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Botulinum neurotoxin type-A (BoNT-A) is clinically used for patients with pain disorders and dystonia. The
precise mechanism whereby BoNT-A controls pain remains elusive. Here, we studied how BoNT-A affects
the expression of the transient receptor potential vanilloid subfamily member 1 (TRPV1), a cation channel
critically implicated in nociception, in the trigeminal system. Histological studies revealed that subcutaneous
BoNT-A injection (0.25, 0.5, or 5 ng/kg) into the face targeted the ophthalmic division of trigeminal ganglion
(TG) neurons and decreased TRPV1-immunoreactive neurons in the TG and TRPV1-immunoreactive fibers in
rat trigeminal terminals. Of note, TG neurons that received projections from the dura mater, a principal site of
headache generation, had reduced TRPV1 expression. BoNT-A-induced cleavage of SNAP25 (synaptosomal-
associated protein of 25-kDa) in the TG became obvious 2 days after BoNT-A administration and persisted for
at least 14 days. Quantitative real-time RT-PCR (reverse transcription-polymerase chain reaction) data indicated
that the TRPV1-decreasing effects of BoNT-A were not mediated by transcriptional downregulation. By
employing a surface protein biotin-labeling assay, we demonstrated that BoNT-A inhibited TRPV1 trafficking
to the plasma membrane in primary TG neurons. Moreover, Y200F-mutated TRPV1, which is incapable of
trafficking to the plasma membrane, was expressed in PC12 cells by transfection, and pharmacological studies
revealed that TRPV1 in the cytoplasm was more predisposed to proteasome-mediated proteolysis than plasma
membrane-located TRPV1. We conclude that the mechanism by which BoNT-A reduces TRPV1 expression
involves the inhibition of TRPV1 plasma membrane trafficking and proteasome-mediated degradation in the
cytoplasm. This paradigm seems to explain how BoNT-A alleviates TRPV1-mediated pain. Our data reveal a likely
molecular mechanism whereby BoNT-A treatment reduces TRPV1 expression in the trigeminal system and
provide important clues to novel therapeutic measures for ameliorating craniofacial pain.

© 2012 Elsevier Inc. All rights reserved.

Introduction

2010). In addition, there is good evidence that BoNT-A is effective in
treating pain disorders. After an extensive review of the literature, the

Botulinum neurotoxin type-A (BoNT-A) cleaves the SNARE (soluble
N-ethylmaleimide-sensitive factor attachment protein receptor)
synaptosomal-associated protein of 25-kDa (SNAP25) and inhibits
regulated exocytosis (Dolly et al., 2009; Meng et al., 2007; Stidhof
and Rothman, 2009). BoNT-A potently inhibits exocytosis at presyn-
aptic terminals, causing flaccid muscle paralysis and is regarded as
one of the most lethal toxins known to man. However, its pharmacolog-
ical properties can be strategically utilized to modulate the exocytosis-
mediated release of neurotransmitters, particularly acetylcholine, at
the neuromuscular junction. Accordingly, BoNT-A and botulinum
neurotoxin type-B (BoNT-B) are now used in clinical practice for a variety
of muscular problems, including dystonia and spasticity (Lim and Seet,

* Corresponding author. Fax: +81 3 3353 1272.
E-mail address: shimizu-toshi@umin.acjp (T. Shimizu).
Available online on ScienceDirect (www.sciencedirect.com).
! These authors contributed equally to this work.

