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Effects of botulinum toxin type A in a migraine-specific animal model
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ABSTRACT

Background: OnabotulinumtoxinA (BoNT/A) is an established treatment for chronic migraine, although the detailed molecular mechanisms
underlying its efficacy remain unclear. In this study, we examined the anti-hyperalgesic effects of BoNT/A using an animal model of
migraine induced by nitroglycerin (NTG) administration associated with the orofacial formalin test, aiming to enhance our understanding of
the modulatory effect of the drug on migraine pain pathways.

Methods: Male rats weighing 235-240 g (n=7 per group) were used. BoNT/A (10 U/kg) was administered unilaterally as a 25 pL bolus into
the right upper lip. Rats in the control group received an injection of 25 pL of 0.9% saline. Seven days after BONT/A injection, rats were
administered NTG (10 mg/kg, i.p.) or its vehicle and were subjected to the orofacial formalin test 4 hours later. At the end of the behavioral
test, the medulla-pons area and the trigeminal ganglia were collected and processed for RT-PCR analysis.

Results: At the orofacial formalin test, the NTG-treated rats had a more marked nocifensive behavior compared to vehicle-treated animals.
BoNT/A pretreatment significantly reduced this behavior. In addition, calcitonin gene-related peptide (CGRP), pituitary adenylate cyclase-
activating peptide (PACAP), and vasoactive intestinal peptide (VIP) mRNA levels were higher in the NTG-treated group in trigeminal ganglia
on both sides compared to the control group, with CGRP and PACAP mRNA levels being higher on the side ipsilateral to BoNT/A injection.
BoNT/A pretreatment in NTG animals reduced CGRP and VIP gene expression on both sides, while PACAP gene expression was reduced
only on the trigeminal ganglion (TG) ipsilateral to BoONT/A injection. NTG treatment induced an increase in mRNA levels of all neuropeptides
in the medulla-pons region, which was attenuated by BoNT/A pretreatment.

Conclusions: A single BoNT/A pretreatment attenuated mRNA upregulation of sensory neuropeptides induced by the NTG challenge in the

trigeminal ganglia and medulla-pons regions.
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Introduction

Migraine is a complex neurological disease characterized
by a painful headache, gastrointestinal symptoms, and senso-
ry abnormalities. The primary pathway involved in migraine
pathophysiology is the trigeminovascular system, where
trigeminal afferents innervating dural vessels transmit signals
through the trigeminal ganglion (TG) to the trigeminocervical
complex, a key center for nociceptive transmission to higher
brain regions where pain is perceived. (1) Migraine sufferers
exhibit widespread pain hypersensitivity both during and
between attacks. Burstein et al. (2) first described increased
pain sensitivity during migraine episodes, with cutaneous allo-
dynia (3,4) and hyperalgesia. (5,6) Migraine attacks are also
associated with the release of sensory neuropeptides, includ-
ing calcitonin gene-related peptide (CGRP), vasoactive intes-
tinal peptide (VIP), and pituitary adenylate cyclase-activating
peptide (PACAP). (7)

The role of neuropeptides, such as CGRP and PACAP, in the
pathophysiology of migraine is now widely accepted and likely
involves elements of neurogenic dural inflammation. (8)
Although PACAP and VIP are known as vasoactive molecules,
cranial blood vessel dilation is no longer considered the basis
of migraine. In addition, besides their role in inflammation,
PACAP and VIP regulate innate and adaptive immune process-
es in the periphery. (9) The presence of VIP in neurons of the
nucleus of the solitary tract suggests that VIP neurons may
also contribute to central baroreceptor regulation. (10)

