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Botox (onabotulinumtoxinA) mechanism of action
Mitchell F. Brin, MD#P*, Rami Burstein, PhD¢

Abstract

Studies in the 1920s found that botulinum neurotoxin type A (BoNT/A) inhibited the activity of motor and parasympathetic n@
endings, confirmed several decades later to be due to decreased acetylcholine release. The 1970s were marked by studies of
cellular mechanisms aided by use of neutralizing antibodies as pharmacologic tools: BoNT/A disappeared from accessibility to
neutralizing antibodies within minutes, although it took several hours for onset of muscle weakness. The multi-step mechanism
was experimentally confirmed and is now recognized to consist broadly of binding to nerve terminals, internalization, and lysis or
cleavage of a protein (SNAP-25: synaptosomal associated protein-25kDa) that is part of the SNARE (Soluble NSF Attachment
protein REceptor) complex needed for synaptic vesicle docking and fusion. Clinical use of the BoNT/A product onabotulinumtoxinA
was based on its ability to reduce muscle contractions via inhibition of acetylcholine from motor terminals. Sensory mechanisms of
onabotulinumtoxinA have now been identified, supporting its successful treatment of chronic migraine and urgency in overactive
bladder. Exploration into migraine mechanisms led to anatomical studies documenting pain fibers that send axons through
sutures of the skull to outside the head—a potential route by which extracranial injections could affect intracranial processes.
Several clinical studies have also identified benefits of onabotulinumtoxinA in major depression, which have been attributed to
central responses induced by feedback from facial muscle and skin movement. Overall, the history of BoNT/A is distinguished
by basic science studies that stimulated clinical use and, conversely, clinical observations that spurred basic research into novel
mechanisms of action.

Abbreviations: ATP = adenosine triphosphate, BoNT = botulinum neurotoxin, CGRP = calcitonin gene related peptide, FAERS
= Food and Drug Administration Adverse Event Reporting System, FDA = Food and Drug Administration, FGFR3 = fibroblast
growth factor receptor 3, fMRI = functional magnetic resonance imaging, NGF = nerve growth factor, P2X = purinergic ionotropic
receptor, PSG = polysialiogangliosides, SNAP-25 = synaptosomal associated protein-25 kDa, SNARE = Soluble NSF attachment
protein receptor, SP = substance P, SV2 = synaptic vesicle 2, TRPA1 = transient receptor potential ankyrin 1, TRPV1 = transient
receptor potential cation channel subfamily V- member 1, VAMP = vesicle associated membrane protein.
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1. Early Observations with Hermann Sommer in the 1920s®! and culminated with the
crystallization of BONT/A by Carl Lamanna in the 1940s.!
Both neurotoxin and neurotoxin associated proteins (NAPs)
were later identified in the crystalline toxin,!'"'?! leading to the
conclusion that BONTs were produced as progenitor toxin com-
plexes. The neurotoxin portion of the complex was found to
be a ~150kDa protein synthesized as a single chain that must

The first systematic description of the neurological effects of bot-
ulinum neurotoxin (BoNT) was published by the German phy-
sician Justinus Kerner in the 1800s, who described symptoms
exhibited by individuals following ingestion of improperly pre-
served food.l!! In 1897, Belgian microbiologist van Ermengem
reported that the symptoms were caused by bacteria that would = - proteolytically cleaved to exert its activity.!"¥l The resulting
eventually become known as Clostridium botulinum.*' In 1905, 4§ - = 01 0o s found to consist of an ~100kDa heavy
Tchitchikine found that the bacteria produced a neuroactive o0+ c01 D lioht chai
: ; . . ght chain.

substance,! setting the stage for mechanism of action studies.
Dickson and Shevky subsequently established that BoNT acted
on parasympathetic and motor nerve endings,**! which led - : .
to the discovery in the late 1940s and early 1950s that BoONT 2. Mu“l Step Mechanism of Acetylcholine
serotype A (BoNT/A) inhibited the release of acetylcholine from Inhibition
motor nerve terminals.!®7! Studies in the late 1940s and early 1950s found that BoNTs

Studies on the synthesis and structure of BONTs aided under-  acted presynaptically to block the release of acetylcholine from
standing of mechanism of action. Attempts at purification began ~ motor nerve terminals.!®” This action depended on the presence
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of calcium ions, leading to the conclusion that the mecha-
nism was related to the process of neurotransmitter release.™!
Research conducted throughout the 1970s established the key
steps in the mechanism of action: binding, internalization,
translocation, and interruption of neurotransmitter release.!*>!!
However, the final step in the process, then called the lytic step,
took another decade to elucidate.

In 1992, separate research teams led by Sidhof and
Montecucco reported that the light chains of tetanus toxin!'7-!®!
and BoNT/B!"®! were zinc-dependent metalloproteases that
cleaved the protein synaptobrevin present in synaptic vesicle
membranes. In 1993 these groups reported that BONT/A and
BoNT/E selectively cleaved synaptosomal associated protein-25
kD (SNAP-25),/"2%1 and that type C1 also cleaved syntaxin./?!!
A year later, these authors observed that the three synaptic pro-
teins cleaved by different BONT serotypes formed a stable com-
plex that mediated synaptic vesicle exocytosis??—subsequently
known as the SNARE complex (Soluble NSF Attachment pro-
tein REceptor). Discovery of the lytic step in the action of BONTs
played a key role in understanding the machinery regulating
vesicle traffic, for which the 2013 Nobel Prize in Physiology or
Medicine was awarded to James Rothman, Randy Schekman,
and Thomas Siidhof.?3! The mechanisms of BONT/A action at
the synapse are shown in Figure 1.

Even though it was known that BoNTs interacted with and
were internalized into nerve terminals, the binding mecha-
nisms took decades to establish. Studies in the 1970s and 80s
documented interactions between BoNT and gangliosides on
neuronal membranes.>**! However, due to their low affinity
binding and localization on non-neuronal cells, gangliosides
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were not believed to be the sole binding mechanism.?¢! In
1994, Nishiki and colleagues identified a protein receptor for
BoNT/B located in synaptic vesicle membranes—synaptotag-
min."?”) Another vesicle membrane protein, SV2, was found
to be the protein receptor for BONT/A.?%2°! This dual bind-
ing mechanism and the localization of the two receptors (and
their various subtypes/isoforms) in the nervous system may
be responsible for the selective action of BoNTs, although
the in vivo interactions of BoNTs on non-cholinergic neurons
are not yet well understood.?) More recently, studies have
shown that BoONT/A binds to fibroblast growth factor recep-
tor 3 (FGFR3) in motor neurons,?” and the neurotoxin heavy
chain increases dimerization of FGFR3 receptors.*!! The con-
tribution of FGFR3 binding to the actions of BONT/A requires
further investigation.

