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Abstract

Orofacial pain conditions including temporomandibular joint disorder and migraine are
characterized by peripheral and central sensitization of trigeminal nociceptive neurons. Although
calcitonin gene-related peptide (CGRP) is implicated in the development of central sensitization,
the pathway by which elevated spinal cord CGRP levels promote peripheral sensitization of
primary trigeminal nociceptive neurons is not well understood. The goal of this study was to
investigate the role of CGRP in promoting bidirectional signaling within the trigeminal system to
mediate sensitization of primary trigeminal ganglion nociceptive neurons. Adult male Sprague
Dawley rats were injected in the upper spinal cord with CGRP or co-injected with the receptor
antagonist CGRPg_37 or KT 5720, an inhibitor of protein kinase A (PKA). Nocifensive head
withdrawal response to mechanical stimulation of trigeminal nerves was investigated using von
Frey filaments. Expression of PKA, GFAP, and Ibal in the spinal cord and P-ERK in the
trigeminal ganglion was studied using immunohistochemistry. Some animals were co-injected
intracisternally with CGRP and Fast Blue dye and trigeminal ganglion imaged using fluorescent
microscopy. Intracisternal CGRP increased nocifensive responses to mechanical stimulation when
compared to control levels. Co-injection of CGRPg_37 or KT 5720 with CGRP inhibited the
nocifensive response. CGRP stimulated expression of PKA and GFAP in the spinal cord, and P-
ERK in trigeminal ganglion neurons. Seven days post injection, Fast Blue was observed in
trigeminal ganglion neurons and satellite glial cells. Our results demonstrate that elevated levels of
CGRP in the upper spinal cord promote sensitization of primary trigeminal nociceptive neurons
via a mechanism that involves activation of PKA centrally and P-ERK in trigeminal ganglion
neurons. Our findings provide evidence of bidirectional signaling within the trigeminal system that
can facilitate increased neuron-glia communication within the trigeminal ganglion associated with
peripheral sensitization.
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Peripheral and central sensitization of trigeminal nociceptive neurons is associated with the
pathology of prevalent and debilitating orofacial pain conditions including migraine and
temporomandibular joint disorder (TMD). Migraine is a neurological disorder characterized
by a severe headache, photophobia, phonophobia, and nausea that can persist up to 72 hours
(Goadsby, 2005, Olesen et al., 2009). Similarly, TMD is a chronic painful condition that is
characterized by persistent pain in the muscles and temporomandibular joint (TMJ)
associated with mastication (Poveda Roda et al., 2007, Greenspan et al., 2011, Ohrbach et
al., 2011, Furquim et al., 2015). The pathological pain and inflammation associated with
migraine and TMD involves activation of trigeminal ganglion nerves, which provide sensory
innervation of the head and face and relay nociceptive signals to the upper cervical spinal
cord (Ballegaard et al., 2008, Bevilaqua Grossi et al., 2009, Dahan et al., 2015). Following
peripheral activation of trigeminal nerves in response to tissue injury, the neuropeptide
calcitonin gene-related peptide (CGRP) and other inflammatory mediators facilitate
excitation of second order neurons and glial cells involved in the initiation and maintenance
of central sensitization and persistent pain (Seybold, 2009, Sessle, 2011). Elevated CGRP
levels in the spinal cord are implicated in the development of central sensitization by
mediating changes in the expression of ion channels, receptors, and inflammatory genes in
second order neurons and glial cells including astrocytes and microglia. Activation of
astrocytes and microglia results in a prolonged inflammatory response that helps to sustain
central sensitization and promotes a pathological pain state (Xie, 2008, Davies et al., 2010,
Ikeda et al., 2012).

CGRP is involved in the initiation and maintenance of central sensitization via activation of
CGRP receptors that are localized on secondary neurons and glial cells within the spinal
cord (Moreno et al., 2002, Marvizon et al., 2007, Lennerz et al., 2008). The CGRP receptor
complex is comprised of three separate proteins: a G-protein-coupled receptor (GPCR),
calcitonin receptor-like receptor (CLR), and an accessory protein, receptor activity-
modifying protein 1 (RAMP1) that confers ligand-binding specificity (Benemei et al., 2007,
Russell et al., 2014). Activation of CGRP receptors in neurons and glial cells causes an
increase in intracellular levels of the secondary messenger cCAMP that binds to and
stimulates activation of protein kinase A (PKA). The signaling protein PKA induces
expression of pro-inflammatory genes such as cytokines that are involved in sustaining a
sensitized state of second order neurons (Staud, 2015). Elevated PKA levels in the cytosol
are correlated with sensitization and activation of nociceptive neurons and glial cells via
modulation of receptor expression and ion channel activity (Sun et al., 2004, Seybold, 2009).
CGRP is also known to cause activation of the mitogen activated protein (MAP) kinases
including p38, c-Jun kinase (JNK), and extracellular regulated kinase (ERK) in trigeminal
neurons and glia (Thalakoti et al., 2007, Cady et al., 2011), that facilitate inflammation and
nociception in the spinal cord (Ji et al., 2009). Similar to PKA, increased expression of these
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signaling proteins leads to a prolonged state of sensitization via modulation of ion channels,
receptors, and transcription factors.