0969-9961/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.nbd.2012.07.010

Therapeutics and Technology Assessment Subcommittee of the American
Academy of Neurology (TTAS/AAN) concluded that botulinum neuro-
toxin (BoNT) may be an effective treatment for lower back pain and
should be considered for this condition (Naumann et al, 2008).
BoNT-A has been shown to also be effective for craniofacial pain. The
utility of BONT-A in the treatment of chronic migraine has been demon-
strated in randomized, placebo-controlled parallel studies performed in
the United States and Europe (Aurora et al.,, 2010; Diener et al., 2010).
As a consequence, the agent is now approved for patients with chronic
migraine. Gazerani et al. (2009) examined the effect of subcutaneous
BoNT-A treatment on trigeminal pain and vasomotor reactions caused
by the local injection of capsaicin, the pungent ingredient in chili pepper,
into the foreheads of 14 human volunteers (Gazerani et al, 2009).
Strikingly, BONT-A decreased capsaicin-induced trigeminal pain inten-
sity, pain area, secondary hyperalgesia, flare area and vasomotor re-
actions. The receptor that binds capsaicin has been identified as a
non-selective cation channel termed the transient receptor potential
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vanilloid subfamily member 1 (TRPV1), which is abundantly expressed
in nociceptive cells. TRPV1 is also responsive to protons and noxious
heat (>42 °C) and plays a role in transducing chemical and thermal
nociceptive stimuli into neural signals that are eventually perceived as
pain (Szallasi et al,, 2006). TRPV1 mobilization from intracellular stores
to the plasma membrane involves regulated exocytosis (Dolly et al,
2009; Morenilla-Palao et al.,, 2004). Hence, BoNT-A is likely to inhibit
the trafficking of TRPV1 to the plasma membrane. There is histological
evidence that local BoNT-A administration decreases TRPV1 expression
levels in the human bladder (Apostolidis et al., 2005). At present, the
molecular mechanism by which BoNT-A-mediated exocytosis inhibition
reduces TRPV1 expression remains elusive. Unraveling this mechanism
should contribute to the design of novel therapeutic strategies against
pain disorders, especially inflammatory pain. TRPV1 functions are
enhanced by inflammatory mediators, which cause TRPV1 phos-
phorylation by activating various protein kinases (Bhave et al,, 2003;
Bonnington and McNaughton, 2003; Gunthorpe and Chizh, 2009;
Morenilla-Palao et al., 2004; Stein et al,, 2006; Zhang et al., 2005; Zhu
and Oxford, 2007). TRPV1 function is facilitated by enhanced channel
activity and/or recruitment of TRPV1 from intracellular stores and
their subsequent insertion into the plasma membrane, which leads to
inflammatory hyperalgesia (Bonnington and McNaughton, 2003;
Morenilla-Palao et al., 2004; Stein et al,, 2006; Van Buren et al., 2005;
Zhang et al,, 2005). Therefore, inhibiting exocytosis and subsequent
attenuation of TRPV1 expression appears to be useful in preventing the
development of inflammatory hyperalgesia. We recently demonstrated
the existence of TRPV1-immunoreactive nerve fibers in the dura mater
that originate in the trigeminal ganglion (TG) (Shimizu et al,, 2007).
The dura mater is densely innervated by trigeminal nociceptors, and
inflammatory processes often involve this exquisitely pain-sensitive
intracranial structure. Clinically, meningitis causes excruciating pain
that is often refractory to existing pain medications.

Here, we provide in vivo and in vitro evidence that BoNT-A hinders
the recruitment of TRPV1 to the plasma membrane, and we show that
the failure of TRPV1 plasma membrane trafficking leads to intracellular
TRPV1 degradation by the proteasome. We further use behavioral
analysis to demonstrate that the antinociceptive action of BoNT-A is
selective for TRPV1-mediated pain. We propose that therapeutic
measures that interfere with TRPV1 plasma membrane trafficking
could be effective, especially against inflammatory hyperalgesic
conditions.

Material and methods
Animals

A total of 71 male Sprague Dawley (SD) rats weighting 200-250 g
were used for the study (32 for immunohistochemistry, 21 for Western
blotting, 12 for RT-PCR, and 35 for behavior analysis). In addition, a total
of 73 neonatal SD rats were used for TG primary cultures. The experi-
mental procedures were approved by the Animal Welfare Committee
of Keio University (No. 08076). All the procedures were undertaken
with utmost caution to minimize the suffering of the animals.

True blue injection to the skin region innervated by V1 of the trigeminal
nerve

To confirm the distribution pattern of TG neurons innervating the
skin, three SD rats were injected with 1% retrograde axonal tracer
(true blue, 5-benzofurancarboximidamide, 2,2’-[1,2-ethenediyl] bis-,
dihydrochloride [Invitrogen, Carlsbad, CA] solution, 30 pl) into the
left dorso-lateral side of the nose between the upper whisker pad and
the ipsilateral eye, and the left TG was dissected out after perfusion
fixation at 14 days.