OnabotulinumtoxinA (BoNT/A) is an effective treatment
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for chronic migraine. (11) The molecular mechanisms by
which BoNT/A reduces migraine pain are not well under-
stood, but the simultaneous lowering of CGRP release, sensi-
tivity to molecules that activate nociceptive meningeal C-
afferents via transient receptor potential ankyrin type 1
(TRPA1) and vanilloid type 1 (TRPV1) channels, and pre-
existing inflammation may be involved. BoNT/A interferes
with neurotransmission through a four-step process: follow-
ing the binding to the neuronal presynaptic membrane, the
toxin is internalized via endocytosis and translocated into the
cytosol, where it cleaves key proteins involved in exocytosis
that modulate synaptic activity. BoNT/A inhibits synaptic
vesicle trafficking, reducing neurotransmitter and inflamma-
tory neuropeptide release, interfering with pain signaling. (12)
In the sensory system, BoNT/A may specifically affect neu-
ronal populations that mediate pain hypersensitivity, which
could explain its effectiveness in certain types of chronic
pain. The efficacy of BONT/A may be due to its cellular local-
ization, which allows for prolonged effects after a single
treatment. (13)

Here, we sought to provide a deeper understanding of how
the drug modulates pain pathways involved in migraine by
investigating the mechanisms related to BoNT/A effects on an
animal model of migraine induced by nitroglycerin (NTG)
administration (14) associated with the orofacial formalin test.
(15-17) More specifically, in such a model, we assessed the
modulatory effect of a single BoNT/A administration on
trigeminal nocifensive behavior and on the gene expression of
CGRP, PACAP, and VIP in trigeminally related areas.
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Results

Orofacial formalin test. NTG administration increased
nocifensive behavior expressed as face-rubbing time in the
second phase of the orofacial formalin test compared to the
vehicle (CT group). No change was observed in the first phase
of the test (Figure 1A), whereas pre-treatment with BoNT/A
partially but significantly reduced the duration of NTG-induced
nocifensive behavior in the second phase (Figure 1B). The time
course of the test is reported in Figure 1C. Of note, pretreatment
with BoNT/A (without NTG) did not induce changes compared
to the control group (CT group) in either phase of the orofacial
formalin test (Figure 1).

Gene expression. mRNA expression. Gene expression of CGRP,
PACAP, and VIP was higher in the NTG-treated group compared
to the vehicle-treated (CT) group in both TGs, i.e., ipsi- and con-
tralateral to BoNT/A injection and formalin administration
(Figure 2). CGRP and PACAP mRNA levels were higher on the
ipsilateral side compared to the contralateral TG (Figure 2 A,B).
Pretreatment with BoNT/A in rats exposed to NTG
(NTG+BoONT/A group) completely prevented the increase in
CGRP mRNA levels in the contralateral TG and partially but sig-
nificantly reduced them in the ipsilateral TG (Figure 2A).
BoNT/A administration also reduced VIP mRNA levels in both
TGs (Figure 2C). At variance, BoNT/A significantly reduced
PACAP levels only in the ipsilateral TG (Figure 2B).

In the medulla-pons region, NTG administration caused an
increase in mMRNA levels of all the neuropeptides assessed com-
pared to the CT group; such increase was significantly attenuat-
ed by BoNT/A treatment (NTG+BoNT/A group) (Figure 3). The
injection of BONT/A alone in animals treated with the NTG vehicle
(BoNT/A group) did not induce changes in the gene expression of
any neuropeptides assessed, either in TGs or the medulla-pons,
when compared to the CT group (Figures 2 and 3).

Discussion

Migraine pain is mediated by peripheral and central sensi-
tization within the trigeminal system (18) and by the release of
sensory neuropeptides such as CGRP, VIP, and PACAP. (19) In
migraine, both hyperalgesia and central sensitization are
closely linked to dysfunction within the trigeminal system. (20)
It is known that BoNT/A inhibits the release of glutamate and
CGRP from primary nociceptive fibers (21-24) and thus attenu-
ates peripheral sensitization, thereby resulting in a reduction of
central sensitization. (25) Previous studies have suggested
that BoNT/A may also inhibit the release of other neuropep-
tides, such as substance P, (26) but to the best of our knowl-
edge, this is the first study to suggest that BoNT/A administra-
tion interferes with PACAP and VIP mRNA expression in trigem-
inally related areas in a rodent model of migraine that combines
the administration of NTG, which mimics the central and
peripheral sensitization observed in migraine patients, (27,28)
with the orofacial formalin test that specifically stimulates
trigeminal nociception. (14-17)