Clinical studies throughout the 1980s using the BoNT/A
product onabotulinumtoxinA confirmed that the actions were
transient and reversible, with most patients treated for blephar-
ospasm receiving reinjection after approximately 3—-4 months.*?!
Following BoNT/A injection, nerve terminal sprouts appear and
release acetylcholine,® although they are not as efficient as the
parent terminals.** Sprouting is followed by a second phase in
which vesicular release returns to the original terminals and the
sprouts are eliminated.* The BoONT/A light chain remains cata-
lytically active inside cells for months after injection, which may
be due to its subcellular localization and reduced accessibility to
proteinases'®’! and/or influence on the ubiquitination process.?!
Other research indicates that the BONT/A light chain interacts
with septins—cytoskeletal proteins at the plasma membrane—
that protect it from intracellular degradation.”
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Figure 1. Botulinum neurotoxin type A (BoNT/A) mechanism of action. Events at the synapse are shown in the absence (top panel) and presence (bottom

panel) of BONT/A.
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3. Exploration Into Autonomic and Smooth Muscle
Effects

Autonomic effects of BONT were first reported in the 1800s
by Justinus Kerner.["3$! In the 1920s, Dickson and Shevky doc-
umented effects of BONT on autonomic fibers®! and in 1951
Ambache confirmed that BONT/A acted on cholinergic postgan-
glionic autonomic fibers regardless of whether they were sym-
pathetic or parasympathetic.! This provided the basis for trials
of BoNT/A studies in Frey’s syndrome in 19951 and axillary
hyperhidrosis shortly thereafter.*!! Compared with neuromus-
cular conditions, the action of onabotulinumtoxinA in hyper-
hidrosis is longer, with a mean duration between treatments of
approximately 7 months following axillary injections.**

Dr. Brin: I remember when I examined the topline data for our
axillary hyperhidrosis studies and saw that the clinical effects of
a single treatment lasted more than a year in 27% of patients.
This was remarkable because we were used to the effects lasting
3 to 4 months in other indications. I began asking colleagues
why the effects lasted so long in axillary hyperbidrosis and no
one really knew. One current hypothesis is that the autonomic
nerve endings that innervate sweat glands do not sprout after
Botox injection, and this may be a contributing mechanism in
the bladder, as later demonstrated by Haferkamp.*)

In the late 1980s and throughout the 1990s, clinicians began
exploring the injection of BoNTs into smooth muscle to treat
disorders of the alimentary tract'* and detrusor sphincter dys-
synergia.[*’l As experience with bladder injections accumulated,
clinicians noted that the effects of onabotulinumtoxinA per-
sisted for at least 6 months.* This finding is paralleled by a lack
of axonal sprouting in the bladder of patients treated for detru-
sor sphincter overactivity,**! although it is not known whether
the lack of sprouting is responsible for the long duration.

More recently, BONT/A injections have been explored for the
prevention of atrial fibrillation after coronary bypass and val-
vular open chest surgery. The epicardial adipose pads exhibit
a complex neurochemical anatomy. They receive extrinsic
input from the autonomic nervous system, but contain intrin-
sic ganglia that regulate this input.*” Intrinsic neurons in the
right atrial ganglionated plexus contain acetylcholine and nitric
oxide, with some also containing noradrenergic markers.**!
Most of the intrinsic neurons receive cholinergic innervation,
but also peptidergic, nitrergic, and noradrenergic innervation.*®!
Initial preclinical studies found that injection of BoNT/A into
the epicardial fat pads prevented the effects of vagal stimulation
on the sinus node and eliminated the induction of atrial fibrilla-
tion.*3% These results have been followed by several random-
ized studies in humans that have shown promising results.l'=53

4. Exploration Into Sensory Effects

Exploration of onabotulinumtoxinA’s sensory effects resulted
largely from a reverse translational approach, whereby clinical
observations stimulated basic science research into mechanisms.
These observations occurred primarily in two areas: migraine
and overactive bladder.

4.1. Chronic Migraine

In the 1990s, Dr. William Binder incidentally noted that sev-
eral of his patients experienced a decrease in migraine headache
symptoms following onabotulinumtoxinA injections for hyper-
functional facial lines (see Turkel et al in this supplement for full
description).’ This led to a study by Drs. Binder, Blitzer, and
one of the authors (M.E Brin) that documented improvement
in migraines in patients who had received treatment for facial
lines. 155561

Improvements in pain had been noted for years in patients
receiving onabotulinumtoxinA for the treatment of cervical
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dystonial®”*81 and spasticity,**! but these effects were assumed to
result from decreased muscle contractions.

Dr. Brin: When we were conducting trials with Botox at
Columbia University in the 1980s and 1990s, we were focused
on the toxin’s neuromuscular effects. We noticed improvement in
pain, for example in cervical dystonia patients, but attributed
it to reduced muscular contractions. This original assumption
about pain reduction was called into question when Bill Binder
called Andy Blitzer and me about his observation that Botox
relieved migraine headache in his aesthetic patients. Since then
we’ve learned more about how Botox can affect pain disorders.

Given that migraine is primarily a sensory disorder, research-
ers began seeking a mechanism by which onabotulinumtoxinA
could act to relieve pain. Experimental studies showed that
onabotulinumtoxinA inhibited substance P release from cul-
tured embryonic dorsal root ganglion neurons!® and reduced
stimulated release of calcitonin gene related peptide (CGRP)
from cultured trigeminal ganglia neurons.®!! Sensory effects
were also noted in preclinical models of bladder pain!®? and for-
malin pain.l*%

Still other sensory effects were observed in experiments of
the TRPV1 receptor—a cation channel that plays an important
role in the perception of peripheral thermal and inflammatory
pain.*! OnabotulinumtoxinA blocked the insertion of TRPV1
into the cell membrane, indicating that this process is SNARE
dependent. In peripheral nociceptive terminals, inflammatory
mediators increased the expression of TRPV1 in membranes,
which is important for the sensation of pain.!®]

As recently reviewed,®! researchers examining the mech-
anism of onabotulinumtoxinA in chronic migraine faced the
question of how injections into peripheral muscles of the head
and neck could improve symptoms of a condition believed to
originate intracranially.