BoNT-A and true blue injection to the skin region innervated by V1 of the
trigeminal nerve

Fifteen SD rats were divided into 3 groups (control, BoNT-A
0.5 ng/kg, BoNT-A 5 ng/kg [Wako, Osaka, Japan]). The animals were
deeply anesthetized with an intraperitoneal injection of pentobarbital
(30 mg/kg body weight). Control animals were injected with 30 pl
saline containing 1% true blue in the left dorso-lateral nose between
the upper whisker pad and the ipsilateral eye.

In the other two groups, BoNT-A 0.5 ng/kg or BoNT-A 5 ng/kg
containing 1% true blue solution (30 ul) were injected into the left
side of the face. After 14 days, each group of animals was perfused,
and the left TG was dissected out.

BoNT-A injection to the facial skin

Five SD rats were injected with saline as control, and the other 5
animals were injected with 0.5 ng/kg BoNT-A into the left side of
the face, and the left facial dermis around the injection site was
dissected out after perfusion fixation at 14 days.

True blue application to the dura mater and BoNT-A injection to the skin

Ten SD rats were anesthetized with an intraperitoneal injection of
pentobarbital (30 mg/kg body weight). The heads of the animals
were fixed in a stereotaxic frame, and a small burr hole was made
in the left parietal bone around the middle meningeal artery. The
dura mater was kept intact. A bank was built around the burr hole
using dental cement (lonosit, DMG) to prevent the spreading of
what was to be locally administered to the dura. True blue was
applied to the dura mater, and the application site was covered with
the skull bone and dental cement. Seven days after tracer application,
0.5 ng/kg BoNT-A was injected into the left side of the face in 5 animals,
and the 5 control animals were injected with saline into the left side of
the face. After 7 days, the animals were sacrificed, and the left TGs were
dissected out.

Immunohistochemical procedures

All animals were perfused with 200 ml of 0.01 M phosphate-
buffered saline (PBS, pH 7.2), followed by a mixture of 2% formaldehyde
and 0.2% picric acid in 0.1 M phosphate buffer, pH 7.0. Immediately
after the perfusion-fixation, the TG was dissected out and immersed
overnight in phosphate buffer containing 20% sucrose at 4 °C and then
processed into 10-um sections with a cryostat (Reichert-Jung Cryocut
1800; Leica Instruments).

Sections were preincubated with 10% normal donkey serum for
30 min followed by incubation with primary antibodies for 48-72 h
at room temperature, The primary antibodies were then washed off
with 0.01 M PBS, and the tissue specimens were incubated with
species-specific secondary antibodies for 2 h at room temperature.
Specimens were mounted in buffered glycerol (pH 8.6).

Slides were labeled with anti-TRPV1 receptor antibody corresponding
to residues 824-838 (EDAEVFKDSMVPGEK) of rat TRPV1 (raised in
rabbit; code KM 018; Trans Genic, Kumamoto, Japan). The specificity of
the anti-TRPV1 receptor antibody was previously demonstrated.

Slides of TG sections were labeled with anti-TRPV1 receptor anti-
body (raised in rabbit; Trans Genic). Slides of the facial dermis were
double-labeled with anti-TRPV1 receptor antibody and anti-CGRP
antibody (raised in guinea pig; code B-GP 640-1; Euro-Diagnostica).
Immunoreactivities with the primary antibodies were visualized
with species-specific secondary antibodies raised in donkey and con-
jugated to Cy-3 or fluorescein isothiocyanate (FITC) that was obtained
from Jackson Immunoresearch Laboratories (West Grove, PA).
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Microscopy and quantitative analyses

Immunolabeled specimens were examined under an Olympus BX
50 microscope (Olympus, Tokyo, Japan) fitted with highly discrimi-
nating filters. Images were captured via a Sony CCD video camera
(model XCD-SX 900; Sony, Tokyo, Japan) connected to an EPSON
computer. The images were stored, and the area of the cell bodies
that contained nuclei was measured using image analysis software
(CHORI Imaging Corporation, Yokohama, Japan).

