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Abstract

Peripheral serotonin (5HT) has been implicated in migraine and temporomandibular pain disorders
in humans and animal models and yet the mechanism(s) by which 5HT evokes pain remains
unclear. Trigeminal pain can be triggered by activation of the transient receptor potential V1
channel (TRPV1), expressed by a subset of nociceptive trigeminal ganglia (TG) neurons and gated
by capsaicin, noxious heat, and other noxious stimuli. As 5HT is released in the periphery during
inflammation and evokes thermal hyperalgesia and TRPV1 is essential for thermal hyperalgesia,
we hypothesized that SHT increases the activity of capsaicin-sensitive trigeminal neurons and that
this increase can be attenuated by pharmacologically targeting peripheral SHT receptors. TG
cultures were pretreated with 5SHT (10 nM-100 uM), sumatriptan (5HT1g/1p agonist), ketanserin
(5HT,4 antagonist), granisetron (5HT3 antagonist) or vehicle prior to capsaicin (30 nM — 50 nM).
Single-cell accumulation of intracellular calcium was recorded or CGRP release was measured
following each treatment. In addition, using in situ hybridization and immunohistochemistry, we
detected the co-localization of 5HT1g, 5HT1p, 5SHT24 and 5HT3a, but not 5SHToc, MRNA with
TRPV1in TG cells. 5SHT pretreatment evoked a significant increase in calcium accumulation in
capsaicin-sensitive trigeminal neurons and enhanced capsaicin-evoked CGRP release, but had no
significant effect when given alone. Sumatriptan, ketanserin and granisetron treatment attenuated
calcium accumulation and 5HT enhancement of capsaicin-evoked CGRP release. Together these
results indicate that SHT increases the activity of capsaicin-sensitive peripheral nociceptors, which
can be attenuated by pharmacologically targeting peripheral SHT receptors, thereby providing a
mechanistic basis for peripheral craniofacial pain therapy.

Keywords
calcitonin-gene related peptide; inflammation; pain; SHT; periphery; craniofacial; orofacial

© 2011 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

Correspondence to: Dayna R. Loyd, Ph.D., Department of Endodontics, University of Texas Health Science Center at San Antonio,
7703 Floyd Curl Drive, San Antonio, Texas 78229-3900, LoydD@uthscsa.edu Phone: 210-567-0779, Fax: 210-567-3389.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

The authors report no conflicts of interest.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Loyd et al. Page 2

1. Introduction

Approximately one in four people experience persistent craniofacial pain, such as
temporomandibular pain disorders and headache [44; 45] and approximately 10 million
Americans experience debilitating migraine [65] making craniofacial pain one of the most
common and poorly controlled pain problems [5]. The monoamine neurotransmitter
serotonin (5HT) has been implicated in several pain conditions mediated by the trigeminal
system [20; 22; 30; 32]. Several therapeutics being examined in clinical trials predominately
target the central serotonergic system to treat migraine [13; 24] and trigeminal neuropathy
[36]. As 5HT is pronociceptive in the peripheral nervous system where pain is often
initiated, it may be effective to target the peripheral serotonergic system as a therapeutic
option. However, the mechanism(s) by which 5HT acts on peripheral sensory neurons to
modulate pain remain unclear.

The vast majority of 5HT in the mammalian body is located in peripheral tissues where it
can be actively absorbed and released by platelets, mast cells, and immune cells [63].
Noxious stimuli trigger these cells to release pro-inflammatory mediators, including 5HT. In
the trigeminal system, 5HT levels are increased in human masseter muscle associated with
pain and allodynia [22; 23] and following temporomandibular joint movement-evoked pain
[39]. Additionally, injection of exogenous SHT evokes hyperalgesia in both humans [4; 20;
22; 23] and animals [49; 68; 69], which is attenuated by local administration of SHT
receptor antagonists indicating a modulatory role of 5HT in at least certain pain states.

During the inflammatory process, the activation of the transient receptor potential V1
channel (TRPV1), which is expressed on a major set of trigeminal nociceptors, evokes
thermal hyperalgesia. The activation of TRPV1 by thermal stimuli [9; 10; 15; 71], oxidized
linoleic acid metabolites [53; 56] and inflammatory mediators [11; 58] induce calcium
influx in nociceptors resulting in release of inflammatory peptides, primarily calcitonin
gene-related peptide (CGRP). Furthermore, sensitization of TRPV1 by inflammatory
mediators, such as bradykinin and prostaglandins, can modulate the threshold for activation
of trigeminal nociceptors [14; 33]. There is evidence in cultured dorsal root ganglia (DRG)
neurons that 5HT potentiates TRPV1 functions during inflammatory states [48; 62] and
prolongs nociceptor excitation during inflammation [2; 31]. Although 5HT is a major pro-
inflammatory mediator, it is unknown whether 5HT can modulate TRPV1-expressing
trigeminal nociceptors.

