoantibodies that immunopre-
cipitate a 125I-oPtxIIA/channel complex were
detected in 84% of patients with LEMS.
Patients who were seropositive in the
125I-oPtxIIA assay corresponded precisely to
the population that was positive for Cav2.1 or
Cav2.2 antibodies detected using two different
o-conotoxins. Therefore, the 125I-o-PtxIIA assay
detects a broader spectrum of autoantibody
specificities than current o-conotoxin–based
assays.31

Another peptide named GsTxSIA was
isolated from the Chilean theraposid
Gramostola spatula venom. This peptide blocks
N-, P-, and Q-type VSCCs. Aside from these
actions on voltage-gated Ca2+ channels, it also
binds to K+ channels, although with much
lower affinity. When the structures of HaTx1
and GsTxSIA were compared, a conserved
motif containing a large hydrophobic pattern
surrounded by positively charged residues
were identified. It appeared to play an impor-
tant role in the binding of the receptor site on
the channel, probably located on or close
to the voltage sensor. This also suggests a
conserved binding domain relating to the
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voltage-sensing capability of ion channels of
different ion selectivity as revealed by toxin
binding.29

The peptide DW13.3 was isolated from the
venom of the Filistatid spider Filistata hiberna-
lis, which is commonly found throughout
Florida and the southern region of the United
States in human populated areas and causes
a potent but transient block of native Ca2+

channels. This toxin has the highest affinity
for P- and Q-type, following by N-, L- and
R-type; without effect on T-type currents
recorded from GH3 cells. Yet, DW13.3 elicited
a block of both a1A in 60% and P-type in 76%
currents from Purkinje cells.32

Segestria florentina is recognized as Tube web
spider and originally a native of southern
Europe as far as east Georgia. An example of
neurotoxin purified from S. florentina venom is
SNX-325 that a selective blocker of the N-type
but not cardiac L-, P/Q, or R-type calcium
channels. Similarly, huwentoxin-I and huwen-
toxin-X isolated from Chinese theraphosid
Selenocosmia huwena venom inhibited N-type
Ca2+ channels and had a weak effect on
L-type Ca2+ channels.33

POTASSIUM CHANNEL
TOXINS

The largest and most diverse family of ion
channels comprises those selective for K+,
which plays a central role in regulating the
membrane potential of cells and controls a
wide variety of cellular processes throughout
the body. These processes include: neurotrans-
mitter release, insulin secretion, neuronal
excitability, smooth muscle contraction, heart
beat, and cell volume control.

From Drosophila shaker K+ channel, many K+

channels have been cloned. These studies have
shown that K+ channels are formed by coas-
sembly of four subunits and are sometimes
associated with auxiliary b subunits that can
modify the gating properties of the heteromul-
timeric channel complex. With only a few
exceptions, the molecular basis of cardiac K+

currents have been defined. These channels
can be grouped in many ways, for instance,
by amino acid sequence homology. Another
classification is based on biophysical properties
of the currents determined by voltage-clamp
methodology. Based on function, cardiac K+

channels can be placed into one of four

categories: transient outward, delayed rectifier,
inward rectifier, and leak channels.34

More than 50 human genes encoding
several K+ channel subunits have been cloned
during the past decade. Although the genes
for many subunits have been cloned, there
is still a substantial gap in the correlation
between cloned Kv channels and native
currents.27,29

Hanatoxins 1 and 2 from G. spatulata venom
inhibit rat brain Shab- (Kv2.1) and Shal-related
K+ channels expressed in Xenopus sp oocytes,
whereas Shaker-, Shaw-, and eag channels are
relatively insensitive to this toxin. The Kv4
family of channels is also target by neurotoxins
from two other spiders. Hetrapodatoxins
(HpTx1-3), isolated from Hetrapoda venatoria
venom, prolonged the action potential dura-
tion in rat ventricular myocytes by blocking
the transient outward K+ current (Ito).35 The
phrixotoxins (PaTxs) were isolated from
Chilean Theraphosid Phrixotrichus auratus
venom. These toxins specifically block Kv4.3
and Kv4.2 currents, with IC50 ranging from
5 nM to 70 nM, apparently by altering the
gating properties of the channels. Also, PaTxs
blocked cardiac Ito currents in isolated murine
cardiomyocytes.36

From Scodra griseipes African spider venom
the novel toxin SGTx1 was isolated, and it
has been suggested that it acts partially and
reversibly inhibiting both fast transient and
delayed rectifier K+ currents in rat cerebellar
granule cells, similarly to hanatoxins. SGTx1
reversibly inhibited K+ currents in oocytes
expressing Kv2.1 channels. Moreover, genera-
tion of steady-state activation curves showed
that, consistent with other gating modifiers,
SGTx1 acted by shifting the activation of the
channel to more depolarized voltages. When
comparing the effects of SGTx1 and HaTx,
differences in binding affinity and confor-
mational homogeneity were revealed. These
might result from different charge distributions
at the binding surface and in the amino acid
composition of the respective b-hairpin struc-
tures in the peptides.37

SGTx1 is thought to bind to the S3b-S4a
region of the voltage sensor, and it is thought
to alter the energetics of gating. However, there
are experimental data for SGTx1, such as its
interaction with lipid bilayer membranes,
that remain to be characterized. An atomistic
and coarse-grained molecular dynamics simu-
lation to study the interaction of SGTx1 with a
POPC and a 3:1 POPE/POPG lipid bilayer
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membrane was developed. It revealed the pref-
erential partitioning of SGTx1 into the
water/membrane interface of the bilayer, and
also has been showed that electrostatic
interactions between the charged residues of
SGTx1 and the lipid head groups play an
important role in stabilizing SGTx1 in a bilayer
environment.38

Studies using whole-cell patch clamping on
CH3 cells demonstrated that Tx3-1 from
P. nigriventer venom inhibits A-type currents
without affecting delayed rectifying, inward-
rectifying and Ca2+-sensitive K+ currents or
T- and L-type Ca2+ channels.39

Also, studies on the intra- and extracellular
applications, of a well-known acyl-poliamine,
argiotoxin-636 isolated from Argiope lobata
venom, showed that it reduced the excitability
of rat DRG neurons in part by inhibiting Na+

channels, and in addition, dose-dependently
inhibited voltage-activated K+ channels, with-
out affecting the voltage dependence of activa-
tion or steady-state inactivation. Lee and
colleagues40 analyzed the interactions between
argiotoxin and the polyamine toxin philantho-
toxin isolated from the venom of the solitary
wasp Philanthus triangulum, on inward rectifica-
tion in Kir2.1 using patch-clamping of Xenopus
oocytes. These authors demonstrated that the
high-affinity polyamine block is not consistent
with direct open channel block, but instead
involves polyamine binding to another region
of the channel (intrinsic gate) to form a block-
ing complex that occludes the pore. This
interaction defined a novel mechanism of ion
channel closure.40

CHLORIDE CHANNEL
TOXINS

Chloride channels are involved in many phys-
iologic processes, such as cell volume control,
transport across membranes, control of cellular
excitability, as components of GABA receptors
in both the vertebrate and invertebrate central
nervous system, and acidification of intracellu-
lar organelles. Few neurotoxins of spider and
wasp venoms affect these channel type.