For quantitative analysis of TG tracer experiments, we estimated the
number of the tracer-positive neurons in every third section that
contained nuclei. We also counted the number of TRPV1-IR neurons
with true blue accumulation. Cell counting was performed by a
researcher blinded to the experimental conditions.

For quantification of TRPV1-IR in the nerve terminal of the dermis,
we chose 5 dermal sections near the BoNT-A injected side in each
animal. Section images were captured and binarized into black and
white pixels using Adobe Photoshop (version 7.0; Adobe Systems,
Mountain View, CA), and the areas of individual nerve bundles and
the areas of TRPV1 containing nerve fibers within each nerve bundle
were measured using the Image ] analysis software (National Institutes
of Health, Bethesda, MD). We calculated the proportions of the area of
TRPV1-positive nerve fibers within the nerve bundle containing them.

Western blot analysis for tissue samples of TG and facial dermis

Twenty-one SD rats were divided into 7 groups (3 animals in each
group). BoNT-A (0.25 ng/kg or 0.5 ng/kg) was injected into the face
bilaterally. The animals were sacrificed on Day 2, 7 or 14 after injec-
tion. Control animals were injected with saline and were sacrificed
on Day 7. After excision, TG tissues were homogenized in ice-cold
lysis buffer (20 mM Tris [pH 7.4}, 150 mM NaCl, 1 mM EDTA, 0.1%
SDS and Complete Protease Inhibitor Cocktail [Roche, Mannheim,
Germany]). A portion of the dermis around the BoNT-A injection site
was removed, finely chopped and homogenized. The homogenates
were centrifuged, and the supernatants were used for Western blot anal-
ysis. The primary antibodies used were rabbit anti-SNAP25 (Covance,
Berkeley, CA), rabbit anti-TRPV1 antibody (Trans Genic), mouse
anti-o-tubulin (Sigma, St. Louis, MO) and rabbit anti-neurofilament
(Chemicon, Temecula, CA). Immunoreactive bands were developed
with enhanced chemiluminescence reagent (ECL-Plus; Perkin-Elmer,
Waltham, MA) and detected with a LAS-4000 lumino-image analyzer
(Fuji Film, Tokyo, Japan).

RT-PCR

Twelve SD rats were divided into 3 groups (4 animals in each
group). BoNT-A (0.5 ng/kg) was injected into the face bilaterally,
and the rats were sacrificed at 2 or 7 days after BoNT-A injection.
Untreated rats were used as controls. Total RNA was prepared from
TG tissue with TRIzol reagent (Invitrogen). cDNA synthesis was
performed using the SuperScript™ III First-Strand Synthesis System for
RT-PCR (Invitrogen). Target amplification for TRPV1 and GAPDH c¢DNAs
was carried out with a TagMan® Gene Expression Assay system (Applied
Biosystems, Carlsbad, CA). We used a TagMan® gene expression assay
[20x] for TRPVI cDNA [Rn01460299_m1, ION11000001109900000] or
GAPDH assay mix: rat GAPD endogenous control kit for GAPDH cDNA.
Real-time quantitative PCR was performed by using a StepOnePlus™ in-
strument (Applied Biosystems). The quantification of TRPV1 transcripts
was performed according to the comparative calculated threshold cycle
method.

Pain-related behavior analysis

SD rats were anesthetized with halothane, and their faces were
shaved. Capsaicin (3.1 mg, Wako Co. LTD., Japan) was dissolved in a