We hypothesized that 5HT increases the activity of capsaicin-sensitive trigeminal sensory
neurons and that this increase can be attenuated by pharmacologically targeting peripheral
5HT receptors. Of the currently known 5HT receptors, the most extensively reported
receptors to be involved in peripheral pain processing and expressed in peripheral sensory
neurons are the 5SHT1g, 5HT1p, 5HT24, SHT,c and 5HT3 receptors. Although these
receptor subtypes have been implicated in peripheral nociception [12; 37; 47-49; 57; 68;
75], it is not known if they modulate the activity of TRPV1-expressing nociceptors. To
address these gaps in knowledge, we first evaluated whether SHT receptor transcripts were
expressed in the TRPV1-expressing subpopulation of trigeminal afferent neurons and then
determined whether 5HT and its peripheral receptors modulated calcium signaling and
CGRP release from this important class of nociceptors.

2. Materials and Methods

2.1. Animals

Adult (250-350 g) intact male Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA) were used in these experiments. Rats were housed for at least 5 days prior

Pain. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Loyd et al.

2.2. Drugs

Page 3

to study with ad libitum access to food and water. These studies were performed in
compliance with the Institutional Animal Care and Use Committee at the University of
Texas Health Science Center at San Antonio and conform to federal guidelines and
guidelines of the Committee for Research and Ethical Issues of the International Association
for the Study of Pain.

All drugs (Sigma-Aldrich, St. Louis, MO) were dissolved and stored at 4°C in stock
concentration form and diluted in buffered saline (experimental vehicle) immediately prior
to use, except serotonin hydrochloride which was both dissolved and diluted immediately
prior to each use. Capsaicin (TRPV1 agonist) was dissolved in ethanol stock, with final
dilutions containing <0.5% ethanol. Serotonin hydrochloride, sumatriptan succinate
(5HT1g/1p receptor agonist), GR 55562 dihydrochloride (5HT1g/1p receptor antagonist) and
granisetron hydrochloride (5HT3 receptor antagonist) were dissolved in double-distilled
water. Ketanserin (+)-tartrate salt (5HT,a antagonist) was dissolved in dimethyl sulfoxide
(DMSO) stock, with final dilutions containing <1% DMSO. All experimental vehicles were
made at the same time as and of the same constitution as the experimental drug.

2.3. Primary culture of rat TG neurons

TG were harvested from adult male rats immediately following decapitation. Primary
neuronal cultures were prepared using previously described methods [54]. Briefly, TG were
suspended in Hanks buffered saline solution (HBSS; Invitrogen, San Diego, CA),
disassociated and resuspended in Dulbecco’s modified Eagle’s medium (DMEM) containing
penicillin-streptomycin, glutamine, 10% fetal bovine serum, nerve growth factor (NGF,
100ng/ml; Harlan, Indianapolis, IN) and treated with the mitotic inhibitors 5-fluoro-2-
deoxyuridine (3 pg/ml; Invitrogen) and uridine (7 pl/ml; Sigma-Aldrich). Cells were directly
applied to either 48-well poly-D-lysine-coated plates (6 TGs/plate; BD Biosciences,
Bedford, MA) or poly-D-lysine/laminin-coated coverslips and maintained in an incubator at
37°C and 5% CO,.

2.4. Construction of 5HT receptor riboprobes

Riboprobes designed against the 5HTg, 5HT1p, SHT2a, 5SHT,c and 5HT34 receptors were
constructed with primers identified with Primer3 online software [60] (see specifications in
Table 1) and custom ordered from Sigma-Genosys. Isolated rat brain cDNA was probed
with designed primers by polymerase chain reaction and DNA was cloned with the pGEM-T
vector system (Promega; Madison, WI1), transformed with TOP10 E. Coli cells (Invitrogen)
and extracted for digoxigenin (DIG)-cRNA-labeled riboprobe generation. Product size
(>1000 bp) and structural verification was confirmed by sequencing performed at the
Nucleic Acids Core Facility at the University of Texas Health Science Center at San
Antonio. Corresponding sense probes and additional shorter length probes designed against
each subtype (400-600 bp) were also generated to confirm specificity and rat brain cortex
was used as a positive control.

2.5. In situ hybridization/immunocytochemistry

For in situ hybridization, 30 UM thick sections of fresh frozen rat TG were fixed with 4%
formaldehyde for 30 min, made permeable with 0.25% Triton X-100 and treated with 0.1%
diethylpyrocarbonate (DEPC) for 30 min. Tissue was washed with 5X standard saline-
sodium citrate (SSC) buffer, pretreated with hybridization buffer (containing 50%
formamide, 1x Denhardt’s, 10% dextran sulfate, 500 pug/ml tRNA) then incubated for 12-24
hrs at 58°C with DIG-cRNA-labeled riboprobes. Tissue was then treated with RNase,
washed with decreasing concentrations SSC buffer (final wash 0.1X SSC at 55°C) and
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incubated in anti-digoxigenin-AP, Fab fragments (Roche, Indianapolis, IN). Additional
tissue sections were incubated with corresponding sense probes or pretreated with RNase
prior to incubation with each probe to confirm RNA specificity. The resulting hybridization
was detected using a standard nitro-blue tetrazolium/5-Bromo-4-chloro-3-indolyl phosphate
(NBT/BCIP) alkaline phosphatase reaction.