An example is the neurotoxin sFTX3.3.,
isolated from A. aperta venom, which inhibited
both voltage-activated Ca2+ currents and Ca2+-
activated Cl� currents [ICl(Ca)] in rat cultured
dorsal root ganglion neurons, whereas syn-
thetic analogue FTX and Arg636 inhibit ICl(Ca)

but not the Ca2+ currents.27

GLUTAMATE RECEPTOR
AND TRANSPORTERS
TOXINS

L-glutamate (L-Glu) is the main excitatory
transmitter in the mammalian central nervous
system and is also an important transmitter in
the neuromuscular junction of invertebrates
with both excitatory and inhibitory functions.
The action of L-Glu is terminated by its
removal from the synapse via high-affinity
transporters (GluTs) located on both neurones
and glial cells. Until now, five different types of
GluTs have been described: EAAT1 to 5. There
are several types of L-Glu receptors classified as
ionotropic (iGluR) and metabotropic gluta-
mate receptors (mGluR). The iGluRs are
currently grouped into N-methyl-D-aspartate
receptor (NMDA-R) and non-NMDA-R
(AMPA, kainate and AP4) subtypes, being
named after their sensitivity to selective ago-
nists. The L-glutamate system is involved in
nervous tissue development and embryology,
learning, and memory. Many acute and chronic
dysfunctions that affect the nervous system
are related to glutamatergic system, such as
epilepsy, trauma, amyotrophic lateral sclerosis
(ALS), glaucoma, and so on. Drugs that mod-
ulate this system by blocking glutamatergic
receptors or potentiating its uptake have been
used to control many experimental diseases.

In the early 1980s, a neurotoxin named Joro
spider toxin (JSTX), was isolated from Nephila
clavata venom. This spider is a member of
golden orb-weaver spider family, and can be
found throughout Japan, China, and Korea,
except Hokkaido island. Joro spider toxin
irreversibly suppressed excitatory postsynaptic
potentials (EPSP) and depolarization elicited
by exogenous L-Glu, without affecting inhibi-
tory postsynaptic potentials or depolarization
due to aspartate on lobster neuromuscular
junction. JSTX was also found to block gluta-
matergic synapses in mammalian brain. Several
neurotoxins from the orb-weaver spider and
solitary wasp were isolated, and the chemical
structures of many of these have now been
elucidated and they have been grouped into a
family of closely related compounds, the
acylpolyamines or simply polyamines.41

Another polyamine toxin has been identified
from several venoms: A. aperta and H. curta, a
trapdoor spider H. theveniti, and two tarantulas,
Herpactirella sp and Desert blonde tarantula
Aphonopelma chalcodes is common throughout
the Southwestern United States, especially
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Arizona, New Mexico, and Southern California.
The a-agatoxins, purified from A. aperta venom,
are selective and reversible, noncompetitive
antagonists of NMDA-R in mammalian brain.
Those polyamines from H. theveniti were para-
lytic to lepdopteram insect larvae. However, the
studies are scarce and the mechanism of action
was not investigated. In the chick nervous tissue,
the venom from H. curta irreversibly blocked
on-NMDA-R–mediated transmission. Further
fractionation of this venom led to the neuro-
toxin of 5 to 10 kDa, 10 paralytic polyamines,
and one insecticidal peptide, all of which are
known as curtatoxins. Moreover, two polya-
mines (HO489 and HO505) and one peptide
previously described in the A. aperta venom
(m-AgaII) were characterized.12,27,29

PhTx4 isolated from P. nigriventer venom
inhibited glutamate uptake in a dose-
dependent manner on rat cerebrocortical
synaptosomes. The IC50 value obtained was
2.35 ± 0.9 mg/mL, which is in the observed
range reported for glutamate uptake blockers.
Tx4-7, one of PhTx4 toxins, showed the stron-
gest inhibitory activity (50.3 ± 0.69%).42,43

From the Parawixia bistiata Brazilian
‘‘cerrado’’ spider venom were isolated several
neurotoxins that paralyze insects and have
glutamatergic and GABAergic targets in neu-
rons of mammals, too. The active fraction,
named PbTx1.2.3. (now Parawixin-1), stimu-
lated L-Glu uptake in cerebrocortical synapto-
somes of rats without changing the KM value,
and did not effect GABA uptake. Subsequently
experiments showed that the enhancement of
L-glu uptake by this neurotoxin occurs when
ionotropic L-glu receptors or voltage-gated
sodium and calcium channels are completely
inhibited or when GABA receptors and potas-
sium channels are activated, indicating that the
molecule may have a direct action on the trans-
porters. In an experimental model for glau-
coma in which rat retinas are subject to
ischemia followed by reperfusion, Parawixin-1
protected neurons from excitotoxic death in
both outer and inner nuclear layers, and
ganglion cell layers.1

In GluTs after solubilization and reconstitu-
tion in liposomes and in transfected COS-7
cells, Parawixin1 promotes a direct and selec-
tive enhancement of L-Glu influx by the EAAT2
transporter subtype through a mechanism that
does not alter the apparent affinities for the
cosubstrates L-Glu or sodium. In liposomes,
maximal enhancement by Parawixin-1 was
observed when extracellular sodium and intra-
cellular potassium concentrations was within

physiologic range. Moreover, the compound
does not enhance the reverse transport of glu-
tamate under ionic conditions that favor efflux,
when extracellular potassium is elevated and
the sodium gradient is reduced. Nor does it
alter the exchange of glutamate in the absence
of internal potassium. These observations
suggest that Parawixin1 facilitates the reorienta-
tion of the potassium-bound transporter,
the rate-limiting step in the transport cycle.
This conclusion was further supported by
experiments using EAAT2 transport mutant
(E405D), which is defective in the potassium-
dependent reorientation step,44 and in this
case, Parawixin1 does not stimulate L-Glu
uptake.44 These data demonstrated the poten-
tial role of this neurotoxin as a probe for the
designing of therapeutic drugs to be used in
pathologies that involve the hyperactivation
of glutamatergic synapses, such as epilepsies
and neurodegenerative diseases.

