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a b s t r a c t

The mechanism by which intramuscular injection of BoNTA into the craniofacial muscles decreases
migraine headaches is not known. In a blinded study, the effect of BoNTA on the mechanical and chemical
responsiveness of individual temporalis muscle nociceptors and muscle neurogenic vasodilation was
investigated in female rats. Mechanical threshold was measured for 3 h following intramuscular injection
of BoNTA or vehicle, and for 10 min after a subsequent injection of the algogen glutamate. Injection of
BoNTA significantly increased the mechanical threshold of muscle nociceptors without altering the mus-
cle surface temperature and blocked glutamate-induced mechanical sensitization and neurogenic vaso-
dilation. None of these effects were reproduced by pancuronium-induced muscle paralysis. Western
blot analysis of temporalis muscles indicated that BoNTA significantly decreased SNAP-25. Measurement
of interstitial glutamate concentration with a glutamate biosensor indicated that BoNTA significantly
reduced glutamate concentrations. The mechanical sensitivity of muscle nociceptors is modulated by glu-
tamate concentration through activation of peripheral NMDA receptors. Immunohistochemical experi-
ments were conducted and they indicated that half of the NMDA-expressing temporalis nerve fibers
co-expressed substance P or CGRP. Additional electrophysiology experiments examined the effect of
antagonists for NMDA, CGRP and NK1 receptors on glutamate-induced effects. Glutamate-induced
mechanical sensitization was only blocked by the NMDA receptor antagonist, but muscle neurogenic
vasodilation was attenuated by NMDA or CGRP receptor antagonists. These data suggest that injection
of BoNTA into craniofacial muscles acts to decrease migraine headaches by rapidly decreasing the
mechanical sensitivity of temporalis muscle nociceptors through inhibition of glutamate release and
by attenuating the provoked release of CGRP from muscle nociceptors.

� 2010 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

The most common forms of primary headaches (tension type,
migraine and chronic daily headache) affect more than 50% of
the general population with a higher incidence in women than in
men [61]. The disability and health effects associated with frequent
episodes of headaches highlight the value of preventive pharmaco-
therapy, which aims to reduce the frequency, severity, duration
and disability. N-Methyl-D-Aspartate (NMDA) receptor antagonists,
gap-junction blockers (e.g. tonabersat) and angiotensinii type 1
blockers (e.g. candesartan) are currently being considered as po-
tential novel prophylactic agents [26]. Botulinum neurotoxin type
A (BoNTA) has also been proposed as an option for the prophylactic

therapy of chronic headaches due to its low incidence of adverse
effects [25,5,6,26]. However, clinical trials utilizing BoNTA as a pre-
ventive therapy have yielded inconsistent results as to the efficacy
of this agent [58,5,12]. In part, this reflects the inherent difficulties
in study design such as defining different subpopulations of head-
ache sufferers and trial end points. This has fueled controversy as
to the potential mechanism(s) of BoNTA when used for headache
prophylaxis or treatment.

BoNTA is a toxin produced by the bacterium Clostridium
botulinum [59] and it inhibits the release of acetylcholine (ACh)
at neuromuscular junctions through the cleavage of synapto-
some-associated protein of 25 kDa (SNAP-25) leading to prolonged
muscle paralysis [53,36]. The muscle paralysis induced by
BoNTA, however, does not appear to consistently correlate with
its ability to decrease muscle pain [4]. On the other hand, while
muscle pain is a common complaint during acute episodes of
migraine and tension-type headache, studies have failed to demon-
strate the abnormalities of muscle physiology involved in the
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pathophysiology of either disorder [55,38]. It has, therefore, been
proposed that BoNTA could decrease the frequency and severity
of headaches by inhibition of the release of other neuropeptides/
neurotransmitters which are involved in pain induction or trans-
mission [4,47,56,64,18,24]. However, an effect of BoNTA on the re-
sponse properties of craniofacial muscle nociceptors such as the
temporalis muscle into which it is injected for headache prophy-
laxis has not been demonstrated.

The present study was conducted to test if intramuscular injec-
tion of BoNTA into craniofacial muscles exerts a direct effect on
muscle nociceptors that could contribute to the ability of this toxin
to decrease migraine occurrence. Accordingly, we tested two
hypotheses: 1) injection of BoNTA into the temporalis muscle of fe-
male rats alters the response properties of temporalis muscle noci-
ceptors to mechanical and noxious chemical (glutamate) stimuli.
2) BoNTA increases muscle perfusion, reflected as elevations in
temporalis muscle surface temperature, to reduce ischemia-related
muscle nociceptor sensitization.