To label TRPV1 protein expression in the same sections, tissue was then treated with 4%
normal goat serum and incubated for 12—-24 hrs with previously characterized [28] guinea
pig anti-TRPV1 C-terminus antibody (1:2000; Neuromics, cat. no. GP14100; Bloomington,
MN) or with the TRPV1 antibody preabsorbed with the C-terminus blocking peptide (100
MM; Neuromics) as a peptide blocked control. TRPV1 immunoreactivity was detected by
fluorescent-conjugated secondary antibody goat anti-guinea pig Alexa-568 (1:300;
Molecular Probes, Eugene, OR). Tissue was coverslipped with Vectashield (Vector
Laboratories; Bulringame, CA) and images were acquired with a Nikon Eclipse 90i
microscope (Melville, NY) with a Nikon C1si laser confocal imaging system also equipped
with a charge-coupled device (CCD) camera. Both fluorescent and brightfield images were
taken from the identical field. This protocol does not permit quantification of colocalization
of mRNA and protein labeling, but does illustrate transcript signal in corresponding TRPV1-
expressing TG cells.

To analyze the diameter of TG cells expressing both SHT receptor mRNA and TRPV1
signal, images from TG of 3 to 4 different rats per receptor subtype (n=80 cells total) taken
under the same gain were processed using NIH ImageJ software (available at
http://rsb.info.nih.gov/ij/). The staining intensity was filtered by applying a threshold value
based on controls (mean + 6.5 times the standard deviation) [3] to remove low intensity
pixels that represent nonspecific/background staining. Cells containing TRPV1 signal and
5HT receptor mRNA were selected and cell size was calculated by averaging the length and
width of each cell then averaged across all images. Data are reported as meanzstandard
deviation (um) and range of cells with colocalized expression.

2.6. Intracellular calcium imaging

Using protocols previously established to measure intracellular calcium ([Ca2*]i) levels
[55], coverslips containing fura-loaded TG cells were placed in a chamber with constant
infusion of HBSS and a baseline measure was collected for at least 60 sec. Cells were then
bath treated with either 5SHT (10 nM — 100 uM) or HBSS for 3 min followed by a 60 sec
stimulation with capsaicin (30 nM) in the presence of 5HT delivered locally to the cells to
identify capsaicin-sensitive and capsaicin-insensitive populations. This concentration of
capsaicin is ~EC50 in this assay and was selected to permit detection of either facilitated or
inhibited effects of 5HT on capsaicin-evoked increases in [Ca2*]i. Additional cultures were
treated with sumatriptan (40 nM), ketanserin (10 nM) or granisetron (10 nM) or a
combination for 5 min prior to capsaicin and 5HT (1 pM) or capsaicin alone. These
concentrations were chosen based on the functional CGRP release assay concentration-
response curves. Additional cultures were treated with GR 55562 (100 nM) prior to
sumatriptan and a separate control group received 5HT (1 pM) prior to capsaicin and 5HT to
test for agonist desensitization. Fluorescence images from 340 nm and 380 nm excitation
wavelengths were collected every 10 sec and analyzed with MetaFluor software (Universal
Imaging, Downingtown, PA). The net change in intracellular calcium, recorded and reported
as ratiometric data (AF340/380), was determined by subtracting the averaged baseline prior
to drug treatment from the peak change in [Ca2*]i after exposure to experimental
manipulation. In experiments with multiple treatments, each peak change was calculated
from the 60 seconds immediately preceding each drug treatment.
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2.7. CGRP release assay

Using a protocol previously described43, TG cultures were washed twice and incubated for
15 min in a 500 ul volume to obtain a basal CGRP release measure. Cultures were then
pretreated with either vehicle or SHT (1uM — 1 mM) for 15 min prior to stimulation by
capsaicin (50 uM) in the presence of 5HT for 15 min. Additional cultures were treated with
sumatriptan, ketanserin or granisetron (1 nM — 100 uM) or a combination of all three drugs
(10 nM, 10 nM, 100 nM; respectively) for 15 min prior to capsaicin and 5HT (100 uM). The
concentration range of each drug was chosen based on reported known binding affinities
(http://pdsp.med.unc.edu). Separate cultures were also pretreated with GR 55562 (100 nM)
prior to sumatriptan. The superfusate was analyzed for CGRP levels by radioimmunoassay.
All experiments were conducted in duplicate with n = 6 wells per treatment group for a total
of approximately 12 wells per group.