GABA RECEPTOR AND
TRANSPORTERS TOXINS

The GABAergic neurotransmission has been
implicated in the modulation of many brain
neural networks, as well as in several neuro-
logic disorders such as epilepsy, schizophrenia,
anxiety, tardive dyskinesia, and so on. And
as the pharmacology of GABAergic system
becomes better understood, novel drugs
might be developed.

It is described as in vivo anticonvulsant
effect from denatured crude venom and par-
tially fractions from Scaptocosa raptoria wolf
spider venom. ICV injections of this venom
and fraction SrTx1 abolished rat conclusive
tonic-clonic seizures induced by picrotoxin,
bicuculline, and pentilenetetrazole, and also,
inhibited GABA uptake in synaptosomes of
the rat cerebral cortex.45 The SrTx1 was chro-
matographed and produced three molecules,
SrTx1.1., SrTx1.2., and SrTx1.3., and they were
injected into the substantia nigra at doses of
100, 200, and 400 ng/0.2 mL, respectively.
SrTx1.3 protected 50%, 85.7%, and 100% of
the rats, respectively, against the seizures
elicited by bicuculline injected into area tem-
pestas. This suggests that S. raptoria venom as
well as its SrTx1.3 may be potential sources of
new anticonvulsant drugs.46

As described earlier, several neuroactive
compounds might be found in the P. bistriata
venom. Another neurotoxin has been isolated
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from P. bistriata venom; FrPbAII inhibits synap-
tosomal GABA uptake in a dose-dependent
manner and probably does not act on Na+,
K+, and Ca2+ channels, GABAB receptors, or
g-aminobutyrate: a-ketoglutarate aminotrans-
ferase enzyme. Therefore, it is not directly
dependent on these structures for its action. A
direct increase of GABA release and reverse
transport are also ruled out as mechanisms of
FrPbAII activities as well as unspecific actions
on pore membrane formation. FrPbAII is selec-
tive for GABA and glycine transporters, having
slight or no effect on monoamines or gluta-
mate transporters. According to experimental
glaucoma data in rat retina, FrPbAII is able to
cross the blood-retina barrier and promote
effective protection of retinal layers submitted
to ischemic conditions.47

Considering that FrPbAII inhibits high-affi-
nity GABAergic uptake in a dose-dependent
manner, studies in vivo have been performed.
Injection of FrPbAII in the Wistar rat hippocam-
pus induced a marked anxiolytic effect, increas-
ing the occupancy in the open arms of the
elevated plus maze (EPM) (EC50=0.09 mg/mL)
and increasing the time spent in the lit area of
the light-dark apparatus (EC50=0.03 mg/mL).
Anxiolytic effects were also observed consider-
ing the number of entries in the open arms of
the EPM and in the lit compartment of the light-
dark box. When microinjected bilaterally in the
SNPr of freely moving rats, FrPbAII (0.6 mg/mL)
effectively prevented seizures induced by the
unilateral GABAergic blockade of Area tempes-
tas (bicuculline). This anticonvulsant effect was
similar to that evoked by muscimol (0.1 mg/mL)
and baclofen (0.6 mg/mL) but differed from that
of the specific GAT1 inhibitor nipecotic acid
(0.7 mg/mL). This difference could be accounted
either for the parallel action of FrPbAII over
glycinergic transporters or to an unspecific
activity on GABAergic transporters.48

FrPbAII was effective against seizures induced
by the ICV injection of pilocarpine, picrotoxin,
and kainic acid, and the systemic administra-
tion of pentylenetetrazole (PTZ) in rats. The an-
ticonvulsant effect of FrPbAII differed from that
of nipecotic acid in potency, because the doses
needed to block the seizures were more than 10-
fold lower. Toxicity assays revealed that in the
rotarod, the toxic dose of the FrPbAII is 1.33 mg/
rat, and the therapeutic indexes were calculated
for each convulsant. Furthermore, the spontane-
ous locomotor activity of treated animals was
not altered when compared with control ani-
mals but differed from the animals treated

with nipecotic acid. Still, FrPbAII did not
induce changes in any of the behavioral para-
meters analyzed. Finally, when tested for cogni-
tive impairments in the Morris water maze, the
ICV injection of FrPbAII did not alter escape
latencies of treated animals.49

These studies are relevant by providing a
better understanding of neurochemical
mechanisms involved in brain function for
possible development of new neuropharmaco-
logic and therapeutic tools, and having a GABA
neurotransmission as the main target.

WASP NEUROTOXINS

Phylantotoxins are polyamines that were iso-
lated from Philanthus triangulum Egypt solitary
wasp. These polyamines act irreversibly on open
ionic channels on neuromuscular locust junc-
tion inhibiting L-Glu high-affinity uptake in
synaptic terminal and glial cells. Triflouro-
methyl-PTX-4.3.3 phylanthotoxin analog
showed the highest potency of uptake blockade.
Thirty-tree structural analogs from PhTx-4.3.3
were assayed on neuromuscular junctions of
fly larvae, and the potency was increased
when the polyamine chain was elongated by
iodination of aromatic and aliphatic groups,
or aromatic elongation was performed using
butanoic acid. The main activity of PhTx4.3.3.
is inhibition of NMDA transmission in the rat
hippocampus. On the other hand, dideaza-PTX-
12 antagonized calcium currents, and in the
CA1 layer neurons reduced calcium currents to
40% at nM doses. Moreover, potassium rectifier
current A are also affected.50

From Polistes rothneyi iwatai Japanese paper
wasp were isolated mastoparans like (polystes-
mastoparan-R1,2,3 and polytes-protonectin).
They released histamine and had higher
potency than mastoparan, and showed the
highest hemolytic activity when compared
with the other four peptides and mastoparan.51

Four synthetic analogs of vespulacinin1 iso-
lated from Vespula maculifrons yellow jacket
were studied on mammal smooth muscle
preparation and in the cockroach cercal nerve
giant neuron. All analogs showed potent
effects such as bradykinin. At first, specific
and reversible blocking of nicotinic excitatory
transmission and concomitant activation of
GABAergic system were observed. Next, a
delayed irreversible block of transmission was
observed, like threonin6-bradykin (Thr6-BK)
and bradykinin (BK) blockeŕs. Cyclization or
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partial cyclization of the analogs of vespulacin1
showed significant diminution of potency than
alyphatics.52