In acute models of pain, peripheral sensitization, which results from the interaction of
nociceptors with inflammatory substances released when tissue is damaged or inflamed
(Sessle, 2011), has been shown to promote cellular changes that mediate central sensitization
of second order neurons involved in pain transmission to the thalamus (Dodick and
Silberstein, 2006, Sessle, 2011, Bernstein and Burstein, 2012). However, in prolonged pain
states, central sensitization is maintained in the absence of evidence of peripheral tissue
damage. In our study, we wanted to determine if elevated levels of CGRP in upper cervical
spinal cord could promote bidirectional signaling and thus mediate peripheral sensitization
of primary trigeminal neurons to mechanical stimulation. Findings from this study
demonstrate that CGRP promotes sensitization of primary trigeminal nociceptive neurons
via a mechanism involving PKA activation centrally, and is associated with increased levels
of P-ERK and increased neuron-satellite glial cell coupling in the trigeminal ganglion.
Furthermore, our results provide evidence of bidirectional signaling within the trigeminal
system that may help explain how trigeminal nociceptive neurons become sensitized, as
reported in chronic orofacial pain conditions, in the absence of any physical trauma.

EXPERIMENTAL PROCEDURES

Animals

Reagents

Sixty-seven Sprague-Dawley rats were used for this study. All animal studies were
performed in accordance with the protocols approved by the Missouri State University
Institutional Animal Care and Use Committee and were in agreement with guidelines set
forth in the National Institutes of Health and the Animal Welfare Act of 2007. An effort was
made to reduce the number of animals used in the study as well as to minimize suffering.
Adult, male Sprague-Dawley rats (350-500 g) were obtained from Charles River
Laboratories Inc. (Wilmington, MA) or purchased from Missouri State University (internal
breeding colonies). All animals were housed in clean, plastic standard rat cages (VWR, West
Chester, PA) in an animal holding room on a 12-hour light/dark cycle starting at 7 A.M. with
ambient temperature maintained from 22-24 °C and access to food and water ad /ibitum.
Animals were acclimated to the environment for a minimum of 1 week upon arrival prior to
use.

Stock solutions of CGRP or CGRPg_37 (American Peptide Company, Sunnyvale, CA) were
prepared at a concentration of 1 mM in 0.9% saline solution (Fisher-Scientific, Fair Lawn,
NJ). The PKA inhibitor KT 5720 (Tocris, Bristol, UK) was prepared at a stock concentration
of 1 mM in DMSO (Sigma-Aldrich, St. Louis, MO). On the day of the experiment, an
aliquot of 1 mM CGRP was thawed and diluted in 0.9% sterile saline to a concentration of 1
UM either alone or in solution with one of the two inhibitors. The inhibitors CGRPg_37 and
KT 5720 were prepared in 0.9% saline solution with CGRP at concentrations of 5 uM and
500 nM, respectively. The retrograde labeling dye Fast Blue (Polysciences Inc., Warrington,
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PA) was diluted to a concentration of 4% in sterile phosphate buffered saline (PBS)
containing 1 uM CGRP.

Behavioral Testing

All behavioral procedures were conducted between the hours of 7 A.M. and 11 A.M.
Behavioral assessments were performed essentially as described in previously published
studies in our laboratory using the Durham Animal Holder (Ugo Basile, Varese Lakes, Italy)
(Garrett et al., 2012, Cady et al., 2014, Hawkins et al., 2015) on a total of 48 animals. Prior
to testing, the rats were acclimated by guiding them into the holding device and secured in
the holder for 5 minutes using a plastic blockade inserted behind the hindpaws. To minimize
false responses during von Frey filament testing, a pipette tip was used to touch the animal’s
head and face to acclimate the rats to having the cutaneous tissue over the masseter muscle
touched with a filament. This was done for the three consecutive days prior to testing with
von Frey filaments. During this acclimation period, if a rat appeared to be unwilling to go
into the device or was continuously moving and shifting within the device, the animal was
removed from the study.

Following acclimations, nocifensive thresholds were determined in response to a series of
calibrated von Frey filaments (North Coast Medical, Inc., Gilroy, CA; 60, 100, 180 grams)
applied to the cutaneous tissue over the masseter muscle. A positive response was recorded
when an animal visibly withdrew its head from a filament prior to it bending, while pressure
was being applied. Each filament was applied 5 times on each side of the face, and the data
are reported as the median number of responses obtained from 5 applications of each
specific calibrated filament + the interquartile range. The 100 g force was used for
subsequent studies since the average number of positive head withdrawal responses to this
force was less than 1 out of 5 for both right and left masseter muscles under basal
conditions.