This study shows that BoNT/A reduces hyperalgesia in the
trigeminal area and inhibits mRNA expression of CGRP, PACAP,
and VIP in the TGs and the medulla-pons area in rats exposed
to NTG. These findings expand on the already hypothesized
involvement of CGRP in the BoNT/A-mediated effects in
migraine. We had previously reported an upregulation of CGRP
MRNA in the TGs and in the medulla-pons areas associated
with trigeminal hyperalgesia assessed with the orofacial for-
malin test in rats treated with NTG. (29,30) More recently, we
showed the involvement of PACAP and VIP in the changes
caused by NTG. (30) The anti-hyperalgesic effect of BONT/A in
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the orofacial formalin test and the concomitant downregulation
of the CGRP, PACAP, and VIP mRNA levels in trigeminal areas
suggest that the responses to BoNT/A may result from reduced
release of these neuropeptides.

Although the mechanisms underlying the changes in VIP
and PACAP expression in the central areas evaluated remain
unclear, it is plausible to hypothesize that NTG administration
induces a co-change in gene expression of neuropeptides, as
reported in recent studies. (30,31) However, the observed
changes in neuropeptide gene expression relate to the medul-
la-pons in toto and not to specific brain nuclei. Therefore, at
present, we cannot exclude that different nuclei in the area may
respond differently to BoNT/A. (32,33) Further research on
smaller areas is required for a more conclusive view.

Contrary to previous findings in which BoNT/A pretreatment
attenuated plantar or orofacial formalin-induced hyperalgesia
(34-36) and reduced expression of CGRP mRNA, (37-39) here we
did not find any difference between the BoNT/A group and the
control group in the absence of NTG administration. This dis-
crepancy may be due to the lower concentration of formalin used
in our study (1.5% versus 2%, 2.5%, or 3% in the other studies) or
to the different injection site (upper lip versus vibrissa pad). (40-
43) Notably, diverse doses of formalin may stimulate distinct pri-
mary sensory neurons (nociceptors and non-nociceptive affer-
ents), although the relationship between formalin dose, type of
fiber involved, and behavior is unclear. (44)

Our results suggest that the antinociceptive effect of
BoNT/A specifically targets the hyperalgesia of the second
phase of the formalin test, amplified by NTG. If we assume
that the changes induced by NTG are characteristic of
migraine, (14) we can infer that BoNT/A's mechanism of
action is, at least partly, specific for migraine-like symptoms,
further supporting the rationale for its use for migraine man-
agement. (45)

These findings support a role of BONT/A as a means to bet-
ter understand migraine pathophysiology. Retrograde axonal
transport of BoNT/A from the sensory nerve endings to the
central terminals of the primary afferent fibers may reduce
nociception by modulating neuropeptide expression and
release. Release inhibition may be due to a direct toxin prote-
olytic action on the SNARE complex, specifically by cleaving
SNAP-25, and preventing the fusion of the synaptic vesicles
with the membrane. (26) A reduced release of neuropeptides,
especially of CGRP, may be caused by the downregulation of
TRPV1 and TRPAT expression in peptidergic primary sensory
neurons. (46-48) Notably, increased TRPV1 and TRPAT1 expres-
sion within the trigeminal structures was reported to increase
migraine-like pain. (49-51) Finally, BONT/A may reduce pain
and inflammation by blocking local neurotransmitter release
from peripheral sensory nerves. (52,53)