Catalepsy is a state of immobility that is
commonly experienced by patients with
chronic use of many antiparkinsonism and
neuroleptic drugs. Following this idea, frac-
tions from Agelaia vicina Brazilian wasp
venom were assayed into rat brain. Rodents
showed ataxia and catalepsy within 10 min-
utes. The cataleptic effects were antagonized
by the peripheral pretreatment with theophyl-
line and ketamine. Moreover, these central
effects were compared with those elicited by
the neuroleptic drug haloperidol. These find-
ings suggest that A. vicina venom may affect
neural substrates involved with catalepsy in
the central nervous system.53

The effects of the crude and boiled venom of
the Brazilian social wasp A. vicina, in rat
cerebral cortex synaptosomes showed that it
uncompetitively inhibited high- and low-
affinity GABA uptake by 91.2% and by 76%,
respectively. This inhibition profile was also
found to affect high- (99.6%) and low-affinity
(905) uptake of L-Glu.54

Many investigations have provided infor-
mation about defensive behaviors elicited
by stimulation of deep layers of superior
colliculus, which are subjected to inhibitory
nigral modulation. This inhibition is made
mainly through GABAergic neurons from sub-
stantia nigra, pars reticulata that sends output
toward neural networks of the deep layers of
the superior colliculus and dorsal periaquedu-
tal gray matter involved with the organization
of fear-like responses. Nigral microinjection
of AvTx8 isolated from Agelaia vicina wasp
venom in rats induced effects similar to
those of baclofen, such as decreasing the
intensity of behavioral defensive reactions
caused by GABAA receptor blockade in the
dorsal mesencephalon. These findings suggest
that AvTx8 has some effects on GABAergic
dynamics, increasing the activity of the inhib-
itory nigrocollicular pathways, causing
antipanic (antiaversive) effect. Therefore, this
neurotoxin is a novel pharmacologic tool
used to study mode of actions of different
types of GABAergic receptors and excitatory
amino acid–mediated mechanisms in the
brain and brainstem networks.55

From this same wasp venom was isolated
another neurotoxin named AvTx7. AvTx7
inhibits L-Glu uptake in a dose-dependent
and uncompetitive manner in the rat

cerebral cortex synaptosomes. AvTx7 was
found to stimulate the L-Glu release in the
presence of calcium and sodium channel
blockers, suggesting that its action is not
mediated through these channels. Moreover,
the AvTx7 potentiates L-Glu release in the
presence of K+ channel blockers tetraethylam-
monium and 4-aminopyridine, indicating
that the neurotoxin may act through these
drug-sensitive K+ channels. Therefore, AvTx7
can be a valuable tool to enhance our under-
standing of K+ channels involvement in the
release of L-Glu.6

Two denatured venoms from social wasps
Polybia ignobilis and P. occidentalis when inject-
ed by ICV in Wistar rats inhibited convulsive
crisis elicited by bicuculline, pricrotoxin and
kainic acid, but were not effective against con-
vulsive crisis caused by pentilenetetrazole.57,58

Several neurotoxins were isolated from
P. occidentalis venom. The most active fraction
contained Thr6-bradikinin (Thr6-BK) induced
antinociceptive effects that were approximately
twice as potent as either morphine or bradyki-
nin, also given ICV. The antinociceptive activity
of Thr6-BK peaked at 30 minutes after injection
and persisted for 2 hours, longer than bradyki-
nin. The primary mode of action of Thr6-BK
involved the activation of B2 bradykinin recep-
tors because the antinociceptive effects of
Thr6-BK were antagonized by a selective B2

receptor antagonists. Therefore, this peptide
could provide a novel tool in the investigation
of kinin pathways involved with pain.59

Although the role of the brain kallikrein-kinin
system in the development of various diseases,
such as edema formation following brain
injury or induction of central hypertonia,
has generated major interest, the possible
role of this system in nociceptive processing
has received little attention. The unknown
underlying mechanism of this powerful anti-
nociceptive effect reminds us that the supra-
spinal antinociceptive system is still a ‘‘black
box’’ in many aspects and waits thorough
investigation.60

CONCLUSIONS AND FUTURE
PERSPECTIVES

Neurotoxins from venoms are evolutionary
landmarks that act to immobilize prey and
also are used in self-defense. Many toxins
have shown high specificity and affinity for

481SPIDER AND WASP NEUROTOXINS



nervous tissue structures such as ion channels,
receptors, and transporters in invertebrates and
vertebrates. The study of neurotoxins has devel-
oped significantly over the past three decades.
Therefore, neurotoxins represent a powerful
source of probes useful for understanding syn-
aptic dynamic events, identifying insecticide
targets, and aiding in the design of novel
drugs for the study and treatment of neurologic
disorders.

Until now, very few compounds isolated
from venoms have been used in clinical prac-
tice. However, with the use of novel methodol-
ogies for the purification and synthesis analog
of natural compounds, it is to be expected that
very soon, a novel generation of neuroactive
compounds will become available for both
basic use and for the development of new ther-
apeutic alternatives.3
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botulinum neurotoxin C and,

80–81
cervical, 93, 96–99

focal hand, 102

lower extremity, 108

Meige syndrome and, 93
oromandibular, 92–93

psychogenic, 105

spastic, 137

tardive, 93
upper extremity segmental, 108

E

Ecto-acceptors, 2f
Effect duration, overactive bladder

and, 251–252

Efferent effects, lower urinary tract,
232–233, 233f

Electrostatic potential surfaces, of

botulinum neurotoxin A, 61f

Endocytosis, 1–3, 2f, 49
Endopeptidase activity, 32–33, 33f

Endosomes, channel activity and, 31

Epilepsy, 370

Equinovalgus, 182–183
Equinovarus, 182–183

Equinovarus foot, 194–195, 194f

Esophageal motility disorders,
225–226

Essential palatal tremor, 367

Exercise, neurotoxin delivery and,

166–167
Extensor reflexes, 133–134

Eyes, cosmetic injections and,

330–331, 331f–332f

F

Facial aesthetics, 326

Facial anatomy, 326, 327f
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Facial hyperhidrosis, 316

Facial injections, cosmetic.

See Cosmetic facial injections
Facial muscles, targeting, 114f

Facial scars, 339–347.