2. Methods

2.1. Animals

Experiments to assess the effect of BoNTA on individual tempora-
lis muscle nociceptors were conducted on anesthetized, adult fe-
male Sprague–Dawley rats (Charles River, Montreal, QC, Canada).

Only one nociceptor was recorded in each rat. Rats were housed
two per cage covered with soft bedding and food and water were
freely available. The experimental protocol was approved by the
University of British Columbia Animal Care Committee and the study
was performed in accordance with the guidelines established by the
Canadian Council on Animal Care and the International Association
for the Study of Pain for the use of laboratory animals in research.
Experiments were performed in a semi-dark lab with relative con-
stant temperature (20.2 ± 0.7 �C) and humidity (36 ± 6%).

2.2. Anesthesia and surgical preparation

Rats were anaesthetized with isoflurane (AErrane, Baxter Cor-
poration, Mississauga, ON, Canada; 2–2.5%) and oxygen (97–98%).
A catheter was inserted into the carotid artery to monitor the blood
pressure. A tracheal tube was inserted into the trachea to permit
artificial respiration. Body temperature was measured with a rectal
thermometer and maintained at 37.0 ± 0.2 �C with an electric heat-
ing pad. The heart rate, blood pressure and expired CO2 were mon-
itored throughout the experiment.

The animals were positioned prone in a stereotaxic frame; the
skin over the dorsal surface of the skull was reflected and a small
trephination in the skull bone was made to allow lowering of a
microelectrode through the brain into the trigeminal ganglion for
recording. The skin and muscle overlying the neck were gently dis-
sected to expose the brainstem and the dura overlying the brain-
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Fig. 1. (A) The location of the caudal brain stem, trigeminal ganglion and temporalis muscle are shown on the schematic drawing of the rat’s head. (B) The experimental
protocol is shown. The numbers represent time in minutes. (MT: Mechanical threshold).
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stem was removed to permit a stimulating electrode to contact the
caudal brainstem (Fig. 1A).

Microscopic examination of epidermal cells from a vaginal la-
vage was performed to determine estrus stage prior to each exper-
iment. Animals were euthanized at the end of experiments
(100 mg/kg; Nembutal, Abbott Laboratories, Chicago, IL, USA).

2.3. Stimulation and recording

The activity of individual temporalis muscle nociceptors of the
female rats was recorded from the trigeminal ganglion with a par-
ylene-coated tungsten microelectrode (0.10”, 2 M, A-M Systems
Inc., Carlsborg, WA, USA). A fine-tipped cotton swab was applied
to the temporalis muscle region as a mechanical search stimulus
while the electrode was slowly lowered to identify afferent dis-
charge in response to mechanical stimulation of the temporalis
muscle. When an afferent fiber responded to mechanical stimula-
tion, the skin overlying the temporalis muscle was pulled back
and held with a forceps to expose the muscle for recording. To pre-
vent drying, the surface of the muscle was covered with mineral oil.

In previous studies, it has been shown that the caudal brain-
stem is a key projection site for putative nociceptors that innervate
craniofacial muscle [16,15,23]. Antidromic collision was used to
confirm the projection of temporalis muscle afferent fibers to the
caudal brainstem and thus identify them as putative nociceptors.
To estimate the conduction velocity (CV), the distance between
the stimulating and recording electrodes was divided by the la-
tency of the antidromic action potential of each nociceptor [15].

2.4. Thermal imaging

The surface temperature of the exposed temporalis muscle was
monitored with an infrared camera (ThermaCAM EX320, FLIR Sys-
tems AB, Danderyd, Sweden). The infrared camera was adjusted on
a tripod at an angle suitable to capture the entire rat head includ-
ing the exposed temporalis muscle surface. The distance between
the lens and the surface of the temporalis muscle and the angle
of the camera was kept identical for all recordings. A piece of thick
black paper was used under the animal body to avoid the light
reflection and improve resolution of the image from the back-
ground. The desired area for the temperature measurement was
marked with a silver pen to be detectable in thermo images. A re-
gion of 5 � 5 mm with the injection point at the center was used
for temperature analysis. The temperature resolution of this cam-
era is 0.1 �C. Images were recorded on a hard drive for off-line anal-
ysis of the pattern and local temperature change.

2.5. BoNTA experimental design

Experiments to assess the effect of BoNTA on individual tempo-
ralis muscle nociceptors were conducted on 24 anesthetized, adult
female Sprague–Dawley rats. In each experiment, baseline
mechanical threshold (MT; minimum force required to evoke affer-
ent discharge) was measured with an electronic von Frey hair
(model 1601C, Life Science, Woodland Hills, CA, USA) and the tis-
sue surface temperature was measured with an infrared camera
for a total of 10 min with an interval of one minute between each
recording (Fig. 1B).