Dr. Burstein: When I first joined the field of migraine/bead-
ache, the standard dogma was that headache originates inside
as opposed to outside the head. Pain signals from nociceptors
innervating intracranial blood vessels and dura were thought to
initiate and maintain the headache phase of migraine. On the
other hand, Botox was injected outside the head. Its mechanism
of action was therefore an enigma. If Botox didn’t act systemi-
cally, then how could it affect headache that originates in acti-
vated pain fibers inside the head? This was the first question |
struggled with.

I took a few years to read the literature and eventually came
across an account of migraine written in the 2" century by the
Greek medical scholar Galen who described 2 types of head-
aches: “Some believe that they are being hit by a hammer, as it
were. Others feel that the head is being pounded, or distended. It
is not unreasonable that in some the meninges around the brain
are affected, in others, the pericranium. Even among those who
feel the pain in one half of the head, usually called hemicrania,
some get the feeling that the pain is on the outside of the skull,
and others, deep within the head.”'*"" After reading this, I began
asking patients in the clinic to describe whether their headache
pain felt like it was coming from the inside or the outside of the
head—wbhether their head felt like it was about to explode from
so much pressure inside or whether it felt like a vise tightening
around their heads or crushing their skulls. I referred to these as
exploding and imploding headache.|*®

The discovery that headache beginning outside the head can
progress to inside the head led to a new hypothesis: an anatomi-
cal connection between the outside and inside of the head.

Dr. Burstein: Searching for this connection dominated my
research for the next few years. It resulted in the discovery of
a network of pain fibers in the dura that sent axons through
sutures of the skull to outside the head,'®’" and pain fibers in
the periosteum that send collateral branches to the inside of
the head."" The number of these axons is large and given that
even a single electrical signal can give rise to the perception of
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pain, it is likely that these axons play a role in the perception
of headache of some migraine attacks that originate intracrani-
ally as well as attacks that originate extracranially. It is actually
quite easy to do histology on pain fibers in soft tissue but nearly
impossible to identify them in bone. You need to de-calcify the
bone for about 6 months, which usually destroys pain fibers. We
eventually figured out how to preserve the pain fibers during the
decalcification process.

It was nearly impossible to publish our findings—people
didn’t want to believe that pain fibers exited or entered the skull.
At this time, there was still skepticism regarding the benefits of
Botox in migraine and the results of the randomized controlled
trial in episodic migraine weren’t significant. When we sent in
the paper on imploding and exploding headache,'*® the review-
ers said that it was excellent work, but the editor-in-chief was
skeptical and asked for more data.

Once we found pain fibers exiting!®’° and entering’" the
skull, a potential anatomical basis for the actions of extracra-
nial injections of Botox had emerged that allowed us to figure
out whether extracranial and suture line injections of Botox can
alter the responsivity of intracranial (dural) pain fibers. We first
applied Botox directly to the dura and found that it inhibited
unmyelinated C fibers and their branches but not the myelinated
A-delta fibers."> We also found that it inhibited the small axo-
nal branches that cross the bones of the calvaria from the inside
to outside of the head."” Our next step was to inject Botox
along the skull’s suture lines and wait long enough for it to
affect the sensitivity of neurons inside the head. We found that
if you wait 1-4 weeks after injecting Botox outside the head, it
significantly reduces the sensitivity of pain fibers inside the head
to cortical spreading depression, an event that activates them
during migraine.”® That was the final path in creating the con-
nection that started with observations in humans to discovering
the anatomical basis to how it can help us understanding Botox
mechanism of action in preventing migraine attacks.

Dr. Brin: Translational research has also been a big part
of understanding the mechanism of onabotulinumtoxinA in
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migraine. We've observed certain effects in humans and then
moved to animals to find out how and why. Migraine is not sim-
ply a disease of pain fiber activation—there are other symptoms.
Researchers are trying to determine the roles and relationships
between pain fiber effects, inflammation, autonomic and vascu-
lar pathways, etc. (Fig. 2)

4.2. Overactive Bladder

Research into sensory effects of onabotulinumtoxinA in
migraine were followed closely by those in the bladder. As use
of onabotulinumtoxinA expanded to include urinary bladder
injections, patients began to report improved urinary urgen-
cyl7-a sensory symptom-and laboratory studies documented
inhibition of ATP from sensory afferents in the bladder fol-
lowing spinal cord injury.””! In a model of bladder pain,
intravesical administration of onabotulinumtoxinA blocked
pain responses and concurrently inhibited CGRP release
from afferent nerve terminals,!®? also supporting direct sen-
sory effects.

Dr. Brin: An “aba” moment for me was the discovery by
Apostolidis and Fowler that Botox decreased P2X3 and
TRPV1 ion channel receptors in bladder nerves following
intradetrusor injections."®! These data provided a mechanism
by which Botox could decrease the urgency in overactive blad-
der. A key finding was that patients with detrusor overactiv-
ity showed higher levels of these ion channel receptors than
controls to begin with, but 4 months after Botox injection,
the levels of these ion channel receptors stayed low and essen-
tially were normalized. This indicated that Botox was acting
like a rheostat modulating the sensitivity of these neurons.
Contemporary research suggests that basal levels of vesicular
fusion, and resultant receptor insertion, can continue via a
constitutive pathway.””

These findings all support an effect of onabotulinumtoxinA
on sensory nerves and/or sensation in the treatment of overac-

tive bladder.

Figure 2.
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5. Effects in Depression: Central Effects of
Peripheral Injections

Injection of onabotulinumtoxinA for facial lines resulted
in another interesting discovery: potential benefits in major
depression. Treatment of major depression with onabot-
ulinumtoxinA is now supported by four small random-
ized, controlled studies”®*! and one larger phase 2 trial.[**!
Additionally, several studies have indirectly identified poten-
tial antidepressant effects of BoNT using inverse frequency
analyses of the Food and Drug Administration Adverse Event
Reporting System (FAERS) database. In one such study that
screened more than 8 million adverse event reports for all med-
ications, depression was less likely to be reported as an adverse
event in patients treated with onabotulinumtoxinA compared
with patients who received any medication for the indication
of depression.!®¥! Another such study that screened more than
13 million adverse event reports among patients treated with
BoNTs compared with other therapies for the same conditions
(eg, cosmetic, chronic migraine, spasticity), found significantly
lower rates of depression in those treated with BoNTs for most
conditions. !