See also Wound healing

Female pelvic pain, 258–263
Fiber size variability, spasticity and,

161–162

Flexed hip deformity, 199, 199f

Flexed knee deformity, 197, 197f
Flexor carpi radialis muscle, 86f

Flexor reflexes, 133–134

Focal hand dystonia, 102
botulinum toxin treatment and,

105–108

differential diagnosis and, 104–105

epidemiology and genetics, 104
signs and symptoms, 102–104

treatment and, 105–108

Forehead injection sites, 331f

Forehead injury, 341–344
Formalin-inactivated toxoids, 380

Frequency, treatment, 350–351

Freund’s adjuvant injections,
300–301, 302f

Frey syndrome, 317

Frontalis muscle fibers, 330

Frontalis muscle injection, 218f, 219t

G

GABA receptor and transporters

toxins, 479–480
Gait disorders

acquired brain injury and, 192

adducted (scissoring) thigh and,

198, 199f
botulinum toxin and, 199–201

equinovarus foot and, 194–195,

194f
flexed hip deformity and, 199, 199f

flexed knee deformity and, 197,

197f

hyperextended great toe and,
195–197

phenol and, 201–202

spasticity and, 192–193

stiff knee deformity and, 197–198,
198f

upper motor neuron dysfunction

and, 193–199, 193t
Ganglioside-binding sites, 17–18,

47–49

Gastrointestinal disorders

achalasia, 224–225, 224t
anal fissure, 224t, 227

anismus, 224t, 227–228

anorectal disorders, 224t, 227–228

cricopharyngeal dysphagia,
223–224

diffuse esophageal spasm, 224t,

225–226

Gastrointestinal disorders

(Continued)

esophageal motility disorders,
224t, 225–226

gastroparesis, 224t, 226

obesity, 224t, 226

sphincter of Oddi dysfunction,
224t, 226–227

Gastroparesis, 224t, 226

Generalized tetanus, 406

Genitourinary pain syndromes,
258–268, 259–261t

Giessen Prostatitis Symptom Score

(GPSS), 264
Glabellar complex, 330

Glabellar frown lines, 329,

329f–330f

Glabellar muscle injection, 218f
Global disability scales, 150

Glutamate receptor and transporters

toxins, 478–479

Glycosylated A-superfamily
conotoxins, 455

Gravimetric testing, 310

Gross Motor Function Classification
System (GMFCS), 173–174,

174f

Gummy smile, 334

Gustatory sweating, 317, 318f

H

Hainantoxins, 474–475

Hallux hyperextension, 195, 195f
Hamstring injection, 183

Hanantoxins, 474–475

Hand injection, 313–314

Headache disorders
adverse events and, 221

anatomic injection sites and

dosage, 219t
BoNT/A therapy candidates and,

218t

botulinum neurotoxin

formulations and, 216
clinical efficacy and, 219–221

cortical spreading depression and,

215, 215f

injection site locations, 218f
mechanism of action and,

216–217

migraines, 364
pathophysiology of, 215

prevalence of, 214–221

study summaries and, 220t

tension headaches, 206–207
treatment guidelines and, 215–217

treatment techniques and, 217–219

Heavy chain (HC)

antibody-binding regions on,
66–73

antibody-recognition regions

on, 58

Heavy chain (HC) (Continued)

as chaperone for LC protease,

36–37
light chain translocation through,

31, 31f

localizing immune recognition

and, 54–57
synaptosome-binding regions on,

59–63

synthetic overlapping peptides

and, 55–57t
as target for intervention, 37–38

Hemifacial spasm, 112–116

botulinum neurotoxin treatment
and, 113–116

clinical trials and, 399, 400t

new botulinum toxins and, 116

suggested doses for, 114t
treatment options and, 112–113

Hemiparesis, 136f

Hemiplegia, spastic, 183–186

Histologic impact, 235–236
Histologic staining, 357

Historical aspects, 350

Holotoxin, 31, 32f
Horizontal forehead lines, 329–330,

330f–331f

Human nonbacterial prostatitis, 280

Huwentoxins, 474–475
Hyperextended great toe, 195–197

Hyperhidrosis, 308–310

axillary hyperhidrosis, 312–313

botulinum neurotoxin A injection,
313f

botulinum neurotoxin B and, 317

botulinum toxin therapy and,

311–317
craniofacial, 316f

diagnosis criteria and, 309t

facial hyperhidrosis, 316
forms of, 309t

inguinal, 316–317

measuring, 310

most common therapies and, 311t
palmar hyperhidrosis, 313–315

plantar hyperhidrosis, 315–316

sites of, 309f

starch iodine test and, 310, 310f
therapy and, 310–311

Hyperhidrosis Disease Severity Scale

(HDSS), 310, 311t
Hypersecretion, mucus, 353–355

I

I2-superfamily conotoxins, 455
Idiopathic dystonia, 93

Idiopathic facial hemispasm, 81–82

Idiopathic overactive bladder,

248–250, 244–245t.
See also Overactive bladder

Imaging, neurotoxin delivery and,

168, 168f
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Immune recognition