After baseline recording, the tip of a 26 gauge needle, connected
via a polyethylene tube to a 50 ll Hamilton syringe (Hamilton,
Reno, NV, USA), was inserted near the mechanoreceptive field of
the muscle nociceptor and was used to inject solutions (BoNTA 5
units, Sigma–Aldrich, MO, USA, or phosphate buffered saline
(PBS); 10 ll) intramuscularly. Injections were randomly assigned
and the investigator (PG) assessing nociceptor MT was unaware
of the content of injections.

Ongoing nociceptor discharge and tissue surface temperature (at
1 min intervals) were recorded for 10 min prior to injection. Then,
10 ll of the solution was injected and nociceptor discharge and tis-
sue surface temperature (at 1 min intervals) were again recorded for
10 min. The MTs and tissue surface temperature were reassessed
every half an hour (10 min/epoch, 1 min intervals) for a total time
of 3 h. Then, the effect of BoNTA compared with PBS on glutamate-
induced nociceptor discharge, nociceptor MT and the tissue surface
temperature was assessed. The tip of a 26 gauge needle, connected
via a polyethylene tube to a 50 ll Hamilton syringe (Hamilton, Reno,
NV, USA), was inserted near the muscle nociceptor and any sponta-
neous fiber activity prior to injection and tissue surface temperature
was recorded for 10 min. Glutamate (monosodium salt of L-gluta-
mate, Sigma–Aldrich, MO, USA; 1 M, 10 ll; pH 7.2–7.6) was then in-
jected and any evoked activity and tissue surface temperature were
recorded for 10 min. Afterwards, the MTs and thermo images were
taken every minute for a total of 10 min (Fig. 1B).

2.6. Effect of muscle paralysis

To investigate whether any of the effects of BoNTA were a result
of muscle paralysis, additional experiments (in 4 female rats) were
undertaken to test the effect of the neuromuscular blocker pancu-
ronium bromide (1 mg/kg) on MT and glutamate-induced mechan-
ical sensitization and neurogenic vasodilation. In these
experiments, following 10 min baseline recording of the MT and
temporalis muscle surface temperature, pancuronium was injected
intravenously (via a femoral vein catheter). Starting 2 min after
injection of pancuronium, MT and temporalis muscle surface tem-
perature were reassessed for 10 min. Then the tip of a 26 gauge
needle, connected via a polyethylene tube to a 50 ll Hamilton syr-
inge (Hamilton, Reno, NV, USA), was inserted into the temporalis
muscle and baseline nociceptor discharge was monitored for
10 min, after which glutamate (1 M, 10 ll) was injected and noci-
ceptor discharge and tissue surface temperature were recorded for
10 min. At the end of this recording period, MT and tissue surface
temperature were reassessed for a period of 10 min.

2.7. Western blot analysis

SNAP-25 content in the temporalis muscles was determined by
Western blot analysis. Muscle tissue from the BoNTA or PBS injec-
tion site (right temporalis muscle) and the intact contralateral site
(left temporalis muscle) (n = 5 in each group) was used. An area of
approximately 1 cm2 for each muscle tissue sample was dissected
after euthanasia and kept frozen (6�20 �C) until homogenization.
Muscle samples were homogenized, centrifuged (11’000 rpm,
20 min at 4 �C) and the supernatant was collected. The Bradford
method was used to determine the protein concentration (lg/ll)
of the homogenate. Samples containing 50 lg protein were loaded
onto a 5% stacking gel/12% SDS–Polyacrylamide running gel and
electrophoresed. The proteins were then transferred onto Hybond
ECL Nitrocellulose membranes (GE Healthcare, Buckinghamshire,
UK). The membranes were blocked with 5% non-fat dried milk
(BioRAD Laboratories, CA, USA) and incubated overnight at 4 �C
with anti-SNAP-25 antibody produced in rabbits (Sigma–Aldrich,
MO, USA) diluted 1:5000. SNAP-25 bands were visualized using en-
hanced chemiluminescence. GAPDH (Glyceraldehyde 3-phosphate
dehydrogenase) was used as a loading control.