2.8. CGRP radioimmunoassay

Aliquots were incubated for 24 hr at 4°C with a rabbit anti-CGRP antibody (1:1,000,000;
donated by Dr. M. ladarola, NIDCR) as previously described [26]. Following 24 hr, 100 pl
[1251]-Tyro-CGRP2g_37 (~23,000 — 28,000 cpm) and 50 il goat anti-rabbit antisera coupled
to ferric beads (PerSeptive Diagnostics, Cambridge, MA) were added to the samples and
incubated for 24 hr at 4°C. Bound and free [1221]-Tyro-CGRP2g_37 were then separated by
immunomagnetic separation and radioactivity was counted and analyzed against a standard
curve of known CGRP standards to estimate amount of CGRP. Actual fmol of CGRP per
tube was calculated as 10"[(LN((B/B0 / 1- B/B0))-intercept)/slope]; where B/B0 =(total
cpm-non-specific binding)/0 standard). The data were then transformed and reported as
percentage of basal release. The minimal detectable level of CGRP in the superfusate is
approximately 8 fmol and the 50% displacement is approximately 28 fmol.

2.9. Data analysis

Data were analyzed by using GraphPad Prism software version 5 (GraphPad, San Diego,
CA) and data are presented as mean+SEM percentage of basal levels. Statistical analyses
were conducted by unpaired t-test or ANOVA and individual groups were compared using
Newman-Keuls Multiple Comparison post hoc test. For calcium imaging data, peak values
were used for statistical analysis. For CGRP release data, nonlinear regression curves were
generated from the concentration-response data. The statistical significance was tested at
p<0.05.

3. Results

3.1. 5HT receptor mRNA is coexpressed with TRPV1 in rat trigeminal ganglia

Using combined in situ hybridization and fluorescent immunocytochemistry, we examined
whether 5HT g, 5HT1p, 5HT2a, SHT,c and 5HT3a receptor subtype mRNA (Table 1) is
coexpressed with TRPV1 protein in rat TG. Transcripts complimentary to 5HTqg, 5SHTp,
5HT,a, and 5HT3p, but not 5SHT,c, receptor mRNA were detected predominately in TG
cells (Figure 1A-D). Complementary expression was observed using a second probe (400—
600bp) designed against the same subtypes (Supplementary Figure 1A-D). Probes were
verified by positive signal in rat brain cortical tissue and RNA specificity was confirmed by
a lack of hybridization signal when tissue was pretreated with RNase and with
corresponding sense probes (Supplementary Figure 1). TRPV1 was predominately
expressed in small (<20 uM) to medium (20-40 uM) sized TG cells (Figure 1E-H). TRPV1
antibody specificity following in situ hybridization protocols was confirmed by a lack of
TRPV1 signal following preabsorption with the TRPV1 blocking peptide (Supplementary
Figure 1 O). 5HTg, 5HT1p, 5HT,a, and 5HT3a receptor transcripts were expressed in a
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medium diameter subpopulation of these TRPV1-positive cells. The mean size of TRPV1-
positive cells that also contained SHT receptor mRNA is reported per receptor subtype as
5HT1g = 43%15 um (19 — 63 pm; n=22), 5HT1p = 26£10 pm (16 — 54 pm; n=18), 5SHTa =
31412 pm (17 — 53 pm; n=17) and 5HT3a = 3310 um (19 — 51 um; n=23).

3.2. 5HT evokes a concentration-dependent increase in calcium influx in cultured
capsaicin-sensitive trigeminal sensory neurons

To test the hypothesis that SHT increases the activity of capsaicin-sensitive TG cells, we
measured changes in [Ca2*]i levels following treatment with 5HT. TG cultures were treated
with either 5HT (10 nM - 100 uM) or buffered saline vehicle for 3 min prior to 60 sec
stimulation with the TRPV1 agonist capsaicin (30 nM). This approach permits post-hoc
analysis of SHT effects in the capsaicin-responsive and capsaicin-insensitive subpopulations
of TG cells. Notably, 5SHT treatment triggered increases in [Ca2*]i in the capsaicin-
responsive subpopulation of neurons (Figure 2A with example time course in Figure 2B),
but not in the capsaicin-insensitive subpopulation (Figure 2C). These 5HT effects were
concentration dependent over the range of 10-1,000 nM [F 4 219)=5.0, p<0.05]. There was
no change in calcium influx with treatment with vehicle (HBSS) alone (steady at A~0.04 as
denoted by dotted line). At higher concentrations of 5HT, there was a progressive reduction
in calcium accumulation in the capsaicin-sensitive population of TG neurons. In contrast,
5HT produced no concentration-dependent effects in the capsaicin-insensitive cells (Figure
2C), although the 10 nM concentration did trigger a significant increase in [Ca%*]i
[F(5,155)=3-4, p<0.05]. The application of capsaicin 30 nM produced a 4-5 fold increase in
[Ca%*]i. Capsaicin-evoked calcium influx following SHT treatment was consistently higher
than capsaicin-treatment alone, however, this effect was not significant [Fs g5)=1.316, n.s.]
(Figure 2D).