botulinum neurotoxin A and,

58–66
localization methods and, 54–57

Infantile botulism, 82

Inflammatory arthritis pain, 298–299

Inguinal hyperhidrosis, 316–317
Injection technique issues, 361–362

Insect neurotoxins. See Spider and

wasp neurotoxins

Internalization, at murine nerve
terminals, 4f

International Classification of

Functioning and Quality of Life,
177–178

International Prostate Symptom Scale

(IPPS), 264

Interstitial cystitis/painful bladder
syndrome, 265–268, 265t,

267f

Intracellular mucin quantification, 357

Intradetrusor injection technique,
241–246

Intrafusal chemodenervation, 89

Intramuscular injection, 54
Intranasal administration, 383

Intrasalivary injections, 186–187

Intravenous regional anesthesia, 314

Isofluorane, 298f

J

J-family conotoxins, 455

Jankovic Rating Scale, 95
Jaw tremor, 125

Jingzhaotoxin-1, 475

Joint integrity, upper limb and,

140–141
Joro spider toxin, 478

L
Lambert-Eaton myasthenic

syndrome, 476

Laryngeal abductor muscles injection,

121f
Laryngeal adductor muscles injection,

119f

Laryngeal muscle anatomy, 117f

Laryngoscopy, 118
Laryngostroboscopic examination,

118

Lasiotoxins, 474
Lateral pterygoid muscle injection,

209

Lectin assay, 357

Levator ani pain, 262–263
Levator muscles injection, 268

Light chain proteases, 36–37, 43–46

Light chain translocation through

heavy chain channel, 31, 31f
Light chains, 5f, 6

Limb dexterity tests, 150–151

Limb dystonia, 107t

Localized tetanus, 406–407

Lockjaw, 206

Long-term efficacy, 364
Low back pain, 368–369

Lower extremity dystonia, 108

Lower face injury, 344–345

Lower lip crush injury, 344–345
Lower urinary tract effects

acetylcholine release, 234

adverse local effects, 236

afferent effect and, 233–234,
234f

atropine triphosphate release, 234

bungarotoxins and, 440–441
calcitonin gene-related peptide, 235

capsaicin-sensitive TRPV1 sensory

receptors, 234–235

from cellular action to clinical
effect, 232

detrusor muscle, 232

efferent effect and, 232–233, 233f

histologic impact, 235–236
mechanisms of action and,

232–236

nerve growth factor release, 235
P2X3 receptor, 234–235

receptor transport, 235

repeat injections, 236

sensory effects, 235
striated vs. smooth muscle,

231–232

substance P release, 235

M

Male chronic pelvic pain syndrome,

263–268

Mandibular contouring, 335
Mandibular fractures, 346

Masseter hypertrophy, 206

Masseter muscle injection, 208, 208f,
219t

Maximal voluntary contraction

(MVC), 88–89

Mechanical changes, spastic muscle
and, 162–164, 162f

Medial pterygoid muscle injection,

208, 208f

Meige syndrome, 93
Mentalis muscle injection, 335f

Metal ions as inhibitors, 26

Midfacial fractures, 346
Migraines. See Headache disorders

Mixed-type spasmodic dysphonia,

122–123

Modified Ashworth scale, 149–150,
362

Molecular basis for therapeutic

effectiveness, 7–8

Molecular specificity, anti-BoNT/A
antibodies and, 58–59

Motor-evoked potentials (MEP),

87, 88

Motor nerve endings, targeting of, 2f

Motor neuron disease, spasticity

in, 156
Mouth cosmetic injections, 331,

332f–333f

Movement disorders, 367–368

MUC5AC nRNA expression, 357
Mucin secretion protocols, 356–357

Mucus hypersecretion, 353–355

Multilevel injections, cerebral palsy

and, 183
Multiphasic mechanism of action, 1–7

Multiple sclerosis, 156

Murine nerve terminals, 4f
Muscle activity at rest, 137f

Muscle afferents, 88–89

Muscle contracture, 138

Muscle functional responses, 164, 164f
Muscle hyperactivity, 131, 180–183

Muscle paralysis, 361

Muscle underactivity, 131

Musculoskeletal problems, 138–139
Mutational and structural analysis

correlation, 22

Myelomeningocele, 248
MyoBloc/Neurobloc, 153–156

Myoclonus, 367

Myofascial pain syndromes

botulinum toxin use in, 284–286
characteristics of, 205–206

general treatment approach to,

287–291

interventional techniques and,
289–291

oral medications and, 288–289

physical examination and,

283–287
piriformis muscle injection,

289–291, 290f

piriformis syndrome, 286–287
potential disease complications

and, 291

potential injection complications

and, 291
regional myofascial pain

syndrome, 286

trigger points and, 284

Myokymia, 367–368

N

N-methyl-D-aspartate receptor
antagonists, 457–458

NA+ channels, toxins acting

on, 472

Nailbed infections, 140
Nasal scrunch, 331, 333f

Nasolabial folds, 333–334, 334f

Neck cosmetic injections, 334, 335f

Necklace lines, 334
Neonatal tetanus, 407

Nerve blocks, palmar injections and,

314
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Nerve growth factor release, 235

Neural stimulation, 3, 4f

Neuralgia
postherpetic, 369

trigeminal, 369

Neurobloc/myobloc properties

active substance characteristics,
390–392, 390t

drug product content and, 393t

immunologic properties, 394–395

protein load and specific potency,
393–394

toxin therapeutic characteristics,

392–393, 392t
Neurogenic detrusor overactivity,

242–243t, 246–248.

See also Overactive bladder

Neurological indications, 367–370
Neuromuscular junction,

bungarotoxins and, 432–434,

432f

Neuromuscular skeletal pathology,
cerebral palsy and, 175f

Neuromuscular transmission

blocking, 2f, 5f
Neuronal acceptors, 1–3

Neuroparalytic action, 8f

Neurosecretion, 349–350

Neurotransmitter release, 42–43, 349
Nicotine addiction, 438

Nicotinic acetylcholine receptors,

427–430

agonist-binding sites and, 428–430
general discussion of, 427–428

ion channel structure-function

relationship, 430

structure of, 428, 429f
Nondominant thumb stabilization,

328, 328f

Nose cosmetic injections, 330–331,
332f

O

Obesity, 224t, 226
Occipital muscle injection, 218f, 219t

O’Leary-Sant Symptom Index,

265–266

Oromandibular dystonia, 92–93,
205, 205f, 207–209

Osteoarticular pain

acute and chronic arthritis pain
model, 297–298, 298f

acute inflammatory arthritis pain

model, 298–299

arthritis pain models, 297–301
chronic inflammatory arthritis

pain model, 300–301

chronic noninflammatory arthritis

pain model, 299–300
intra-articular botulinum toxin

effects, 301–304

neurobiology of, 295–296

Osteoarticular pain (Continued)

refractory knee prosthesis pain,

305–306
selection rationale and, 296–297

Otolaryngology, 370–371

Overactive bladder

alternative pharmacologic agents
and, 240–241

botulinum toxin B and, 250–251

effect duration and, 251–252

idiopathic overactive bladder and,
248–250

intradetrusor injection technique

and, 241–246, 246f
mechanisms of action and, 241

myelomeningocele and, 248

neurogenic detrusor overactivity

and, 246–248
repeated injection and, 251–252

side effects and, 252–253

therapy costs and, 253

P

Pain. See also Chronic pelvic pain

syndromes; Myofascial pain
syndromes; Osteoarticular pain

acute arthritis, 297–298, 298f

bungarotoxins and, 439–440

chronic, 352–353
complex regional pain syndrome,

105

female pelvic, 258–263

genitourinary, 258–268, 259–261t
interstitial cystitis/painful bladder

syndrome, 265–268, 265t,

267f

low back, 368–369
prostatic, 280

stump pain, 369

syndromes, 368–370
Palatal tremor, 125

Palmar hyperhidrosis, 313–315

Palmar injections, 314t

Parkinson’s disease, 108, 124, 125, 367
Passive mechanical changes,

neurotoxin therapy and, 167–168

Pathologic tearing, 319–320

Pelvic Pain and Urinary Frequency
(PUF) Score, 265–266

Pelvic pain disorders. See Chronic

pelvic pain syndromes
Pentavalent botulinum toxoid,

374–380

adverse events and, 379–380

animal studies and, 375
annual potency studies and, 377

army medical research and,

375–376

current status of, 380
detectable antitoxin titers and,

377t–378t

human studies, 375

Pentavalent botulinum toxoid

(Continued)