The potential effects of onabotulinumtoxinA in depression
have been attributed to central responses induced by changes in
muscle and skin movement of the face.® The idea that physical
expression of emotion influences the emotion itself dates back
at least to Charles Darwin who noted, “The free expression, by
outward signs, of an emotion intensifies it.”*¢! This basic expla-
nation is manifest in the more recent facial feedback hypothesis,
which postulates that the action of facial muscles influences the
perception of emotion."”! Indeed, a fundamental principle of the
central nervous system is its response to input from the external
environment, as in the case of learning to avoid painful stimuli.
Examples of improvement in central nervous system disorders
following changes in peripheral input include stimulation of the
vagus nerve as an FDA-approved treatment for epilepsy and
depression, and sensory tricks such as facial touching to miti-
gate head deviation in cervical dystonia.[®$!

The idea that peripheral injections of onabotulinumtoxinA
can indirectly affect the central nervous system is not new, hav-
ing been noted since at least the late 1990s by clinicians treat-
ing dystonia.l*>?" An early study of patients with writer’s cramp
found that BONT/A injection into hand muscles improved writ-
ing and increased activation of brain areas not directly involved
in motor control.”! The authors suggested that this represented
either a change in movement strategy or cortical reorganization
in response to the lack of motor neuron activity. These expla-
nations are similar to the facial feedback hypothesis in that the
reduced muscle activity is itself a message to which the brain
responds, possibly via sensory receptors in muscles.

Numerous subsequent studies have reported changes in
brain activity following peripheral BONT/A treatment.’'=7! In
a 2018 study, patients with cervical dystonia underwent func-
tional magnetic resonance imaging (fMRI) during a skilled hand
motor task before receiving any BoNT treatment (BoNT naive)
and 4 weeks after the first onabotulinumtoxinA injection.”®! In
addition to significant improvement in dystonia, BONT treat-
ment was associated with significantly increased activation of
various brain areas that were not limited to cortical and subcor-
tical areas representing the treated muscles.

More recently, patients with non-neurogenic urge urinary
incontinence were studied using fMRI during an urgency sim-
ulation task before and 6-8 weeks after onabotulinumtoxinA
treatment.””! Patients who responded to onabotulinumtoxinA
(13 of 18) showed decreased activation in the right inferior
frontal and supramarginal gyri, and right inferior and superior
parietal lobules; the author noted that a significant reduction in
activity observed in the right insula may reflect the reduction
of bladder afferent sensation. These findings demonstrate cen-
tral nervous system changes following peripheral injection of
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onabotulinumtoxinA for several different conditions, indicating
that central changes are not specific to depression.

Dr. Brin: As people made the discovery of Botox on depres-
sion, this led to a broader context in thinking about affective
disease. Fifteen vyears ago, we thought that if Botox helped
depression, people were just feeling better because of the posi-
tive effects on their appearance. Now we have a better context,
which includes evidence that the peripheral effects of Botox can
modulate central activity.

Sensory information from facial muscles and skin travels
along the trigeminal nerve, which has reciprocal connections
with sensory and limbic structures such as the amygdala.[190-103]
The amygdala is particularly relevant to depression because of
its role in emotional processing.['® A brain imaging study found
that BONT/A reduced activation of the left amygdala normally
observed during imitation of angry facial expressions, as well
as the functional coupling between the amygdala and brain
stem regions implicated in autonomic manifestations of emo-
tional states.!'®! This is supported by another study that found
that BONT/A inhibited amygdala activity observed in response
to angry faces.l'”l More recently, a study found that BONT/A
modulated the response of the left amygdala to viewing happy
and angry faces, as well as the response of the right fusiform
gyrus to viewing happy faces.!"””l Another study found that cor-
rugator muscle activity was positively associated with amygdala
and negatively associated with ventromedial prefrontal cortex
activity during the viewing of pictures designed to elicit nega-
tive emotions.'%! Finally, patients who responded to antidepres-
sant medication showed a greater reduction of activity in the
amygdala and several other brain areas than those who did not
respond, indicating that early changes in emotional processing
involving the amygdala and other structures are associated with
clinical improvement.!®”!

Dr. Brin: Thirty years ago, 1 wouldn’t have predicted that
Botox would be useful for depression. The observation that
peripheral injections of Botox may indirectly have central effects
via feedback mechanisms had primarily been discussed for con-
ditions with prominent muscle overactivity. The thought that a
major emotional disorder like depression could potentially be
improved by peripheral muscle alterations wasn’t top of mind.
The journey to understand how Botox could treat depression
may not be unlike that of migraine—neither condition has a
major neuromuscular component.

6. Effects on Skin Quality

In addition to the well-documented effects of onabotulinumtox-
inA in the management of facial lines,/''%!!!l several studies have
reported beneficial effects on skin quality following repeated
injections. Improvements in the biomechanical properties of
skin such as elasticity and pliability have been identified follow-
ing injections into the glabella, forehead, and lateral orbit.!"*?!
Another study reported improvement in skin roughness, hydra-
tion, elasticity, and transepidermal water loss following BONT/A
injections into the dermis.!'*3!

The mechanism by which BoONT/A improves the skin’s bio-
mechanical properties may be related to stimulation and reor-
ganization of collagen. In one study, intradermal injections of
BoNT/A slightly increased in procollagen in facial skin biopsies
taken 8 weeks later.''" In another study, BONT/A injections led
to improved organization and orientation of collagen fibers in
biopsies taken from the peri-orbital area 3 months after injec-
tion, although this study did not find significant changes in the
expression of collagen types I, I1I, or elastin.!'*’!

BoNT/A has also been found to bind to FGFR3 in motor neu-
ronsP and to increase FGFR3 dimerization in a novel receptor
dimerization assay.*" FGFR3 is also expressed in the dermis and
epidermis,'*®! providing a potential site for BONT/A actions in
skin. Studies of dermal fibroblasts in vitro indicate that BONT/A
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increases production of pro-collagen and several collagen pro-
tein chains, and decreases expression of several matrix metal-
loproteases,!''”! suggesting that BONT/A may promote dermal
remodeling.!'$!

Another potential mechanism by which BONT/A may improve
skin quality is via an effect on sebum production. Following
intradermal injection, BONT/A has been found to reduce sebum
production, skin oiliness, and pore size; these effects may be
due to inhibition of acetylcholine release from neuronal cells
in the vicinity of sebaceous glands, though there may be other
mechanisms. 111201

Dr. Brin: There is more to the Botox mechanism of action
than originally believed. From early studies that established
BoNT’s inhibition of acetylcholine release from motor and
autonomic nerve terminals, investigation has expanded to
include sensory nerves and skin. The search to understand the
mechanisms by which Botox acts in chronic migraine, overac-
tive bladder, and depression has led to findings with implica-
tions beyond disease, such as the role of SNARE complexes in
TRPV1 delivery to membranes and the role of afferent feed-
back. It will be interesting to learn more about the effects of
Botox in non-motor disorders and 1 look forward to future
insights.