solution of 100% ethanol (62.5 pl) and Tween-80 (65.6 pl) in saline
(871.8 pl) to produce a 10 mM capsaicin solution. Then, an 8 x8 mm
cotton patch was soaked in the 10 mM capsaicin solution and placed
on the surface of the lateral facial skin of each animal for 30 s without
anesthesia in the capsaicin-treated group (Honda et al.,, 2008). BoNT-A
(0.5 ng/kg) was injected into the left side of the face 7 days before cap-
saicin administration. The TRPV1 antagonist capsazepine was dissolved
in dimethylsulfoxide (DMSO) at a final concentration of 10 mM. The
capsazepine solution was subcutaneously administered into the lateral
facial skin (infraorbital region) using a 29 Gx 1/2 needle under light
halothane anesthesia (AstraZeneca) 30 min prior to capsaicin patch
application. We measured the frequency of wipes over the face using
the forelimb as an index of nociception. Only unilateral wipes with
the forelimb that were not part of grooming behavior were counted
(Shimada and LaMotte, 2008). These wipes usually consisted of a
gentle, single caudal to rostral stroke of the lateral face. We never
observed back and forth stroking suggestive of scratching. The P2X;
agonist, o,3-methyleneATP, was dissolved in saline to a concentration
of 20 mM and subcutaneously injected into the lateral facial skin
using a 29 Gx1/2 needle under light halothane anesthesia. Pain-
related behaviors were induced by mechanical stimulation with home-
made von Frey hairs (VFHs, diameter: 0.5 mm; bending forces:
92.2 mN). Rats were allowed to acclimate to their surroundings for
60 min before testing. During the mechanical sensitivity assessment,
the animals were treated gently and restrained at the trunk with a
towel. Each VFH was applied ten times (once every 2-3 s) to the lateral
facial skin, and the number of forelimb or withdrawal responses was
counted (Shinoda et al,, 2007). The frequency of nocifensive behaviors
(head withdrawal or wiping) was measured in 10 trials. Stimulation
of the skin with the 92.2-mN VFHs elicits a sensation of painful pricking.
A significant increase in the frequency of face withdrawal and wiping in
response to these mechanical stimuli was interpreted as punctate
hyperalgesia. Behavioral tests were carried out at four time points:
before and 5, 20 and 30 min after o,3-methyleneATP administration.

Primary TG neuronal cultures and immunocytochemistry

Primary cultures of TG neurons were prepared from neonatal SD
rats (1-3 days old). Briefly, the brains were dissected, and TG tissue
samples were minced in ice-cold HBSS (Hank's balanced saline solution;
Invitrogen). After centrifugation, the pellet was resuspended in Leibovitz
L15 (Invitrogen) containing 250 U/ml collagenase (Worthington,
Lakewood, NJ), 1 U/ml elastase (Worthington), and 5 U/ml papain
(Worthington), and the suspension was incubated for 1.5 h at 37 °C.
After quenching the proteases, the suspension was centrifuged, and
cells were dissociated by trituration. Dissociated cells were grown in
Dulbecco's modified Eagle's medium (DMEM)/F12 (Invitrogen)
supplemented with 10% fetal bovine serum (FBS), 50 ng/ml NGF
(Sigma), and 1% penicillin/streptomycin (Invitrogen). For immunocyto-
chemical analysis, cells were fixed with 4% paraformaldehyde/PBS,
permeabilized with 0.1% TritonX-100/PBS, and blocked with 1% normal
goat serum/PBS. They were subsequently incubated with the following
primary antibodies: rabbit anti-TRPV1 (Trans Genic) and guinea pig
anti-CGRP (EuroDiagnostica, Malmo, Sweden). Immunoreactivity (IR)
was visualized with appropriate FITC- and Cy3-conjugated secondary
antibodies (Jackson ImmunoResearch). The nuclei were stained with
DAPI, and confocal images were captured using a Leica TCS-SP5 confocal
microscope.

Cell surface biotinylation of TG primary neurons

The biotinylation and isolation of cell surface proteins in TG primary
neurons were performed using a Pierce® Cell Surface Protein [solation
Kit (Pierce Biotechnology, Rockford, IL) according to the manufacturer's
instructions. Twenty-four hours after treatment with either BoNT-A
(1 nM) or vehicle (water), the TG primary neurons were incubated
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with sulfo-NHS-SS-biotin to biotin-label cell surface proteins before
they were collected and disrupted in lysis buffer. The solutions were
centrifuged, and a small aliquot of supernatant was preserved as
whole cell lysate. The remaining supernatants were incubated with
NeutrAvidin agarose, and biotinylated proteins attached to the
NeutrAvidin agarose were eluted with Laemmli sample buffer.
Biotinylated fractions of TRPV1 and the a1 subunit of Na/K ATPase
were analyzed by Western blotting using antibodies for anti-TRPV1
(Trans Genic), anti-P2X; (Chemicon), and anti-Na/K-ATPase ol
subunit (Abcam, Cambridge, MA). For normalization, the results
were compared with Western blot data from whole cell lysate sam-
ples, which were obtained with rabbit anti-TRPV1 (Trans Genic),
rabbit anti-SNAP25 (Chemicon) and rabbit anti-GAPDH (Santa Cruz
Biotechnology, Santa Cruz, CA). Immunoreactive band densitometric
analysis was performed with Multigauge software version 3.3 (Fuji
Film, Tokyo, Japan). For assessing the plasma cell membrane transloca-
tion of TRPV1, we calculated the ratio of TRPV1 level in the biotinylated
fraction sample to that in the corresponding whole cell lysate sample.