BoNT/A may also affect inflammatory and immune cells
and glial cells in the central nervous system. In a neuropathic
pain model (chronic constriction injury to the rat sciatic nerve),
Gui et al. (54) reported that subcutaneous injection of BoNT/A
into the metatarsal surface stimulated the polarization of
microglia towards an anti-inflammatory phenotype. In a rat
model of complete Freund's adjuvant-induced arthritis, the
intra-articular administration of BoNT/A reduced the expres-
sion of the pro-inflammatory cytokines, interleukin-1B and
tumor necrosis factor-a in synovial fluid, indicating its anti-
inflammatory effects. (55) BONT/A may regulate key analgesic
genes and molecules associated with specific analgesic path-
ways. (56) However, other studies challenged the association
between the anti-inflammatory and antinociceptive effects of
BoNT/A, as no anti-inflammatory effects were observed at
doses of BoNT/A that reduced pain caused by capsaicin and
carrageenan. (57-59) However, BoNT/A doses used in animal
models are usually higher than therapeutic doses for humans,
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(60) likely due to the difference in BoONT/A sensitivity between only on the TG ipsilateral to BoNT/A and formalin injection.
rodents and humans. (61) Because of the potential long-distance retrograde effects of

In NTG-challenged rats, BoNT/A reduced CGRP and VIP BoNT/A, (62) we cannot exclude the possibility of a diffusion of
mMRNA levels in both TGs, while PACAP expression was reduced the toxin to the contralateral side. The difference between the
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Figure 1. Orofacial formalin test. Time spent in face-rubbing behavior (seconds) during Phases | (A) and Il (B) and time course (C)
of the orofacial formalin test.

Data are expressed as mean + SEM. one-way ANOVA followed by Tukey's multiple comparisons test: ***p<0.001 vs. CT and BoNT/A,;
"p<0.05 vs. BONT/A; ###p<0.001 vs. NTG. n=7.
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Figure 2. Gene expression. mRNA expression levels of CGRP (A), PACAP (B), and VIP (C) in the trigeminal ganglion ipsilateral and
contralateral to the BoNT/A/vehicle and formalin injections. BoNT/A and formalin were administered unilaterally, on the same side.
Data are expressed as mean + SEM. Two-way ANOVA followed by Tukey's multiple comparisons test: **p<0.01 and ***p<0.001 vs.
CT and BoNT/A; ££p<0.01 and £££<p0.001 vs. CT; *p<0.05 vs. BoNT/A; ###p<0.001 vs. NTG; §§§p<0.001 vs. contralateral side. n=7.
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expression of PACAP and CGRP or VIP may be related to the
transport properties of BoNT/A (13) or to the different pattern
of expression of these neuropeptides in the diverse neuron
subpopulations. For instance, in TGs, most sensory neurons
express CGRP, (63-65) while only a few express PACAP. (63)
Additionally, using PACAP, but not CGRP, can be detected
immunohistochemically in satellite glial cells, (66) where a
direct interaction with BoNT/A may affect vesicle release. (67)
Thus, BoONT/A may not have reached the contralateral trigemi-
nal neurons expressing PACAP nor the satellite glial cells where
PACAP is expressed. (68)

CGRP and PACAP exhibit different actions in humans and
rodents, indicating the involvement of separate intracellular
pathways and targets. (69) Unfortunately, although VIP pres-
ence has been reported in the rat TG, lesser data are available
on neuropeptide distribution and function at this level. (70)
Although BoNT/A's ability to target both neurons and glial cells
in the central nervous system has been reported, (71) further
studies are needed to identify the mechanisms and the media-
tors relevant for migraine in these different cell types.

Altogether, these data support the view that the anti-hyper-
algesic effect of peripherally administered BONT/A may modu-
late central pathways (72) by targeting second-order neurons.
(73,74) This hypothesis is corroborated by other studies show-
ing the presence of BoNT/A-truncated SNAP-25 in several cen-
tral nervous system regions, including the dorsal horn of the
trigeminal nucleus caudalis following injection into the rat
whisker pad, (75) the ipsilateral dorsal and ventral horns of the
spinal cord following toxin injection into the sciatic nerve (76)
and spinal astrocytes following peripheral sciatic nerve injec-
tion. (77) However, a reduction in pain-evoked c-Fos expres-
sion in areas where BoNT/A activity was not detected suggests
that the indirect and distant effects in the central nervous sys-
tem might be more extensive than those at the site where
BoNT/A cleaves SNAP-25. (47)