Acknowledgments

Weriting and editorial assistance was provided to the authors by
Mary Ann Chapman, PhD and was funded by AbbVie. Both
authors meet the ICMJE authorship criteria.

Author contributions

Weriting — original draft: Mitchell F. Brin, Rami Burstein.
Writing — review & editing: Mitchell F. Brin, Rami Burstein.

References

[1] Kerner J. Neue Beobachtungen uber die in Wurttemberg so haufig
vorfallenden todlichen Vergiftungen durch den Genuss geraucherter
Whurste. Tubingen: Osiander. 1820.

[2] Van Ermengem EP. Uber einen neuen anaeroben Bacillus und seine
Beziehung zum Botulismus. Z Hyg Infektionskrankh. 1897;26:1-56.

[3] Tchitchikine A. Essai d’immunisation par la voie gastrointestinale con-
tre la toxine botulique [letter]. Ann Inst Pasteur XIX. 1905;24:335.

[4] Dickson EC, Shevky E. Botulism. Studies on the manner in which the
toxin of clostridium botulinum acts upon the body: II. The effect upon
the voluntary nervous system. ] Exp Med. 1923;38:327-46.

[5] Dickson EC, Shevky R. Botulism. Studies on the manner in which the
toxin of clostridium botulinum acts upon the body: 1. The effect upon
the autonomic nervous system. ] Exp Med. 1923;37:711-31.

[6] Brooks VB. The action of botulinum toxin on motor-nerve filaments. J
Physiol. 1954;123:501-15.

[7] Burgen AS, Dickens F, Zatman LJ. The action of botulinum toxin on the
neuro-muscular junction. J Physiol. 1949;109:10-24.

[8] Snipe PT, Sommer H. Studies on botulinus toxin. 3. Acid precipitation
of botulinus toxin. J Infect Dis. 1928;43:152-60.

[9] Lamanna C, Eklund HW, McElroy OE. Botulinum toxin (type A);
including a study of shaking with chloroform as a step in the isolation
procedure. ] Bacteriol. 1946;52:1-13.

[10] Lamanna C, McElroy OE, Eklund HW. The purification and crystalliza-

tion of clostridium botulinum type A toxin. Science. 1946;103:613-4.

[11] Lamanna C, Lowenthal JP. The lack of identity between hemagglutinin
and the toxin of type A botulinal organism. J Bacteriol. 1951;61:751-2.
DasGupta BR, Boroff DA, Rothstein E. Chromatographic fractionation
of the crystalline toxin of Clostridium botulinum type A. Biochem
Biophys Res Commun. 1966;22:750-6.

Das Gupta BR, Sugiyama H. Role of a protease in natural activation of
Clostridium botulinum neurotoxin. Infect Immun. 1972;6:587-90.
Simpson LL. Ionic requirements for the neuromuscular blocking action
of botulinum toxin: implications with regard to synaptic transmission.
Neuropharmacology. 1971;10:673-84.

Simpson LL. Studies on the mechanism of action of botulinum toxin.

Adv Cytopharmacol. 1979;3:27-34.

[12

(13

(14

(15

S$12

Medicine

[16] Simpson LL. The origin, structure, and pharmacological activity of bot-
ulinum toxin. Pharmacol Rev. 1981;33:155-88.

[17] Link E, Edelmann L, Chou JH, et al. Tetanus toxin action: inhibition of
neurotransmitter release linked to synaptobrevin proteolysis. Biochem
Biophys Res Commun. 1992;189:1017-23.

[18] Schiavo G, Poulain B, Rossetto O, et al. Tetanus toxin is a zinc pro-
tein and its inhibition of neurotransmitter release and protease activity
depend on zinc. EMBO . 1992;11:3577-83.

[19] Blasi J, Chapman ER, Link E, et al. Botulinum neurotoxin A selectively
cleaves the synaptic protein SNAP-25. Nature. 1993;365:160-3.

[20] Schiavo G, Santucci A, Dasgupta BR, et al. Botulinum neurotoxins
serotypes A and E cleave SNAP-25 at distinct COOH-terminal peptide
bonds. FEBS Lett. 1993;335:99-103.

[21] Blasi J, Chapman ER, Yamasaki S, et al. Botulinum neurotoxin C1
blocks neurotransmitter release by means of cleaving HPC-1/syntaxin.
EMBO J. 1993;12:4821-8.

[22] Hayashi T, McMahon H, Yamasaki S, et al. Synaptic vesicle membrane
fusion complex: action of clostridial neurotoxins on assembly. EMBO
J. 1994;13:5051-61.

[23] Wickner WT. Profile of Thomas Sudhof, James Rothman, and Randy
Schekman, 2013 Nobel laureates in physiology or medicine. Proc Natl
Acad Sci USA. 2013;110:18349-50.

[24] Simpson LL, Rapport MM. The binding of botulinum toxin to mem-
brane lipids: sphingolipids, steroids and fatty acids. ] Neurochem.
1971;18:1751-9.

[25] Kitamura M, Iwamori M, Nagai Y. Interaction between Clostridium
botulinum neurotoxin and gangliosides. Biochim Biophys Acta.
1980;628:328-35.

[26] Poulain B, Lemichez E, Popoff MR. Neuronal selectivity of botulinum
neurotoxins. Toxicon. 2020;178:20-32.

[27] Nishiki T, Kamata Y, Nemoto Y, et al. Identification of protein recep-
tor for Clostridium botulinum type B neurotoxin in rat brain synapto-
somes. ] Biol Chem. 1994;269:10498-503.

[28] Dong M, Yeh F, Tepp WH, et al. SV2 is the protein receptor for botuli-
num neurotoxin A. Science. 2006;312:592-6.

[29] Mabhrhold S, Rummel A, Bigalke H, et al. The synaptic vesicle protein
2C mediates the uptake of botulinum neurotoxin A into phrenic nerves.
FEBS Lett. 2006;580:2011-4.

[30] Jacky BP, Garay PE, Dupuy ], et al. Identification of fibroblast growth
factor receptor 3 (FGFR3) as a protein receptor for botulinum neuro-
toxin serotype A (BoNT/A). PLoS Pathog. 2013;9:¢1003369.