Transfection of TRPV1 expression vectors into PC12 cells

Using the total RNA sample from TG tissue, full-length rat TRPV1
cDNA was amplified with the following set of oligonucleotide primers:
forward: 5'-ggaattctggaacaacgggctagettagac-3'; reverse: 5'-ggggtacctta
tttctceectgggaccat-3’. The PCR product was subcloned into pEGFP-C3
(Clontech, Mountain View, CA). To create a point mutation (Tyr200Phe
[Y200F]), we used a QuikChange® site-directed mutagenesis kit
(Stratagene, Santa Clara, CA). PC12 cells were grown in DMEM/F12
supplemented with 15% horse serum, 2.5% FBS, and 1% penicillin-
streptomycin solution. The plasmids for wild-type and Y200F TRPV1
were transfected using Lipofectamine 2000 (Invitrogen). The expres-
sion of the EGFP-TRPV1 fusion proteins was confirmed by capturing
the florescence images using a Leica confocal TCS-SP5 microscope. Cell
lysates were subjected to Western blot analyses using rabbit anti-GFP
(MBL, Nagoya, Japan) and mouse anti-a-tubulin (Sigma). Immunoreac-
tive band densitometric analysis was carried out employing the
Multigauge software version 3.3 (Fuji Film, Tokyo, Japan).

Statistical analysis

Unless otherwise stated, all the numerical data are expressed as
the mean4SD. SPSS for Windows (SPSS Inc., Chicago, IL), version
19, was used for all statistical analyses. Differences of quantitative
data between the two groups were assessed using Student's t-tests,
The densitometric data for EGFP-TRPV1 fusion protein expression
levels, TG cell numbers and behavioral parameters were compared

using one-way analysis of variance (ANOVA), followed by Scheffé's
post hoc test. Statistical significance was set at p<0.05.

Results

We injected true blue tracer into the left dorso-lateral portion of
the nose between the upper whisker pad and the ipsilateral eye to
identify the TG neurons innervating the injected region. As shown
in Fig. 1, tracer accumulation was observed in the ophthalmic division
of the TG. In other sections, a small number of true blue-accumulating
neurons were present in the maxillary division (data not shown).

In Fig. 2, neurons retrogradely labeled with true blue showing
TRPV1-IR were observed in the TG of each group. When we compared
the proportion of TRPV1-IR-containing neurons in true blue-containing
neurons among the three groups, the ratio was significantly different
between the control and BoNT-A-injected groups (Figs. 2B, C, E, F, H,
and I). In the control group, the proportion of TRPV1-IR-containing
neurons in true blue-accumulated neurons was 28% (n = 1432 neurons
from 5 animals). However, in animals injected with 0.5 ng/kg or 5 ng/kg
BoNT-A, the proportion of TRPV1-IR-containing neurons in true blue-
accumulated neurons was 11% (n=961 neurons from 5 animals) and
9% (n="727 neurons from 5 animals), respectively. These decreases
were significant compared to the ratio observed in the control group
(one-way ANOVA, followed by Scheffé's post hoc test analyses,
p<0.05; Fig. 2]). We also observed TRPV1-IR in the skin to determine
whether BoNT-A affects TRPV1 expression in the nerve terminals. In
control animals, TRPV1-IR nerve fibers with varicosities were observed
in the dermis near the injection site (Fig. 3A). Several nerve fibers
colocalized with CGRP-IR (Figs. 3B, C). After BoNT-A injection, the
number of TRPV1-IR nerve fibers was decreased (Fig. 3D). However,
the CGRP-IR-containing nerve fibers remained intact following BoNT-A
injection (Figs. 3E and F). The proportion of the area of TRPV1-positive
nerve fibers within the nerve bundle containing them in BoNT-A treated
animals was 3.8 + 2.1%, which was significantly lower than that in the
control group (22.449.1%; Student's t-test, p<0.0001). When we uni-
laterally applied a tracer to the dura mater, tracer-accumulated neurons
were observed in the TG on the ipsilateral side. As shown in Figs. 4A-C,
neurons retrogradely labeled with true blue showing TRPV1-IR were
observed in the control group. The proportion of TRPV1-IR-containing
neurons that were also true blue-positive was 27% (Fig. 4G; n=>572
neurons from 5 animals). In BoNT-A treated animals, tracer-
accumulation and TRPV1-IR were also observed (Figs. 4D and E). How-
ever, the number of TRPV1-IR neurons retrogradely labeled with true
blue was reduced (Fig. 4F). The proportion of TRPV1-IR-containing,
true blue-positive neurons in BoNT-A treated animals was 11% (n=
697 neurons from 5 animals), and this was significantly decreased