3.3. 5HT enhances CGRP release from capsaicin-sensitive cultured trigeminal sensory

neurons

As CGRP release is a functional measure of peptidergic neuronal activity, we next tested the
functional effect of 5SHT on capsaicin-evoked release of CGRP from cultured TG neurons.
Cultures were washed and pretreated with either buffered saline vehicle or 5HT (1 — 1,000
pM) for 15 min prior to stimulation by capsaicin (50 nM) in the presence of 5HT. SHT
treatment alone did not trigger a significant increase in CGRP release (Figure 3A).
Following 5HT pretreatment, neurons were stimulated with capsaicin and the effect of SHT
on capsaicin-evoked CGRP release was analyzed (Figure 3B). The application of capsaicin
alone produced about a 3-to-4-fold increase in CGRP release, and this was significantly
enhanced by pretreatment with SHT [F(4,76)= 3.738; p<0.05] with an ECgq = 50 UM. The
100 — 1000 puM concentration of 5HT more than doubled the CGRP release evoked by
capsaicin alone.

3.4. Targeting 5HT receptors on trigeminal neurons attenuates calcium accumulation in
capsaicin-sensitive trigeminal neurons

We next examined the effect of sumatriptan (5HT1g/1p agonist), ketanserin (SHT,a
antagonist) and granisetron (5HT3 antagonist) on calcium accumulation in capsaicin-
sensitive TG cells. Cultures were treated with either 40 nM sumatriptan or 10 nM ketanserin
or 10 nM granisetron for 5 min prior to application of 1 um 5HT for 3 min followed by 60
sec stimulation with 30 nM capsaicin. Following SHT treatment, cells pretreated with
sumatriptan had significantly less calcium accumulation in capsaicin-sensitive cells and
ketanserin and granisetron pretreatment attenuated SHT-induced calcium influx
[F(4,245)=2.846; p<0.05] (Figure 4A with example time courses Figure 4D-F). Both
ketanserin and granisetron reduced calcium influx by approximately 50%. A similar
reduction in the 5SHT-enhanced calcium influx in capsaicin-sensitive cells was observed
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following treatment with a combination of all three drugs (Figure 4A). The attenuation of
calcium influx in capsaicin-sensitive cells following sumatriptan was reversed by
pretreatment with 5HTqg/1p antagonist GR 55562 (Figure 4C), while GR 55562 alone had
no effect on calcium levels compared to vehicle controls (0.77+0.04 vs. 0.71+0.03; p>0.05).
The response to 30 nM capsaicin following drug pretreatment was also significantly reduced
in all groups [F(4,176)=8.472, p<0.05] (Figure 4B), while there was no significant effect of a
combination of drugs versus vehicle on capsaicin alone [t(31)=1.524; n.s.]. Lack of agonist
desensitization of the capsaicin response was confirmed by a comparable capsaicin response
following repeated SHT treatment versus vehicle prior to capsaicin [t(14)=0.74; n.s.].

3.5. Targeting 5HT receptors on trigeminal neurons attenuates 5HT-induced enhancement
of CGRP release

As targeting 5HT receptors on TG neurons reduces calcium accumulation in capsaicin-
sensitive cells, we next examined the ability of these pharmacological agents to reduce
CGRP release. Cells were pretreated with sumatriptan, ketanserin, or granisetron (1 nM —
100 uM). Cells were then treated with 100 uM 5HT, a concentration that doubles capsaicin-
evoked CGRP release (see Figure 3B) and 50 nM capsaicin. The results indicated that
sumatriptan (IC50 = 75 nM), ketanserin (IC50 = 50 nM) and granisetron (IC50 = 20 nM)
pretreatment significantly reduced 5HT-enhanced CGRP release evoked by capsaicin
(Figure 5A, C, D). In contrast, pretreatment with these compounds did not have a significant
effect on capsaicin-evoked CGRP release alone [F(3 60)=0.2517, n.s.]. Pretreatment with a
combination of sumatriptan, ketanserin and granisetron (10 nM, 10 nM, 100 nM;
respectively) significantly reduced CGRP release from 749+74% baseline to 555+45%
baseline [F(2 30)=133.7, p<0.05], but not below capsaicin-evoked levels (412%).
Sumatriptan significantly reduced CGRP release compared to 5HT pretreatment alone prior
to capsaicin, and this attenuation was significantly reversed by pretreatment with the
5HT1p/1p receptor antagonist GR 55562 [F (2 54y=4.103, p<0.05] (Figure 5B), while GR
55562 alone had no effect on CGRP release compared to vehicle controls (99.46+27.12 vs.
116.19+45.63; p>0.05).

4. Discussion

Numerous studies have established that peripheral 5HT, released following noxious insult, is
a proinflammatory and pronociceptive mediator [63]. However, the mechanism by which
5HT enhances peripheral nociception remains unclear. We hypothesized that SHT increases
activity of capsaicin-sensitive trigeminal neurons and this increase can be attenuated by
pharmacologically targeting peripheral 5HT receptors. Here we report three novel findings
supporting our hypothesis: (1) 5HT receptor transcripts are coexpressed with TRPV1 in rat
TG, (2) 5HT increases [Ca?*]i accumulation in capsaicin-sensitive TG neurons and
enhances capsaicin-evoked CGRP release, but does not enhance CGRP release when given
alone, and (3) this enhanced nociceptive activity is attenuated by pharmacologically
targeting peripheral SHT receptors.