[31] James NG, Malik S, Sanstrum B]J, et al. Characterization of clostridium
botulinum neurotoxin serotype A (BoNT/A) and fibroblast growth fac-
tor receptor interactions using novel receptor dimerization assay. Sci
Rep. 2021;11:7832.

[32] Dutton JJ, Buckley EG. Botulinum toxin in the management of bleph-
arospasm. Arch Neurol. 1986;43:380-2.

[33] Alderson K, Holds JB, Anderson RL. Botulinum-induced alteration
of nerve-muscle interactions in the human orbicularis oculi following
treatment for blepharospasm. Neurology. 1991;41:1800-5.

[34] de Paiva A, Meunier FA, Molgo ], et al. Functional repair of motor end-
plates after botulinum neurotoxin type A poisoning: biphasic switch of
synaptic activity between nerve sprouts and their parent terminals. Proc
Natl Acad Sci USA. 1999;96:3200-5.

[35] Fernandez-Salas E, Ho H, Garay P, et al. Is the light chain subcellular
localization an important factor in botulinum toxin duration of action?
Mov Disord. 2004;19(Suppl 8):523-34.

[36] Tsai YC, Kotiya A, Kiris E, et al. Deubiquitinating enzyme VCIP135
dictates the duration of botulinum neurotoxin type A intoxication.
Proc Natl Acad Sci USA. 2017;114:E5158-66.

[37] Vagin O, Tokhtaeva E, Garay PE, et al. Recruitment of septin cytoskel-
etal proteins by botulinum toxin A protease determines its remarkable
stability. J Cell Sci. 2014;127(Pt 15):3294-308.

[38] Erbguth FJ. Historical notes on botulism, Clostridium botulinum, bot-
ulinum toxin, and the idea of the therapeutic use of the toxin. Mov
Disord. 2004;19(suppl 8):52—6.

[39] Ambache N. A further survey of the action of Clostridium botuli-
num toxin upon different types of autonomic nerve fibre. J Physiol.
1951;113:1-17.

[40] Drobik C, Laskawi R. Frey’s syndrome: treatment with botulinum
toxin. Acta Otolaryngol. 1995;115:459-61.

[41] Bushara KO, Park DM, Jones JC, et al. Botulinum toxin—a possible new
treatment for axillary hyperhidrosis. Clin Exp Dermatol. 1996;21:276-8.

[42] Naumann M, Lowe NJ, Kumar CR, et al. Hyperhidrosis Clinical
Investigators Group. Botulinum toxin type a is a safe and effective
treatment for axillary hyperhidrosis over 16 months: a prospective
study. Arch Dermatol. 2003;139:731-6.



Brin and Burstein ¢ Medicine (2023) 102:S1

[43] Haferkamp A, Schurch B, Reitz A, et al. Lack of ultrastructural detru-
sor changes following endoscopic injection of botulinum toxin type a
in overactive neurogenic bladder. Eur Urol. 2004;46:784-91.

[44] Albanese A, Bentivoglio AR, Cassetta E, et al. Review article: the use
of botulinum toxin in the alimentary tract. Aliment Pharmacol Ther.
1995;9:599-604.

[45] Dykstra DD, Sidi AA, Scott AB, et al. Effects of botulinum A toxin on
detrusor-sphincter dyssynergia in spinal cord injury patients. J Urol.
1988;139:919-22.

[46] Herschorn S, Gajewski J, Ethans K, et al. Efficacy of botulinum toxin

A injection for neurogenic detrusor overactivity and urinary inconti-

nence: a randomized, double-blind trial. ] Urol. 2011;185:2229-35.

Pollard CM, Maning J, Lymperopoulos A. Autonomic nervous system

modulation of the epicardial adipose tissue in heart failure and atrial fibril-

lation. In: Tacobellis G, (ed). Epicardial Adipose Tissue, Contemporary

Cardiology. Switzerland: Springer Nature. 2020:145-153.

[48] Hoover DB, Isaacs ER, Jacques F, et al. Localization of multiple neu-
rotransmitters in surgically derived specimens of human atrial ganglia.
Neuroscience. 2009;164:1170-9.

[49] Oh'S, Choi EK, Choi YS. Short-term autonomic denervation of the atria
using botulinum toxin. Korean Circ J. 2010;40:387-90.

[50] Oh S, Choi EK, Zhang Y, et al. Botulinum toxin injection in epicar-
dial autonomic ganglia temporarily suppresses vagally mediated atrial
fibrillation. Circ Arrhythm Electrophysiol. 2011;4:560-5.

[51] Romanov A, Pokushalov E, Ponomarev D, et al. Long-term suppres-
sion of atrial fibrillation by botulinum toxin injection into epicardial
fat pads in patients undergoing cardiac surgery: Three-year follow-up
of a randomized study. Heart Rhythm. 2019;16:172-7.

[52] Waldron NH, Cooter M, Haney JC, et al. Temporary autonomic mod-
ulation with botulinum toxin type A to reduce atrial fibrillation after
cardiac surgery. Heart Rhythm. 2019;16:178-84.

[53] Waldron N, O’Sullivan A, Piccini, JP, et al. Efficacy of botulinum toxin
type A (AGN-151607) for the prevention of postoperative atrial fibril-
lation in cardiac surgery patients: atrial fibrillation and anticoagulation
results from the phase 2 NOVA study [Abstract PO-01-167]. Heart
Rhythm. 2023;20(Suppl 55):5177.

[54] Turkel CC, Aurora S, Diener H-C, et al. OnabotulinumtoxinA devel-
opment, insights, and impact: treatment of chronic migraine. Medicine
(Suppl). In Preparation.

[55] Binder WJ, Blitzer A, Brin ME. Treatment of hyperfunctional lines of the
face with botulinum toxin A. Dermatol Surg. 1998;24:1198-205.

[56] Binder WJ, Brin ME, Blitzer A, et al. Botulinum toxin type A (BOTOX)
for treatment of migraine headaches: an open-label study. Otolaryngol
Head Neck Surg. 2000;123:669-76.

[57] Tsui JK, Eisen A, Stoessl AJ, et al. Double-blind study of botulinum
toxin in spasmodic torticollis. Lancet. 1986;2:245-7.

[58] Brin MF, Fahn S, Moskowitz C, et al. Localized injections of botulinum
toxin for the treatment of focal dystonia and hemifacial spasm. Mov
Disord. 1987;2:237-54.

[59] Dunne JW, Heye N, Dunne SL. Treatment of chronic limb spasticity with
botulinum toxin A. ] Neurol Neurosurg Psychiatry. 1995;58:232-5.