2.8. Measurement of temporalis muscle interstitial glutamate
concentration by glutamate biosensor

Glutamate biosensors (Pinnacle Technology, Inc., USA) were
calibrated in vitro according to the manufacturer’s instructions.
The glutamate biosensors were then inserted into the temporalis
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muscles bilaterally through an injection cannula which consisted
of a 26 gauge needle connected via a polyethylene tube to a
50 ll Hamilton syringe to permit the injection of BoNTA or PBS.
The tip of the needle was positioned exactly 2 mm from the tip
of the glutamate biosensor. After insertion into the muscle, the
probe was allowed to stabilize for at least 60 min prior to any
experiments being undertaken. Once the probe’s output was stabi-
lized, a 10 min baseline was recorded, followed by the injection of
BoNTA (5 units, Sigma–Aldrich, MO, USA; 10 ll) and PBS (10 ll)
over 5 s. Glutamate concentration was recorded continuously
(sampling rate 4 Hz) for 3 h after the injections.

2.9. Immunohistochemistry

The expression of NMDA receptor NR2B subunits and
co-expression of CGRP and SP by nerve fibers innervating the tem-
poralis muscle were assessed by fluorescence immunohistochem-
istry. Temporalis muscles of intact female rats (n = 6) were cut
into 10 lm thick sections with a cryostat microtome. Every third
section was selected for staining for a total of five sections per
rat. Sections were incubated in 10% normal goat serum (NGS)
and 0.2% Triton X-100 in PBS for 1 h at room temperature followed
by overnight incubation with primary antibodies in 1% NGS. Nerve
fibers were identified with the use of rabbit polyclonal antibody
against rat PGP 9.5 (1:2000; Abcam Inc., Cambridge, MA). PGP
9.5 is a neuronal marker and serves to identify nerve fibers.
NR2B subunits were identified with the use of mouse monoclonal
antibody (1:400; Chemicon International Inc., Billerica, MA). CGRP
was identified with the use of goat polyclonal antibody (1:200;
Abcam Inc., Cambridge, MA) and SP was identified with the use
of guinea pig polyclonal antibody (1:700; Abcam Inc., Cambridge,
MA). CY3-conjugated goat anti-rabbit IgG (1:500; Jackson Immu-
noresearch Laboratories Inc., West Grove, PA) was used to visualize
the PGP 9.5-immunoreactivity (IR); FITC-conjugated goat anti-
mouse IgG (1:100; Jackson Immunoresearch) was used to visualize
NR2B-IR; AMCA-conjugated donkey anti-goat IgG (1:100; Jackson
Immunoresearch Laboratories Inc., West Grove, PA) was used to
visualize the CGRP-IR; and AMCA-conjugated donkey anti-guinea
pig IgG (1:100; Jackson Immunoresearch Laboratories Inc., West
Grove, PA) was used to visualize the SP-IR. Sections were visualized
under a Leica DML fluorescent microscope attached to a Cool Snap
CCD camera. The specificity of receptor-like immunoreactivity was
confirmed by omission of the primary antibodies, and in the case of
SP and CGRP by preadsorption of the primary antibody with the
appropriate antigen.

2.10. Co-administration of glutamate, CGRP and SP antagonists

To study the role of possible mediators of glutamate-evoked
mechanical sensitization and neurogenic vasodilation, additional
nociceptor recordings were performed where glutamate (n = 6,
1 M) was injected alone or in combination with the CGRP antago-
nist CGRP 8–37 (n = 6, 20 lM; Tocris bioscience, Bristol, UK), the SP
antagonist L-703,606 (n = 6, 2.5 lM; Sigma–Aldrich, Oakville, ON,
Canada), or the competitive NMDA receptor antagonist 2-amino-
5-phosphonopentanoic acid (APV) (n = 6, 20 mM; Sigma–Aldrich,
MO, USA). In these experiments, following 10 min baseline record-
ing of the MT and temporalis muscle surface temperature, the tip
of a 26 gauge needle, connected via a polyethylene tube to a
50 ll Hamilton syringe (Hamilton, Reno, NV, USA), was inserted
near the muscle nociceptor and any spontaneous fiber activity
prior to injection and tissue surface temperature was recorded
for 10 min. The solutions were then injected and any evoked activ-
ity and tissue surface temperature were recorded for 10 min. After-
wards, the MTs and thermo images were taken every minute for a
total of half an hour.

2.11. Data analysis

2.11.1. BoNTA experiments
Sample size estimation using ANOVA suggested that samples of

12 nociceptors per group would allow the detection of a 25% differ-
ence in MT between PBS and BoNTA (a = 0.05, power = 0.80).
Therefore, in the initial BoNTA experiments, 12 nociceptors were
assigned to each group.

The average MT from ten consecutive stimuli was used to deter-
mine the baseline and post injection MT (for each time epoch) for
each fiber. Post injection MT was divided by the baseline MT to
yield relative MT. Evoked discharge was calculated by subtracting
the number of action potentials recorded during the 10 min epoch
before injection from the number recorded during the 10 min
epoch after injection.