Limitations of the study. The animal model based on NTG
administration used in this study is widely accepted as a
migraine-specific model because it reproduces many character-
istics of the disease. (14,78) However, there are a few aspects
that should be considered. Due to the lower bioconversion effi-
ciency of NTG in rat liver compared to the human liver, (79) a high
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dose of NTG is required to induce migraine-like behavioral and
neurobiological effects in rats. (14,78) The systemic NTG admin-
istration is considered a reliable animal model of migraine, (14-
17,78,80) allowing comparisons with our prior studies with CGRP,
with the effect of other anti-migraine compounds in the same
model. (29,81) However, we acknowledge that other readouts
could be used instead of the chemical hypersensitivity with for-
malin test, such as mechanical allodynia with the von Frey fila-
ments. Finally, we investigated the effects of a single dose of
BoNT/A when, in clinical practice, patients receive several
BoNT/A administrations. Further evaluations will thus be neces-
sary to investigate BoNT/A effects in an experimental paradigm
that better reflects its preventive activity.

Conclusions

In the migraine-specific model of NTG-enhanced oral-facial
formalin test, BONT/A shows an anti-hyperalgesic effect that is
associated with downregulation of the mRNA of pro-migraine
neuropeptides in peripheral and central sites (trigeminal ganglia
and medulla-pons, respectively). These findings provide addi-
tional information on the mechanisms through which BoNT/A
modulates the pathways implicated in migraine pain.

Materials and Methods

Animals and experimental design. All experiments described in
this study were conducted in accordance with the European
Community Council Directive of 22 September 2010
(2010/63/EEC). The experimental protocol was approved by the
Italian Ministry of Health (Document No. 1032/2015-PR). For this
research, 28 adult male Sprague-Dawley rats (Charles River,
Calco, Como, Italy), each weighing between 235 and 240 grams,
were used. All rats were housed in pairs on a 12h/12h light/dark
cycle with food and water available ad libitum at an ambient tem-
perature of 22°C at the centralized animal husbandry facility of
the University of Pavia. The animals were randomly allocated
into four experimental groups and treated as follows. One hun-
dred units of BoONT/A (Botox®, Allergan Inc., Irvine, CA, USA) were
dissolved in 1 mL of 0.9% saline; 10 U/kg of BoNT/A was admin-
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Figure 3. Gene expression. mRNA expression levels of CGRP (A), PACAP (B), and VIP (C) in the medulla-pons area.
Data are expressed as mean + SEM. One-way ANOVA followed by Tukey's multiple comparisons test: ***p<0.001 vs. CT and
BoNT/A; £p<0.05 and £££<p0.001 vs. CT; *p<0.05 vs. BoNT/A; ###p<0.001 vs. NTG. n=7
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istered unilaterally as a 25 pL bolus into their right upper lip,
using a 0.5 mL syringe with a 30-gauge needle, 7 days before
NTG (NTG+BoNT/A group) and vehicle (BoNT/A group) adminis-
tration, following the experimental design of a previous study,
done in the same animal model but with a modified toxin. (82)
The 10 U/kg dose of BoNT/A used in our study aligns with the
dose range commonly employed for nociceptive evaluations in
rats, including animal models such as the formalin test. (47,83)
As a control group, 25 pL of a 0.9% saline solution was injected
similarly to BoNT/A. Seven days after BoNT/A (or vehicle)
injection, rats were treated with NTG (10 mg/kg, i.p.;
Bioindustria L.I.M., Novi Ligure, Italy) or its vehicle (6% alcohol,
16% propylene glycol, and saline) and subjected to the orofacial
formalin test on the same side of BoNT/A injection. Figure 4
depicts the experimental design and groups.

Behavioral test. After an acclimatization period of 20-25 minutes
in the test box (a 30 cm x 30 cm x 30 cm glass chamber with mir-
rored sides), all rats were treated subcutaneously with 50 pL of
formalin 1.5% (v/v) into the right upper lip (ipsilateral to BoNT/A

Table 1. Primer sequences.