[60] Welch M], Purkiss JR, Foster KA. Sensitivity of embryonic rat dorsal
root ganglia neurons to Clostridium botulinum neurotoxins. Toxicon.
2000;38:245-58.

[61] Durham PL, Cady R, 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. dis-
cussion 4233.

[62] Chuang YC, Yoshimura N, Huang CC, et al. Intravesical botulinum
toxin a administration produces analgesia against acetic acid induced
bladder pain responses in rats. | Urol. 2004;172(4 Pt 1):1529-32.

[63] Cui M, Khanijou S, Rubino J, et al. Subcutaneous administration of bot-
ulinum toxin A reduces formalin-induced pain. Pain. 2004;107:125-33.

[64] Morenilla-Palao C, Planells-Cases R, Garcia-Sanz N, et al. Regulated
exocytosis contributes to protein kinase C potentiation of vanilloid
receptor activity. | Biol Chem. 2004;279:25665-72.

[65] Caterina M]J, Leffler A, Malmberg AB, et al. Impaired nociception
and pain sensation in mice lacking the capsaicin receptor. Science.
2000;288:306-13.

[66] Burstein R, Blumenfeld AM, Silberstein SD, et al. Mechanism of action
of onabotulinumtoxinA in chronic migraine: a narrative review.
Headach. 2020;60:1259-72.

[67] Isler H. The Galenic tradition and migraine. ] Hist Neurosci.
1992;1:227-33.

[68] Jakubowski M, McAllister PJ, Bajwa ZH, et al. Exploding vs. implod-
ing headache in migraine prophylaxis with Botulinum Toxin A. Pain.
2006;125:286-95.

[47

www.md-journal.com

[69] Kosaras B, Jakubowski M, Kainz V, et al. Sensory innervation of the

calvarial bones of the mouse. ] Comp Neurol. 2009;515:331-48.
Schueler M, Messlinger K, Dux M, et al. Extracranial projections of
meningeal afferents and their impact on meningeal nociception and
headache. Pain. 2013;154:1622-31.

Noseda R, Melo-Carrillo A, Nir RR, et al. Non-Trigeminal Nociceptive
Innervation of the Posterior Dura: Implications to Occipital Headache.
J Neurosci. 2019;39:1867-80.

Burstein R, Zhang X, Levy D, et al. Selective inhibition of meningeal
nociceptors by botulinum neurotoxin type A: therapeutic implications
for migraine and other pains. Cephalalgia. 2014;34:853-69.
Melo-Carrillo A, Strassman AM, Schain AJ, et al. Exploring the effects
of extracranial injections of botulinum toxin type A on prolonged
intracranial meningeal nociceptors responses to cortical spreading
depression in female rats. Cephalalgia. 2019;39:1358-65.

Yokoyama T, Kumon H, Smith CP, et al. Botulinum toxin treat-
ment of urethral and bladder dysfunction. Acta Med Okayama.
2002;56:271-7.

Khera M, Somogyi GT, Kiss S, et al. Botulinum toxin A inhibits ATP
release from bladder urothelium after chronic spinal cord injury.
Neurochem Int. 2004;45:987-93.

Apostolidis A, Popat R, Yiangou Y, et al. Decreased sensory receptors
P2X3 and TRPV1 in suburothelial nerve fibers following intraetrusor
injections of botulinum toxin for human detrusor overactivity. ] Urol.
2005;174:977-82. discussion 982973.

Ferrandiz-Huertas C, Mathivanan S, Wolf CJ, Devesa I, Ferrer-
Montiel A. Trafficking of ThermoTRP channels. Membranes (Basel).
2014;4:525-64.

Wollmer MA, de Boer C, Kalak N, et al. Facing depression with
botulinum toxin: a randomized controlled trial. J Psychiatr Res.
2012;46:574-81.

Finzi E, Rosenthal NE. Treatment of depression with onabotulinumtox-
inA: a randomized, double-blind, placebo controlled trial. J Psychiatr
Res. 2014;52:1-6.

Magid M, Reichenberg JS, Poth PE, et al. Treatment of major
depressive disorder using botulinum toxin A: a 24-week random-
ized, double-blind, placebo-controlled study. J Clin Psychiatry.
2014;75:837-44.

Zamanian A, Ghanbari Jolfaei A, Mehran G, et al. Efficacy of Botox
versus placebo for treatment of patients with major depression. Iran |
Public Health. 2017;46:982-4.

Brin MF, Durgam S, Lum A, et al. OnabotulinumtoxinA for the treat-
ment of major depressive disorder: a phase 2 randomized, double-blind,
placebo-controlled trial in adult females. Int Clin Psychopharmacol.
2020;35:19-28.

Cohen IV, Makunts T, Atayee R, et al. Population scale data reveals the
antidepressant effects of ketamine and other therapeutics approved for
non-psychiatric indications. Sci Rep. 2017;7:1450.

Makunts T, Wollmer MA, Abagyan R. Postmarketing safety surveil-
lance data reveals antidepressant effects of botulinum toxin across var-
ious indications and injection sites. Sci Rep. 2020;10:12851.

Finzi E, Wasserman E. Treatment of depression with botulinum toxin
A: a case series. Dermatol Surg. 2006;32:645-9. discussion 649650.
Darwin C. The expression of the emotions in man and animals.
London: John Murray Press. 1872.

Tomkins SS. Primary site of the affects: the face. In: Tomkins SS, (ed).
Affect imagery consciousnesss. Berlin: Springer. 1962:204-242.

Patel N, Hanfelt J, Marsh L, Jankovic J; members of the Dystonia
Coalitionmembers of the Dystonia Coalition. Alleviating manoeuvres
(sensory tricks) in cervical dystonia. J Neurol Neurosurg Psychiatry.
2014;85:882—-4.

Giladi N. The mechanism of action of botulinum toxin type A in focal
dystonia is most probably through its dual effect on efferent (motor) and
afferent pathways at the injected site. ] Neurol Sci. 1997;152:132-5.
Ceballos-Baumann AO, Sheean G, Passingham RE, et al. Botulinum
toxin does not reverse the cortical dysfunction associated with writer’s
cramp. A PET study. Brain. 1997;120(Pt 4):571-82.

Dresel C, Haslinger B, Castrop E et al. Silent event-related fMRI reveals
deficient motor and enhanced somatosensory activation in orofacial
dystonia. Brain. 2006;129(Pt 1):36-46.

[92] Tomasova Z, Hlustik P, Kral M, et al. Cortical activation changes in

patients suffering from post-stroke arm spasticity and treated with bot-
ulinum toxin a. ] Neuroimaging. 2013;23:337-44.