A two-way repeated measures ANOVA was used on MT and tis-
sue surface temperature data with time (repeated, within subject
factor) and treatments (between subject factors) as factors to
determine the main effect of each factor and interactions between
factors. Holm-Sidak post hoc tests were used when a significant
factor effect was revealed by ANOVA. An unpaired t-test was used
for comparison between relative MT (before and after glutamate
administration) in BoNTA- and PBS-treated groups. Glutamate-
evoked activity of temporalis muscle nociceptors was compared
between BoNTA- and PBS-treated groups using Mann–Whitney
Rank Sum Test.

To analyze the thermo images, the desired area was marked by
a silver pen prior to the recording (5 � 5 mm) and was labeled with
the ‘‘area tool” of the analysis software (ThermaCAM Quick Report
1.0, FLIR Systems AB, Danderyd, Sweden). Then the average tem-
perature (�C) of this area was calculated and used for the statistical
tests. The rain palette was used for all analysis.

2.11.2. Pancuronium experiments
Paired t-tests were used to evaluate the effect of pancuronium

on MTs and glutamate-evoked mechanical sensitization. A re-
peated measures ANOVA was used to evaluate the effect of various
treatments on muscle surface temperature.

2.11.3. Quantitative Western blots
SNAP-25 was quantified by densitometric analysis using GAP-

DH as a loading control. The relative intensity of SNAP-25 band
to the housekeeping protein GAPDH was then calculated and used
for statistical analysis. The SNAP-25 content of the temporalis mus-
cle in BoNTA and PBS-treated groups was compared by an unpaired
t-test.

2.11.4. Interstitial glutamate concentration
Post injection interstitial concentration of glutamate (10 min

each 30 min for 3 h) in each temporalis muscle was divided by
pre injection interstitial concentration to yield relative glutamate
concentration. A two-way repeated measures ANOVA with time
and treatment as factors was used to assess differences between
BoNTA and PBS on glutamate concentration in the temporalis
muscle.

2.11.5. Immunohistochemistry
Fibers were considered positive when the intensity of the CY3,

FITC and AMCA signals, respectively, exceeded the 95% confidence
interval of the mean background intensity. The percentage of PGP
9.5 positive fibers that expressed NR2B, CGRP and substance P and
the percentage of co-expression (NR2B & CGRP or NR2B & sub-
stance P) were calculated from the results obtained in 5 muscle tis-
sue sections per rat. The percentages from all 5 rats were used to
calculate the mean and standard error.
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2.11.6. Antagonist experiments
Kruskal–Wallis one way ANOVA on ranks was used to assess

changes in MTs and a one way repeated measures ANOVA was
used on tissue surface temperature for the comparison of gluta-
mate alone and in combination with antagonists (CGRP 8–37, L-
703,606 and APV). Dunnett’s post hoc test further was used to
determine which antagonists affected glutamate-induced mechan-
ical sensitization or glutamate-evoked neurogenic vasodilation.

2.11.7. Analysis software
The analysis software consisted of Spike2 (Cambridge Electronic

Design, Cambridge, UK), SigmaStat version 3.0 (SPSS Inc., Chicago, IL,
USA) SigmaPlot version 10.0 (Systat Software, Cranes Software Inter-
national, Kamataka, India) and SPSS version 16 (SPSS Inc., Chicago, IL,
USA). Data in the text are reported as mean ± SEM (standard error of
the mean). For all statistical tests, P < 0.05 was considered
significant.

3. Results

3.1. Effect of BoNTA treatment

There were no significant differences in the CV, baseline MT, or
estrous cycle stage between the BoNTA and the PBS groups. Injec-
tion of BoNTA did not evoke significantly more activity than PBS.
However, injection of BoNTA significantly increased MT compared
to PBS at 2.5 and 3 h post injection (Fig. 2A) without significantly
modifying muscle surface temperature (Fig. 2B).

Intramuscular injection of glutamate (1 M) has been shown to
reliably evoke discharge from craniofacial muscle nociceptors
and mechanically sensitize them [15,13]. Glutamate injections
evoked discharge from all 24 nociceptors, which confirmed that
their terminations were within the temporalis muscle, although
there was no significant difference in glutamate-evoked discharge
when the BoNTA and PBS groups were compared (Fig. 3A). Gluta-
mate-induced mechanical sensitization, however, was significantly
attenuated in the BoNTA group when compared with the PBS
group (Fig. 3B).