While it is established that the 5HT,, 5SHT, and 5HT3 receptor classes are expressed in
sensory neurons and involved in evoking pain, little is known about their expression in the
TRPV1-subpopulation of trigeminal nociceptors. The coexpression of TRPV1 with 5HToa
receptor protein and 5HT3a receptor mRNA has been reported in rat DRG [70; 75], but
there are no such reports in the TG. These data demonstrate that 5SHT1g, 5HT1p, 5HToa, and
5HT3a receptor transcripts are present in rat TG, consistent with other reports in TG [41; 51]
and DRG [12; 48; 57]. In the present study, 5SHT,c mMRNA was not expressed in TG cells in
agreement with some studies in the DRG [48; 74]. Importantly, we report a novel finding
that 5HT1g, 5SHT1p, 5SHT,a, and 5HT3a receptor mMRNA are coexpressed in a subpopulation
of TRPV1-positive TG cells that were on average 33 pum in diameter (855 um? in area).
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These data are consistent with other data reporting that TRPV1-expressing neurons are
typically 10-30 pum in diameter [10; 29; 38], while 5HT receptor-expressing sensory
neurons are 2040 um in diameter [34; 43; 49; 70; 75]. Together, these results provide
evidence of 5HT receptor transcript expression in TRPV1-expressing TG neurons and
provide a molecular framework for evaluating 5SHT modulation of activities of the capsaicin-
sensitive subclass of nociceptors. Further, our anatomical data suggests that any potential
modulation of TRPV1-expressing trigeminal ganglion neurons may be more pronounced in
medium diameter TRPV1 cells.

Nociception is often evoked by activation of TRPV1 by chemical irritants, thermal stimuli
[9; 10; 15; 71] and inflammatory mediators [11; 58] released peripherally following noxious
insult. Activation of these peptidergic neurons, in turn, evokes calcium influx resulting in
the release of proinflammatory peptides, primarily CGRP, which has been implicated in
migraine [7]. TRPV1 is highly coexpressed with CGRP in TG neurons [6; 35; 42; 49].
Concurrently, approximately 3.5 pg 5HT is released locally following thermal injury [61],
while inflammation induces a 4-fold increase [16; 17; 46; 51]. Genetic deletion of the 5SHT
transporter reduces peripheral 5HT tissue levels with a corresponding attenuation of thermal
hyperalgesia [50], indicating that increased sensitivity to pain may be linked to increased
peripheral 5HT. One mechanism by which 5HT may be driving peripheral nociception is by
increasing calcium influx and CGRP release in the TRPV1-expressing population of
trigeminal nociceptors. Here we report that 5HT increases calcium influx in capsaicin-
sensitive TG cells and enhances capsaicin-evoked CGRP release.

Interestingly, there was a concentration dependent effect of SHT on calcium influx at lower
concentrations (10 — 1000 nM), which also increased calcium influx to capsaicin, whereas
this effect was attenuated at higher concentrations (10-100 uM). These data may indicate
that multiple S5HT receptors with distinct signaling systems are present on TRPV1-
expressing sensory neurons, as supported by our anatomical data, and thus differential
signaling pathways may be engaged at higher concentrations of SHT. Alternatively, 5HT at
concentrations over 10 uM has an affinity for other inhibitory G protein coupled receptors,
including the adrenergic a2 and 2 as well as dopamine D2 receptors
(http://pdsp.med.unc.edu). The observed attenuated effects at higher concentrations of 5HT
may represent involvement of non-5HT receptor systems.

In parallel to the increase in calcium influx in the capsaicin-sensitive population of TG cells,
we found a concentration-dependent increase in capsaicin-evoked CGRP release indicating
that SHT may be acting at the TRPV1 population of trigeminal nociceptors. This appears to
occur via a sensitization mechanism, as 5HT alone does not evoke a significant increase in
CGRP release by itself; instead, it requires the application of capsaicin. Other studies have
reported SHT is more effective as a nociceptive agent during states of injury [2; 64] or when
coadministered with another pronociceptive mediator, such as bradykinin [1; 63]. Since the
present study demonstrates an extremely rapid onset for enhanced 5HT effects, it is possible
that facilitation is mediated by cell signaling pathways rather than transcriptional events. It
is unclear why 5HT produced a maximal effect on calcium accumulation at 1 pM with
declining calcium levels thereafter, while CGRP release continued to be enhanced at 10 —
100 pM. The difference may be in the onset of 5HT effects on calcium accumulation
(measured at 3 min) and the subsequent release of CGRP (measured over a 15 min period),
however, further studies are required to examine this possibility.