MDS Harris Project and, 376–377
postimmunization titers and,

377–378

protocol revisions and, 379

recent modifications of, 376–377
Peptide-based immunoassay, for

anti-BoNT/A antibodies, 66

Peptides

diversity, cone snails and, 447
release inhibition, 8–9

synthetic overlapping, 55–57t

Perioral wrinkles, 333f
Personal care integrity, 144

Pharmaceutical products of

botulinum neurotoxins

active substance characteristics
and, 390t

drug product and, 392–393

drug substance and, 390–392, 390t

immunologic properties and,
394–395

manufacturing of, 390

protein load and, 393–394
specific potency and, 393–394

therapeutics characteristics, 392t

Phenol injections, 199–201

Phenol neurolysis, 183
Phrixotoxin 3, 474

Pichia pastoris, 382t

Piriformis muscle injection,

289–291, 290f
Piriformis syndrome, 286–287

Plantar fasciitis, 369–370

Plantar hyperhidrosis, 315–316

Plasticity, skeletal muscle, 160–161
Platysmal band, 335f

Polysialogangliosides, 49

Post-stroke spasticity, 151–156
Postherpetic neuralgia, 369

Potassium channel toxins, 477–478

Pressure phenomena, upper limb

and, 141–142
Primary failure, 363

Procerus muscle, 329

Procerus muscle injection, 219t

Progressive musculoskeletal
pathology, cerebral palsy and,

176, 176f

Prostate application
BoNT/A benign prostate

hyperplasia results, 274–277,

278–279t

chronic prostatic pain and, 280
experimental evidence and, 274,

274f

human nonbacterial prostatitis

and, 280
injection technique and dosage, 277

prostate cancer and, 280–281

prostatitis and, 280

490 INDEX



Prostate cancer, 280–281

Prostatitis, 263–268, 280

Protein receptor binding site, 16–17,
18f

Proteins, therapeutic, 351–352

Psoriasis, 371

Psychogenic dystonia, 105
Ptosis, brow, 330

Pubococcygeus muscles injection,

268

P2X3 receptor, 234–235

Q

Quality of Upper Extremity Skills
Test (QUEST), 185

Quizzical brow, 331f

QX-222, 37–38, 38f

R

Radial lip wrinkles, 331–333

Radiculopathy, botulinum

neurotoxin F and, 79
Receptor binding

antibody binding regions and,

66–73
botulinum neurotoxin A and,

58–66

Receptor interactions, 47–49

Receptor transport, 235
Recombinant subunit Hc vaccines,

380–381

Recombinant vector Hc vaccines, 383

Refractory knee prosthesis pain,
305–306

Regional myofascial pain

syndrome, 286

Reloxin. See Dysport
Renal artery compression, 371–372

Repeat injections, 236, 251–252

Repetitive stress injury (RSI),
104–105

Resonant frequency, 177

Restless leg syndrome, 370

Rheologic tissue changes, 138
Rhinitis, 370–371

Rhinorrhea, 319–320

Rivermead motor assessment, 151

S

Safety, 364

Salivary glands anatomy, 319f
Schizophrenia, 438–440

Scoliosis, 368

Secondary resistance, 363

Sensory effects, 235
Sensory neurons, peptide release

from, 8–9

Serotypes, common inhibitors for, 26

SF-36 Survey, 151
Short interval cortical inhibition

(SICI), 87–88

Sialorrhea, 318–320

Sialyllactose, 17, 17f, 18f

Single muscle comparative effects,

399
Skin folds, redundant, 139–140f

Skin integrity, 139–140

Skin problems, upper limb and,

138–139
Smoker’s lines, 331–333

Smooth muscle actions, 231–232

Snap test, 331

SNARE proteins
complex formation, 6

mechanisms of action and,

349–357
membrane fusion and, 43

neurotransmitter release and,

42–43

targeted by CNT light chains, 42f
Soft tissue integrity, upper limb,

142–144

Spasmodic dysphonia, 116–123

abductor type, 117
adductor breathing, 117

adductor type, 117

botulinum neurotoxin B and, 123
botulinum neurotoxin treatment,

118–119

clinical and instrumental

evaluation and, 118
compensatory abductor, 117

compensatory adductor, 117

mixed adductor-abductor type, 117

suggested doses for, 114t
targeting facial muscles and, 114f

treatment options and, 118–123

Spasmodic laryngeal dyspnea, 123

Spastic co-contractions, 136–137
Spastic diplegia, 182f

Spastic dystonia, 137

Spastic equinovarus, 182–183
Spastic equinus, 180–182

Spastic hemiplegia, 184

Spastic quadriplegia, 182f

Spastic skeletal muscle
characteristics of, 159–169

dorsiflexion torque and,

166f, 167f

dose-volume interactions and,
165–166

exercise as adjunct and, 166–167

fiber size changes and, 161–162,
164–165

imaging and, 168, 168f

mechanical changes and, 162–164,

162f
muscle fiber type and, 161–162

muscle functional responses and,

164, 164f

neurotoxin therapy and, 164
passive mechanical changes and,

167–168

skeletal muscle plasticity, 160–161

Spasticity. See also Cerebral palsy;

Spastic skeletal muscle

Ashworth scale and, 149–150
available outcome measures and,

149–151

BoNT safety in, 156–157

Botox studies, 151–153, 152t
characteristics of, 148–157

disability measures, 150–151

Dysport studies, 153, 154–155t

gait disorders and, 192–193
global assessment scale and, 151

global disability scales and, 150

limb dexterity tests and, 150–151
measurement in cerebral palsy,

176–177

modified Ashworth Scale and,

149–150
in motor neuron disease, 156

in multiple sclerosis, 156

MyoBloc/Neurobloc studies,

153–156
post-stroke, 151–156

Rivermead motor assessment

and, 151
SF-36 survey and, 151

stretch-sensitive, 134–136

treatments for, 148–149

Visual Analog Scale and, 151
Spasticity compass, cerebral palsy

and, 178–179, 179f

Sphincter of Oddi dysfunction, 224t,

226–227
Spider and wasp neurotoxins

acting on NA+ channels, 472–475

biologic activities and, 473t

calcium channel toxins, 475–477
chloride channel toxins, 478

GABA receptor and transporters

toxins and, 479–480
glutamate receptor and

transporters toxins, 478–479

molecular targets of, 472f

potassium channel toxins,
477–478

spider venoms, 472–475

wasp neurotoxins, 480–481

Spider venoms, 472–475
Spinal cord function, 86–87, 86f

Splenius capitis area injection, 219t

Starch iodine test, 310, 310f
Sternocleidomastoid muscle

injection, 219t

Stiff knee deformity, 197–198, 198f

Stiff person syndrome, 368
Stretch-sensitive spasticity, 134–136

Striated muscle actions, 231–232

Stroboscopy, 118

Stroke, 133f
Structure-function relationships, 16–26

binding domain, 16–19

catalytic activity, 24–25
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Structure-function relationships

(Continued)

catalytic domain, 19–26
catalytic domain as target, 25–26

double receptor mode, 18

drug design with receptor binding

domain, 19
ganglioside binding site, 17–18

inhibitor design feasibility, 26

metal ions as inhibitors, 26

mutational and structural
analysis, 22

protein receptor binding site, 18

role of zinc, 23
transition state modeling, 23–24

translocation domain, 19

Stump pain, 369

Stuttering, 123–124
Subluxation, wrist, 141

Suboccipital muscle injection, 218f

Substance P release, 235

Surgery, 370
Sweating, 308–317.