Original Research Article

or vehicle injection). A camera was placed 50 cm from the box to
record each animal's face rubbing for later examination. A
researcher blinded to treatment evaluated the face-rubbing time
by measuring the number of seconds the animal spent rubbing
the injected area with the ipsilateral forepaw or hind paw 0-3 min
(Phase 1) and 12-45 min (Phase Il) after formalin injection. The
observation time was divided into 15 blocks of three minutes
each for the time course analysis.

mRNA expression. At the end of the orofacial formalin test, rats
were sacrificed under deep anesthesia (sodium thiopental, 150
mg/kg, i.p.). Following decapitation, the medulla pons in toto
(bregma: -13.30 to -14.60 mm) and TGs were dissected,
washed in cold 0.9% saline solution, placed in cryogenic tubes,
and stored at -80°C until rt-PCR analysis for CGRP, PACAP, and
VIP gene expression. RNA extraction was performed in an
RNase-free environment, ensuring all RNA samples had an
absorbance ratio (260/280 nm) between 1.9 and 2.0, indicating
minimal protein contamination, including from blood. The
primer sequences are detailed in Table 1 and provided by

Gene Forward primer Reverse primer

GAPDH AACCTGCCAAGTATGATGAC GGAGTTGCTGTTGAAGTCA
CGRP CAGTCTCAGCTCCAAGTCATC TTCCAAGGTTGACCTCAAAG
PACAP CAAGACTTCTATGACTGGGAC CTTCGTTAAGGATTTCGTGG
VIP CAGGCATGCTGATGGAGTTT TGCTTTCTAAGGCGGGTGTA

or

NTG vehicle

45min
Orofacial Tissue
formalin test collection
A
X
S
‘4h‘ 4 3y
_

Experimental groups:

4 Y
w’\formalln,l

CT = BoNT/A vehicle, 25 pl s.c. lip + NTG vehicle, i.p.

NTG = BoNT/A vehicle, 25 pl s.c. lip + NTG 10mg/kg, i.p.

BoNT/A = BoNT/A 10 U/kg, 25 pl s.c. lip + NTG vehicle, i.p.

NTG + BoNT/A = BoNT/A 10 U/kg, 25 pl s.c. lip + NTG 10mg/kg, i.p.

Figure 4. Experimental design and groups. Rats were treated with either OnabotulinumtoxinA (BoNT/A) or its vehicle in the right
upper lip. Seven days later, they received an intraperitoneal injection of nitroglycerin (NTG) or its vehicle. Four hours after the admin-
istration of NTG or the NTG vehicle, each rat was injected in the right upper lip with formalin and underwent the orofacial formalin
test, which lasted 45 minutes. At the end of the behavioral test, the animals were sacrificed, and samples were collected.
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Merck. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used for normalization, as its expression remained consis-
tent across all experimental groups. All samples were assayed
in triplicate, and the 2_5xc; method was used to investigate the
differences in gene expression levels.

Statistical analysis. To calculate the minimum sample size
required, we used the nociceptive response in Phase Il of the
orofacial formalin test (measured by face rubbing time), identi-
fied as the primary outcome of the present study. Based on a
previous study (82) in which we tested the effect of a modified
botulinum toxin in the orofacial formalin test, we assumed an
effect size of 0.78 using the unmodified toxin under the same
experimental conditions. An a priori power analysis was con-
ducted to obtain a statistical power of 0.80 at an alpha level of
0.05 (GPower 3.1), obtaining a minimum of 6 animals per
experimental group. However, due to the intergroup variability
seen in the orofacial formalin test, we used a maximum of 7
rats per group. To confirm data normality, the Kolmogorov-
Smirnov (K-S) test was applied. Differences among groups
were compared by one-way or two-way analysis of variance
(ANOVA) followed by the Tukey's multiple comparisons test.
Statistical significance was set at p<0.05. All statistical analy-
ses were performed using GraphPad Prism software (version
8). Data were expressed as mean + SEM.
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