Intramuscular injection of glutamate has also been demon-
strated to significantly increase blood flow through masticatory
muscle [14]. Measurement of muscle surface temperature by ther-
mographic imaging is a non-invasive means to assess changes in
tissue perfusion. Typical thermo images taken from one female
rat in the PBS-treated group are depicted in Fig. 4A. The images
show that injection of glutamate after PBS significantly increased
muscle surface temperature (2.5 �C); an indirect measure of mus-
cle perfusion. In contrast, muscle surface temperature did not
change if glutamate was injected after BoNTA (Fig. 4B).

3.2. Effect of Pancuronium

To rule out the possibility that the effect of BoNTA was due to
muscle paralysis, additional experiments on 4 nociceptors recorded
in 4 female rats were conducted to examine the effect of intravenous
administration of a paralytic dose of pancuronium. Pre injection of
pancuronium had no significant effect on nociceptor MT, did not in-
hibit glutamate-induced mechanical sensitization (Fig. 5A) or alter
glutamate-induced increases in temporalis muscle surface temper-
ature (Fig. 5B).

3.3. Effect of BoNTA on SNAP-25

BoNTA is thought to exert its effects through degradation of the
vesicular docking protein SNAP-25. In Western blot analysis, a
band at 25 kDa, the expected size of SNAP-25, was observed as
shown in Fig. 6A. SNAP-25 content was significantly decreased in
BoNTA-treated temporalis muscles (Fig. 6B).

3.4. Effect of BoNTA on Interstitial Glutamate Concentration

The mechanical sensitivity of craniofacial muscle nociceptors
can be modulated by alterations in interstitial glutamate concen-
tration [13]. Glutamate selective biosensors were employed to
determine whether BoNTA might be altering the release of gluta-
mate into the interstitial space of the temporalis muscle. There
was no significant difference in the mean interstitial concentra-
tion of glutamate when the left (17 ± 4 lM; control) and right
(20 ± 3 lM; BoNTA) temporalis muscles were compared. Injec-
tion of PBS into the temporalis muscle resulted in a slow decline
in glutamate concentrations. Following the intramuscular admin-
istration of BoNTA, interstitial glutamate declined more rapidly
and to a greater extent than following PBS administration
(Fig. 7).

3.5. Expression of CGRP and SP in Temporalis Nerve Fibers

Immunohistochemistry was undertaken to demonstrate
whether NR2B subunit positive nerve fibers within the temporalis
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Fig. 2. (A) The line and scatter plot illustrates the mean (error bars: SEM) relative
(change from baseline) MT of female temporalis muscle nociceptors following
intramuscular administration of BoNTA and PBS (n = 12 in each group). Two-way
repeated measures ANOVA revealed a significant effect of treatment but not time on
the muscle nociceptor MTs following intramuscular injection of BoNTA and PBS
(F1,154 = 4.401, P = 0.048). There was also an interaction between treatment and
time (F7,154 = 5.302, P < 0.001). A Holm-Sidak post hoc test indicated that average
relative MTs in BoNTA-treated group were significantly greater (*) than those in the
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(MT: Mechanical threshold). (B) The line and scatter plot illustrates the mean (error
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BoNTA and PBS into the female rats’ temporalis muscle. BoNTA had no significant
effect on the muscle surface temperature over the 3 h recording period.
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muscle express either CGRP or SP that could be released by gluta-
mate injections. Approximately 70% of temporalis muscle nerve fi-
bers expressed the NR2B subunit of NMDA receptor (Fig. 8).
Roughly 50% of NMDA receptor-expressing nerve fibers co-ex-
pressed SP or CGRP.

3.6. Blocking of glutamate-induced mechanical sensitization and
neurogenic vasodilation

The inhibition of glutamate-induced nociceptor mechanical
sensitization by BoNTA suggested that a neuromodulatory sub-
stance other than glutamate might also be contributing to the ob-
served effects of BoNTA on nociceptor MT. Our demonstration of
co-localization of substance P and CGRP with NMDA receptors on
nerve fibers in the temporalis muscle suggested that one or both
of these neuropeptides could be released to mediate the mechani-
cal sensitization. However, glutamate-induced mechanical sensiti-
zation was blocked only following the administration of the NMDA
receptor antagonist APV; CGRP and NK1 receptor antagonists had

no effect on glutamate-induced mechanical sensitization
(Fig. 9A). Glutamate-induced increases in muscle surface tempera-
ture, an indirect measure of neurogenic vasodilation, were,
however, significantly blocked following the administration of
antagonists for CGRP and NMDA receptors, but not NK1 receptors
(Fig. 9B).

4. Discussion

Prophylactic use of BoNTA to reduce migraine has yielded
inconsistent results [6,50]. The largest and most recent parallel
studies conducted on patients with chronic migraine treated with
BoNTA demonstrated significant reduction of headache days [12].
Recent studies also show that patients with imploding and ocular
migraines are more responsive to BoNTA than those with explod-
ing migraines [41,10].