See also Hyperhidrosis

compensatory, 317
gustatory, 317, 318f

Synaptic vesicle proteins, 46–47f

Synaptobrevin (Sbr), 10f

Synaptosome-associated protein
(SNAP-25), 5f, 6–8, 10f, 82

Synaptosome-binding regions on H

chain, 59–63, 59t

Synaptosomes
BoNT/A binding inhibition and,

64–66

peptide-binding profiles and, 66f

Synaptotagmins, 47–49
Synthetic overlapping peptides,

55–57t

Synthetic peptide vaccines, 385
Syringes, 327–328, 328f

T

TaqMan RT-PCR, 357
Tardieu scale, 177

Tardive dystonia, 93

Tearing, pathologic, 319–320

Temporalis hypertrophy, 206
Temporalis muscle injection,

207–208, 218f, 219t

Temporomandibular disorders,
207–209

clinical experience and, 209–210

injection methods, 207, 207f

lateral pterygoid muscle injection,
209

masseter muscle injection, 208, 208f

medial pterygoid muscle injection,

208, 208f
side or adverse effects and, 210

temporalis muscle injection,

207–208

Tension headaches. See Headache

syndromes

Tetanus. See Clinical tetanus
Tetanus immunization, 346

Tetanus toxin

binding and internalization,

410–411
clinical development path and,

418–419

delivery vectors from, 412–415

disuse muscle atrophy and,
419–421

overcoming immunity to, 415–418

pathogenesis and, 410–412
physiologic action, 411–412

as potential therapeutic, 415–421

structure of, 408–410

uptake and action and, 410, 410f
Therapeutic effectiveness, molecular

basis for, 7–8

Therapeutic proteins based on

neurotoxins, 351–352
Thumb use, 328, 328f

Tics, 126

Tonic vibration reflex (TVR), 88
Toronto Western Spasmodic

Torticollis Scale (TWSTRS), 97

Torticollis, botulinum neurotoxin F

and, 79
Transcranial magnetic stimulation

(TMS), 87–88

Transition state modeling, 23–24,

24f
Translocation

cargo-channel interactions and,

34–36

cargo release from chaperone and,
33–34

discrete intermediates detection

and, 35f
endopeptidase activity and, 32–33

Translocation domain, 19

Trapezius muscle injection, 219t

Treatment frequency, 350–351
Treatment response measures,

362–363

Tremor rating scale, 362–363

Tremors, 124–125
Trigeminal ganglionic neurons, 8–9,

10f

Trigeminal neuralgia, 369
Tripeptides (Tyr-Glu-Trp), 16–17, 18f

Trismus, 206

TRPV1 sensory receptors, 234–235

U

Ulnar neuropathy, 105

Unified Spasmodic Dysphonia Rating

Scale, 118
Unilateral quizzical brow, 331f

University of Wisconsin IC Scale,

265–266

Upper esophageal sphincter

disorders, 224t

Upper extremity segmental dystonia,
108

Upper limb

body image integrity and, 144–145

bone and joint integrity, 140–141
cerebral palsy and, 183–186

flexor and extensor reflexes and,

133–134

personal care integrity and, 144
physical pressure and injury and,

141–142

rheologic tissue changes
and, 138

skin and musculoskeletal problems

in, 138–139

skin integrity and, 139–140
soft tissue integrity, 142–144

spastic co-contraction and,

136–137

spastic dystonia and, 137
stretch-sensitive spasticity and,

134–136

tremor, 125t
Upper motor neuron syndrome,

159–169

associated reactions and, 132

body image integrity and, 144–145
bone and joint integrity and,

140–141

cerebral palsy and, 175

flexor and extensor reflexes and,
133–134

gait disorders and, 193–199, 194t

net torque imbalance concept and,

131–132
personal care integrity and, 144

physical pressure and injury,

141–142
rheologic tissue changes and

contracture, 138

signs, 149t

skin and musculoskeletal
complications and, 138–139

skin integrity and, 139–140

soft tissue integrity and, 142–144

spastic co-contraction and,
136–137

spastic dystonia and, 137

stretch-sensitive spasticity and,
134–136

Urethral sphincter injections, 268

Urothelial injections, 268, 268f

V

Vaccine candidates, 380–385

Vaginismus, 262

Vertical neck bands, 335f
Veterinary use, 372

Vibratory anesthesia, 314–315

Visual Analog Scale, 151
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Vocal tics, 126

Vocal tremors, 124

Vulvodynia, 258–262

W

Wasp neurotoxins, 480–481.

See also Spider and wasp
neurotoxins

World Health Organization’s

International Classification of

Functioning, 173, 173f
Wound healing

cleft lip repair, 345

dynamic tension and, 340, 340f
facial scars and, 339–347

forehead injury, 341–344

healing process and, 339–347

lower face injury and, 344–345
mandibular fractures and, 346

Wound healing (Continued)

midfacial fractures and, 346

tetanus immunization and, 346
Wrinkles

eye, 330–331

lip, 331–333

Wrist subluxation, 141
Writer’s cramp, 89f, 102–104

Writer’s Cramp Rating Scale, 107

Writing tremor, 125

X

Xeomin properties

active substance characteristics,
390–392, 390t

content in drug product, 393t

immunologic properties, 394–395

protein load and specific potency,
393–394

Xeomin properties (Continued)

toxin therapeutic characteristics,

392–393, 392t

Z

Ziconotide. See also Conotoxins

adverse events and, 466–467
analgesic effect of, 465

chronic pain management and,

466

chronic spinal exposure
and, 465

clinical trials and, 465–470

mass development and, 469
stability and, 468–469

titration schedules and, 468, 468f

VASPI scores and, 467

Zinc-dependent proteinase activity, 77
Zinc role, 23
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