Repeated capsaicin administration leads to desensitization of TRPV1, which is currently
being examined as a therapeutic tool. Alternatively, as inflammatory mediators sensitize
TRPV1 and 5HT receptors engage cell-signaling pathways that are known to alter TRPV1
activities, it is also possible to block sensitization of TRPV1. The 5HT receptor subtypes
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are inhibitory G protein coupled leading to a decrease in cAMP signaling, which could
reduce nociceptive neurotransmission, while the 5HT, receptor subtypes are excitatory
leading to an increase in PLC/PKC signaling, which could sensitize TRPV1. These
differences have also been illustrated behaviorally [24; 49; 75]. We found that 5SHToa
antagonism attenuated calcium signaling and peptidergic activity in cultured TG cells,
indicating that ketanserin may be attenuating 5HT sensitization of TRPV1. Interestingly,
100 pM 5HT-evoked enhancement of CGRP release was significantly inhibited by 1 nM
ketanserin. This finding is consistent with the observation that others have reported
regarding full antagonism of SHT effects with low nM ketanserin concentrations [40] and a
similar dose-response curve at similar concentrations [18]. Alternatively, the 5HT3 receptor
is an ionotropic receptor that directly excites nociceptors [25; 75]. Concentrations of
granisetron over 100 nM blocked the ability of 5HT to enhance capsaicin-evoked CGRP
release. This is consistent with previous literature in humans and animal models identifying
that 5SHT3 receptor activation mediates 5HT-induced sensitization of trigeminal pain
processing [21; 67].

The calcium influx following 5HT and capsaicin was significantly attenuated in TG cells
treated with sumatriptan (5HTqg/1p agonist). This attenuation was not due to agonist
desensitization as repeated 5HT treatment did not reduce the capsaicin response compared to
vehicle. A corresponding attenuation of CGRP release was also observed, with maximal
inhibition occurring with as low as 10 nM sumatriptan. Others have also reported inhibitory
effects of sumatriptan at low nM concentrations [8]. Our results are similar to results
previously reporting that sumatriptan attenuates CGRP release likely via increased
phosphatase activity mediated by elevated intracellular calcium [19]. Pretreatment with the
5HT1g/1p receptor antagonist GR 55562 prevented sumatriptan-evoked attenuation of
calcium influx and CGRP release, while GR 55562 alone had no significant effect. This
provides a cellular mechanism for the report that peripherally administered 5SHT; receptor
agonists significantly reduce inflammatory nociceptive behavior in the rat hindpaw, which
can be reversed by GR 55562 [27].

A reduction in 5HT- and capsaicin-evoked calcium influx and CGRP release was observed
when cells were treated with a combination of sumatriptan, ketanserin and granisetron,
although this reduction was not significantly greater than any drug given alone. While these
drugs did not have a significant effect on capsaicin-evoked calcium influx or CGRP release
alone, they appear to be attenuating the sensitizing effects on 5SHT on the capsaicin response.
Together, our data indicate that the net effect of SHT on capsaicin-sensitive nociceptors is
likely due to an integrated response mediated by multiple SHT receptors and associated
signaling pathways. In addition, other 5HT receptors may play a role in this effect. It was
recently reported that CGRP release may be reduced by administration of a selective 5HT;
receptor antagonist in an animal model of experimental migraine [72]. Further studies
analyzing the anatomical expression and therapeutic relevance of the more recently reported
5HT receptors to be involved in peripheral pain processing are warranted.

In summary, our findings that SHT receptor mRNA is coexpressed with TRPV1 and 5HT
evokes increased nociceptive function in peripheral sensory neurons provide further
evidence that 5HT is driving nociception in the periphery and may be enhancing cell
signaling and proinflammatory processes via the TRPV1-expressing population of
nociceptors. Importantly, there is a high prevalence of trigeminal pain disorders in women
compared to men. The present study was limited to male rats for comparison to the current
literature, however, future studies expanding these studies in females are warranted. As 5HT
has not only been implicated in craniofacial pain disorders, but also fibromyalgia [73] and
irritable bowel syndrome [52; 59; 66], these results may have relevance to other pain
conditions. The present results provide further evidence for a role on 5HT on TRPV1-
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mediated nociception and provides a mechanistic basis for identifying the peripheral 5SHT
system as a therapeutic target.
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Refer to Web version on PubMed Central for supplementary material.
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5HT receptor mRNA TRPV1 protein

P

Figure 1.
Example photomicrographs illustrating in situ hybridization with riboprobes against 5HT g,