Fig. 1. The distribution pattern of TG neurons retrogradely labeled with true blue. (A) Sections of TG neurons retrogradely labeled with true blue. This picture was produced by
merging fluorescence and transillumination images in the same field. The asterisk indicates the ophthalmic division, and the arrow points to the mandibular division of the TG.
The arrowheads show neurons labeled with true blue, most of which are localized in the ophthalmic division of the TG. (B) Enlarged fluorescence image of (A). Scale bars:

1 mm (A) and 100 pm (B).
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Fig. 2. Decreased number of TRPV1-IR neurons after TG BoNT-A treatment. TG sections containing neurons retrogradely labeled with true blue (A, D, G) and TRPV1-IR (B, E, H).
(C) Merged image of (A) and (B). (F) Merged image of (D) and (E). (I) Merged image of (G) and (H). In control animals (A-C), neurons retrogradely labeled with true blue (A)
and colocalized with TRPV1-IR (B) are indicated by arrows, and true blue-containing neurons without TRPV1-IR are indicated by arrowheads. In BoNT-A-treated animals (D-F,
injected with 0.5 ng/kg BoNT-A containing 1% true blue solution and G-], injected with 5 ng/kg containing 1% true blue solution), most of the neurons retrogradely labeled with
true blue did not colocalize with TRPV1-IR (arrows). Scale bar: 50 um for all images. (J) Histogram summarizing the quantitative data on the proportion of TRPV1-IR-containing
neurons in true blue-positive neurons. Differences between means were considered statistically significant at p<0.05 (one-way ANOVA followed by Scheffé's post hoc test).

compared to the ratio observed in the control group (Student's t-test,
p<0.0001; Fig. 4G).

Western blot data confirmed decreased TRPV1 expression in the
TG and facial dermis 7 days after BoNT-A administration at a dose of
0.25 ng/kg (Fig. 5A). As for BoNT-A-induced cleavage of SNAP25 in
the TG, SNAP25 was cleaved in a dose-dependent manner beginning
2 days after BONT-A administration (Fig. 5B). SNAP25 cleavage was
evident for up to 14 days.

We next considered whether reduced TRPV1 expression was due to
inhibited TRPV1 gene transcription. Quantitative real-time RT-PCR using
TagMan® probes showed that the ratios of TRPVT gene transcription to
the basal level TRPV1 gene transcription were 0.942 4 0.272 (mean+

SD)and 1.151 4+ 0.584 at 2 and 7 days following BoNT-A administration,
respectively (Fig. 5C). The trend toward an increased mRNA level at Day
7 might reflect a compensatory change that occurred in response to
decreased protein expression. These data suggest that the decrease in
TRPV1 expression was due to a post-transcriptional mechanism(s)
rather than transcriptional downregulation.

We subsequently carried out pain-related behavior assays to con-
firm the functional significance of the BoNT-A-induced reduction in
TRPV1 expression. The number of wipes on the left face was counted
for 45 min after applying a cotton patch soaked with 10 mM capsaicin
to the left face for 30 s. These induced nocifensive behaviors in the
capsaicin-treated group (caps), such as wipes with the forelimb over