For migraine prophylaxis, BoNTA is injected into uninjured cra-
niofacial muscles [22] similar to the approach used in the present
study. Previous animal studies have used inflammation and/or
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neuropathic injury to investigate the analgesic mechanism of BoN-
TA and have reported that BoNTA decreases nocifensive behavior,
mechanical sensitization and inflammation of the rat hind paw
[52,45,21]. These analgesic and anti-inflammatory effects were
not observed for several hours to several days after injection of
BoNTA. In humans, injection of BoNTA has also been shown to re-
duce both cutaneous mechanical sensitization and neurogenic
inflammation induced by intradermal injection of capsaicin
[32,31]. It is then suggested that BoNTA can exert anti-inflamma-
tory actions through inhibition of neurogenic vasodilation that
may contribute to its analgesic effects in inflammatory pain mod-
els. In the present study, BoNTA rapidly (within 2.5 h) increased
the MT of rat temporalis muscle nociceptors without significantly
altering muscle blood flow, as reflected by a lack of change in mus-
cle surface temperature. This finding indicates that the desensitiz-
ing effect of BoNTA on muscle nociceptors does not result from a
decrease in muscle blood flow.

The analgesic effect of BoNTA in the formalin model has been
suggested to be related to a blockade of vesicular glutamate release
in the skin after BoNTA treatment [21,51]. The mechanical sensitiv-
ity of craniofacial muscle nociceptors in rats also appears to be reg-
ulated, in part, by interstitial glutamate concentrations. Injection of
glutamate or glutamate receptor subtype selective agonists into
masticatory muscles briefly excites (� 1–5 min of discharge) and
induces a prolonged (� 3 h) mechanical sensitization of muscle
nociceptors through activation of peripheral glutamate receptors
[15,17,20,44,46]. The interstitial concentration of glutamate in
masticatory muscles is � 20 lM, and a 2–3 times increase in this

concentration has been shown to induce nociceptor mechanical
sensitization through peripheral NMDA receptor activation [13].
It has been speculated that vesicular release of glutamate by nerve
fibers makes a significant contribution towards the resting intersti-
tial concentration of glutamate in tissues [15,13,19]. In the present
study, BoNTA was found to significantly reduce the levels of the
vesicular docking protein SNAP-25 after injection into the tempo-
ralis muscle. BoNTA also significantly reduced baseline interstitial
glutamate concentration in the temporalis muscle by �70% after
2 h. Taken together, these data suggest that BoNTA blocks the
vesicular release of glutamate in the rat temporalis muscle. How-
ever, the decrease in interstitial glutamate concentration appeared
to precede rather than coincide with the elevation in nociceptor
MT. This time lag between changes in glutamate interstitial con-
centration and nociceptor MT in combination with our finding that
BoNTA inhibited mechanical sensitization induced by a subsequent
injection of glutamate into the temporalis muscle, suggested that
inhibition of the release of a neuromodulatory substance other
than glutamate might also be contributing to the observed effects
of BoNTA on nociceptor MT.

SP and CGRP have been suggested to play an important role in
peripheral sensitization and neurogenic inflammation in craniofa-
cial muscles that may also be relevant to the initiation of head-
aches [54,27]. Trigeminal ganglion neurons that project to
masticatory muscle express both SP and CGRP-like immunoreac-
tivity [3]. The CGRP antagonist CGRP 8–37 has been shown to
attenuate mechanical sensitization and plasma protein extravasa-
tion in the masseter muscle produced by intramuscular injection
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of Freund’s complete adjuvant [3]. Injection of SP into the masseter
muscle did induce edema formation, however, NK1 antagonists
were not found to be effective inhibitors of neurogenic inflamma-
tion in this muscle [57]. In the present study, glutamate, which is
not inflammatory [30], was used to induce mechanical sensitiza-
tion and increase muscle blood flow in the temporalis muscle. It
was found that NMDA-expressing nerve fibers in temporalis mus-
cle, which could be excited by glutamate, co-expressed both CGRP
and SP. Injection of glutamate did appear to cause the release of
both neuropeptides, as glutamate-induced neurogenic vasodilation
was attenuated by CGRP and, to a lesser extent, NK1 receptor
antagonists. However, despite evidence of their release after intra-
muscular injection of glutamate, neither CGRP nor SP appeared to
contribute significantly to glutamate-induced mechanical sensiti-
zation of temporalis muscle nociceptors. As both NMDA receptor
antagonists and BoNTA did significantly inhibit glutamate-induced
mechanical sensitization, one explanation for this finding is that a
single intramuscular injection of a high concentration of glutamate
is sufficient to induce a prolonged depolarization of the temporalis
nociceptor terminals which results in the continued vesicular
release of glutamate itself; an effect which would be blocked by

BoNTA. It is equally feasible that an as yet unidentified substance
is released by elevated interstitial glutamate concentrations to
mediate glutamate-induced mechanical sensitization. Although
the mechanism is not entirely resolved, the results of the present
study do indicate that attenuation of vesicular release by BoNTA
increases the MT of temporalis muscle nociceptors in vivo.