Senkarova Z, Hlustik P, Otruba P, et al. Modulation of cortical activ-
ity in patients suffering from upper arm spasticity following stroke
and treated with botulinum toxin A: an fMRI study. ] Neuroimaging.
2010;20:9-15.



Brin and Burstein ® Medicine (2023) 102:51

[94]

[95]

[96]

[97]

(98]

[99]

[100

[101

[102

[103]

[104

[105]

[106]

[107]

Opavsky R, Hlustik P, Otruba P, et al. Sensorimotor network in cervi-
cal dystonia and the effect of botulinum toxin treatment: a functional
MRI study. J Neurol Sci. 2011;306:71-5.

Opavsky R, Hlustik P, Otruba P, et al. Somatosensory cortical activa-
tion in cervical dystonia and its modulation with botulinum toxin: an
fMRI study. Int ] Neurosci. 2012;122:45-52.

Delnooz CC, Pasman JW, Beckmann CF, et al. Task-free functional
MRI in cervical dystonia reveals multi-network changes that partially
normalize with botulinum toxin. PLoS One. 2013;8:¢62877.
Bergfeldt U, Jonsson T, Bergfeldt L, et al. Cortical activation changes
and improved motor function in stroke patients after focal spastic-
ity therapy—an interventional study applying repeated fMRI. BMC
Neurol. 2015;15:52.

Nevrly M, Hlustik P, Hok P, et al. Changes in sensorimotor network acti-
vation after botulinum toxin type A injections in patients with cervical
dystonia: a functional MRI study. Exp Brain Res. 2018;236:2627-37.
Clarkson B. Brain changes associated with treatment of UUI with
onabotulinumtoxinA [abstract]. Presented at the International
Continence Society 2020 Online. November 19-22, 2020.

Burstein R, Potrebic S. Retrograde labeling of neurons in the spinal
cord that project directly to the amygdala or the orbital cortex in the
rat. ] Comp Neurol. 1993;335:469-85.

Burstein R, Yamamura H, Malick A, et al. Chemical stimulation of the
intracranial dura induces enhanced responses to facial stimulation in
brain stem trigeminal neurons. ] Neurophysiol. 1998;79:964-82.
Malick A, Burstein R. Cells of origin of the trigeminohypothalamic
tract in the rat. ] Comp Neurol. 1998;400:125-44.

Noseda R, Burstein R. Migraine pathophysiology: anatomy of the trigem-
inovascular pathway and associated neurological symptoms, CSD, sensiti-
zation and modulation of pain. Pain. 2013;154(suppl 1):54410.1016-S53.
Sergerie K, Chochol C, Armony JL. The role of the amygdala in emo-
tional processing: a quantitative meta-analysis of functional neuroim-
aging studies. Neurosci Biobehav Rev. 2008;32:811-30.
Hennenlotter A, Dresel C, Castrop F et al. The link between facial
feedback and neural activity within central circuitries of emotion—
new insights from botulinum toxin-induced denervation of frown
muscles. Cereb Cortex. 2009;19:537-42.

Kim M], Neta M, Davis FC, et al. Botulinum toxin-induced facial
muscle paralysis affects amygdala responses to the perception of emo-
tional expressions: preliminary findings from an A-B-A design. Biol
Mood Anxiety Disord. 2014;4:11.

Stark S, Stark C, Wong B, Brin ME. Modulation of amygdala activity
for emotional faces due to botulinum toxin type A injections that pre-
vent frowning. Sci Rep. 2023;13:3333.

S14

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

Medicine

Heller AS, Greischar LL, Honor A, et al. Simultaneous acquisition
of corrugator electromyography and functional magnetic resonance
imaging: a new method for objectively measuring affect and neural
activity concurrently. Neuroimage. 2011;58:930-4.

Godlewska BR, Browning M, Norbury R, et al. Early changes in emo-
tional processing as a marker of clinical response to SSRI treatment in
depression. Transl Psychiatry. 2016;6:¢957¢957.-e957.

Carruthers JA, Lowe NJ, Menter MA, et al. BOTOX Glabellar Lines
I Study Group. A multicenter, double-blind, randomized, place-
bo-controlled study of the efficacy and safety of botulinum toxin
type A in the treatment of glabellar lines. ] Am Acad Dermatol.
2002;46:840-9.

Carruthers JD, Lowe NJ, Menter MA, et al. Botox Glabellar Lines II
Study Group. ., Botox Glabellar Lines II Study Group. Double-blind,
placebo-controlled study of the safety and efficacy of botulinum
toxin type A for patients with glabellar lines. Plast Reconstr Surg.
2003;112:1089-98.

Bonaparte JP, Ellis D. Alterations in the elasticity, pliability, and visco-
elastic properties of facial skin after injection of onabotulinum toxin
A. JAMA Facial Plast Surg. 2015;17:256-63.

Zhu ], Ji X, Xu Y, et al. The efficacy of intradermal injection of
type A botulinum toxin for facial rejuvenation. Dermatol Ther.
2017;30.

Chang SP, Tsai HH, Chen WY, et al. The wrinkles soothing effect on
the middle and lower face by intradermal injection of botulinum toxin
type A. Int ] Dermatol. 2008;47:1287-94.

El-Domyati M, Attia SK, El-Sawy AE, et al. The use of Botulinum
toxin-a injection for facial wrinkles: a histological and immunobhisto-
chemical evaluation. ] Cosmet Dermatol. 2015;14:140-4.

Werner S, Weinberg W, Liao X, et al. Targeted expression of a dom-
inant-negative FGF receptor mutant in the epidermis of transgenic
mice reveals a role of FGF in keratinocyte organization and differenti-
ation. EMBO ]. 1993;12:2635-43.

Oh SH, Lee Y, Seo Y], et al. The potential effect of botulinum toxin
type A on human dermal fibroblasts: an in vitro study. Dermatol Surg.
2012;38:1689-94.

Humphrey S, Jacky B, Gallagher CJ. Preventive, cumulative effects
of botulinum toxin type A in facial aesthetics. Dermatol Surg.
2017343 (suppl 3):5244-51.

Shah AR. Use of intradermal botulinum toxin to reduce sebum pro-
duction and facial pore size. ] Drugs Dermatol. 2008;7:847-50.

Rose AE, Goldberg D]J. Safety and efficacy of intradermal injection
of botulinum toxin for the treatment of oily skin. Dermatol Surg.

2013;39443(3 Pt 1):443-8.