5HT1p, 5HToa and 5HT3a receptor mMRNA (>1000bp probes; A-D) combined with
fluorescent immunocytochemistry for TRPV1 (E-H) in rat trigeminal ganglia. Arrows
indicate colocalized cells.
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Effect of 5SHT treatment on intracellular calcium accumulation in capsaicin-sensitive (A) and
capsaicin-insensitive (C) cultured TG neurons reported as change from baseline (A). A
representative time course of the effect of 5SHT followed by capsaicin on calcium influx (B)
reported as actual ratio. Also shown is the response to capsaicin following 5HT (D).
Capsaicin-sensitive neurons were identified by a 60 sec application of 30 nM capsaicin
following 3 min 5HT (10 nM — 100 pM) treatment. The lower dotted line illustrates the
response to initial vehicle (Veh) treatment and the upper dotted line illustrates the response
to veh/capsaicin (Cap). Data is presented as mean + SEM change from vehicle baseline
(n=37-76 cells per group). Asterisks denote significance at p<0.05 compared to vehicle.
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Figure 3.
5HT enhances capsaicin-stimulated CGRP release in cultured rat trigeminal sensory

neurons. TG cultures were pretreated with 1 pM, 10 pM, 100 uM or 1 mM 5HT or vehicle
for 15 min (A). Following 5HT pretreatment, the cultures were treated with 5HT+capsaicin
(50 nM) for 15 min (B). Data are shown as mean+SEM percentage of basal (~10-20 fmol)
levels (n=8-12 per group). Asterisks denote significance at p<0.05 compared to vehicle.
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Targeting peripheral 5HT receptors attenuates calcium accumulation in capsaicin-sensitive
cultured TG neurons. Cultures were pretreated with 40 nM sumatriptan, 10 nM ketanserin,
10 nM granisetron, a combination of all 3 drugs or vehicle for 5 minutes followed by
treatment with 1 uM 5HT for 3 min (A). Capsaicin-sensitive neurons were identified by
stimulation with capsaicin (30 nM) following 5HT treatment. Also shown is the effect of
drug treatment on capsaicin-evoked calcium accumulation (B) and pretreatment with GR
55562 prior to sumatriptan and 5HT treatment versus vehicle in capsaicin-sensitive cells (C)
reported as change from baseline (A). Representative time courses of the effect of SHT
followed by capsaicin on calcium influx following each drug treatment (D—F) reported as
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actual ratio. Data is shown as mean+SEM change from baseline (n=53-73 per group).
Asterisks denote significant reduction at p<0.05 compared to 5HT treatment alone.
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Targeting peripheral 5HT receptors attenuates 5SHT enhancement of capsaicin-induced
CGRP release from cultured trigeminal neurons. Cultures were pretreated with various
concentrations of sumatriptan (A), ketanserin (C) and granisetron (D) for 15 minutes
followed by treatment with 5SHT (100 pM) for 15 minutes prior to stimulation with 5SHT
+capsaicin (50 nM) for 15 minutes. Data is shown in concentration-response curves as mean
+SEM percentage of basal (~10 fmol) levels (n=8-12 per group). Also shown is the effect of
GR 55562 on sumatriptan-induced reduction in CGRP release compared to 5HT alone (B).
Asterisk denotes significance at p<0.05 compared to capsaicin treatment (A,C,D) alone or

5HT pretreatment (B).
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Table 1

Riboprobes for 5HT receptor subtype mMRNA localization using in situ hybridization.

Subtype  Primers Position Product NCBI
(bp) Size (bp)  Accession No.
5HT1B  Forward 5’-TGGAGGAGCAGGGTATTCAG-3’ 2-21 1043 NM_022225.1
Reverse 5’-GTCAAAAATGGCCATGTGAA-3’ 1044-1025
Forward 5’-TGTTAGCGCTCATCACCTTG-3’ 152-171 443
Reverse 5’-GTTCACAAAGCAGTCCAGCA-3’ 594-575
5HT1ID Forward 5’-CTGCCAAACCAGTCCCTAGA-3’ 7-26 1108 NM_012852.1
Reverse 5’-TTCGGAAATGGACGACTCTC-3’ 1114-1095
Forward 5’-TCTGTGTCATCGCTCTGGAC-3’ 377-396 493
Reverse 5’-GCAGAGATCCTCTTGCGTTC-3’ 869-850
5HT2A  Forward 5’-AGCTCTGTGCGATCTGGATT-3’ 496-515 1066 NM_017254.1
Reverse 5’-TTGTTGCAGCCTCCTTATCC-3 1561-1542
Forward 5’-GCGATCTGGATTTACCTGGA-3’ 504-523 596
Reverse 5’-ACGGCCATGATATTGGTGAT-3’ 1099-1080
5HT2C  Forward 5’-AACTGGCCAGCACTTTCAAT-3’ 163-182 1036 NM_012765.2
Reverse 5’-TCTGTCGAACAGGAGGCTTT-3’ 1198-1179
Forward 5’-GATGGTGGACGCTTGTTTCAATTCCCGGA-3’ 124-152 612
Reverse 5’-TTGACGGCGCAGGACGTAGATCGTTAAGA-3’ 735-707
5HT3A  Forward 5’-CTTGCTGCCCAGTATCTTCC-3’ 1091-1110 1011 NM_024394.1
Reverse 5’-GTCTCAGGCACCTAGGCAAG-3’ 2101-2082
Forward 5’-GAGACCATCTTCATTGTGCAGCTGGTGCA-3’ 904-932 415
Reverse 5’-ACAGCAGCGTGTCCAGCACATATCCCACC-3°  1318-1290
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