CGRP is proposed to play a significant role in migraine [60,63]. A
previous study reported that BoNTA did not alter basal CGRP re-
lease but dramatically reduced the evoked CGRP release in
in vitro models [24]. In the present study, it was also found that
BoNTA had no effect on resting tissue perfusion in the temporalis
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muscle but did inhibit neurogenic vasodilation evoked by injection
of glutamate. The vesicular release of CGRP mediates neurogenic
vasodilation evoked by glutamate based on our findings that tem-
poralis nerve fibers express CGRP and glutamate-evoked vasodila-
tion was inhibited by a CGRP receptor antagonist. Therefore,
BoNTA could mediate its migraine prophylactic effects, in part,
through inhibition of CGRP release, although future studies are re-
quired to test this concept.

4.1. Clinical implications of the present findings for migraine
prophylaxis

There is controversy in the literature with regard to whether
migraine and/or other headaches can be provoked by input from
the craniofacial muscles. For example, while the EMG activity of
craniofacial muscles (e.g. frontalis and temporalis muscles) do
not significantly differ in migraine patients compared with healthy
controls [39,8], removal of the corrugator supercilii muscle, a mus-
cle on the forehead near the eye, can significantly improve mi-
graine headaches in patients [35]. Migraine patients often
complain of mechanical sensitivity of the craniofacial region with
cutaneous allodynia developing in 79% of migraine patients during
the headache [9,11]. While the pathogenesis of migraine remains
incompletely understood, migraine-related mechanical sensitivity
likely reflects both local changes in peripheral nociceptor excitabil-
ity and central sensitization, which can lead to spreading of the

allodynia outside of the craniofacial region [9,11]. Animal research
indicates that certain cervical spinal cord and trigeminal nocicep-
tive neurons receive input from both the dura and craniofacial
muscles, and that ongoing nociceptive input from craniofacial
muscle is sufficient to induce prolonged sensitization of nocicep-
tive neurons [48,2,42,49], so it is feasible that this mechanism in-
creases the potential for headache development.

Increased trigeminal nerve terminal excitability associated with
peripheral sensitization may be accompanied by the release of
vasoactive substances like glutamate, CGRP and SP in migraine
[33,34,37]. In particular, an association between increased gluta-
mate release and migraine is suggested by several studies where
the concentration of glutamate in the blood was found to be signif-
icantly elevated in migraine sufferers compared to healthy controls
and further elevated in migraine sufferers during attacks [29,1,28].
In healthy individuals, oral administration of monosodium gluta-
mate (MSG), which increased blood levels 3–5 times above base-
line, significantly increased reports of headache and pericranial
muscle tenderness [7]. An �70% reduction in blood glutamate con-
centrations reduced the frequency of migraine by half in a recent
study [28]. Our findings suggest that injection of BoNTA into cra-
niofacial muscles decreases interstitial glutamate concentration
in the muscle and that this action was associated with an increase
in nociceptor MT. BoNTA also prevented exogenously administered
glutamate from inducing mechanical sensitization of muscle
nociceptors. Based on these results, we conclude that injections
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of BoNTA into craniofacial muscles of migraine sufferers reduce the
local sensitivity of muscle nociceptors at the injection sites and
speculate that BoNTA could also act to reduce blood glutamate
concentration similar to other prophylactic treatments [28].

While there is little doubt that CGRP plays an important role in
the pathogenesis of migraine, there is some controversy as to
whether the levels of this vasoactive peptide are elevated in mi-
graine sufferers [40,62,63]. However, intravenous administration
of CGRP causes migraine-like headaches in migraine sufferers
and it has been found that drugs which reduce the release of CGRP
(e.g. sumatriptan) or block its receptors (e.g. tecalgepant) are effec-
tive migraine treatments and may also be effective for prophylaxis
against migraine attacks [43,63]. In the present study, CGRP release
was induced by elevated interstitial glutamate concentrations in
the temporalis muscle and attenuated by injection of BoNTA. This
finding suggests that the mechanism of BoNTA for migraine pro-
phylaxis could also involve the inhibition of the release of CGRP
from sensitized craniofacial muscles.
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