Once baseline values were established, the animals were anesthetized by inhalation of 5%
isoflurane. Animals were then injected intracisternally using a 26 %2 gauge needle (Becton
Dickinson, Franklin Lakes, NJ) and a 50 uL. Hamilton syringe (Hamilton Company, Reno,
NV) at the midline between the occipital bone and the first cervical vertebrae (C1) with 20
pl of CGRP (1 M) either alone, or co-injected with CGRPg_37 (5 uM) or KT 5720 (500
nM), a selective signaling inhibitor of PKA. Control animals were injected with saline alone
or received no injection (naive). Mechanical testing for nocifensive reactions at 2 h and days
1, 2, and 3 post injections was done using the same method as baseline values.

Immunohistochemistry

Twenty-three animals were used for immunohistochemical studies. To correlate behavioral
responses to cellular changes in protein levels within the spinal cord, injections were
performed as described above with CGRP alone or co-injected with KT 5720. The upper
spinal cord (6 mm posterior to the obex) was removed at 2 h and at days 2 and 3 following
injection and incubated in 4% paraformaldehyde at 4 °C for approximately 24 h. Tissues
were then placed in 12.5% sucrose at 4 °C for approximately 1 h and then incubated in 25%
sucrose for a minimum of 8 h. Following cryopreservation, tissues were stored at —20 °C.
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Tissues were embedded in Optimal Cutting Temperature compound (OCT; Sakura Finetek,
Torrance, CA) and transverse sections 14 um in thickness were taken between 4 and 5 mm
caudal to the obex of the upper spinal cord, using a cryostat set at =24 °C. Sections from
control and treated animals were placed on Superfrost Plus slides (Fisher Scientific,
Pittsburg, PA) with the caudal side of the spinal cord in contact with the glass and stored at
—20 °C. To determine changes in levels of the active form of ERK (P-ERK) in trigeminal
ganglia, both ganglion were removed 2 h after intracisternal injection of CGRP and prepared
for immunohistochemistry as described for the spinal cord tissue.

Sections were blocked and permeabilized in a solution of 0.1% Triton X-100 in 5% donkey
serum (Jackson ImmunoResearch Laboratories, West Grove, PA) for 20 min at room
temperature. Following thorough rinsing in PBS, sections were incubated with primary
antibodies for proteins of interest (Table 1) for either 3 h at room temperature or overnight in
a humidified chamber at 4 °C. Sections were next incubated in solutions of secondary
antibodies (Table 1) for one hour at room temperature, then mounted in Vectashield medium
(H-1200) containing 4’,6-diamidino-2-phenylindole (DAPI; Vector Laboratories,
Burlingame, CA) to stain cell nuclei in preparation of viewing using fluorescent microscopy.
As a control, some slides were incubated with only secondary antibodies to confirm
specificity. Images were taken using a Zeiss Axiocam mRm camera mounted on a Zeiss
Imager Z2 fluorescent microscope with an Apotome. Image acquisition was performed
using Zeiss Zen 2012 software (Thornwood, NY).

Retrograde labeling

In initial studies, the fluorescent dye Fast Blue was injected into the intracisternal space
between the occipital bone and C1 and its localization in the trigeminal ganglion observed
using fluorescent microscopy. To directly investigate if CGRP could promote bidirectional
signaling from terminals of primary sensory nerves fibers localized in the spinal cord, 50 uL
of Fast Blue and 1 pM CGRP diluted in PBS were co-injected, while some animals were
only injected with Fast Blue. Seven days later, the animals in both groups were euthanized
via asphyxiation with carbon dioxide followed by decapitation. Trigeminal ganglia were
removed and prepared for fluorescent microscopy as for tissue immunostaining. Briefly,
longitudinal sections (14 um) were prepared using a cryostat and mounted on Superfrost
Plus slides with the caudal side in contact with the glass. Tissues were rehydrated with PBS
and then mounted in Vectashield medium without DAPI to localize fluorescent staining from
retrograde transport of the dye from the spinal cord.

Statistical analysis

Statistical analysis was performed essentially as described in previous published studies
from our laboratory (Cady et al., 2014, Hawkins et al., 2015, Hawkins and Durham, 2016).
For the mechanical stimulation studies, the data are reported as the median number of
withdrawal responses + the interquartile range to 100 g of force at each condition and time
point. Subsequent analysis was then performed on data with n = 6 or greater for each
experimental condition using a Friedman’s ANOVA to test for general statistical significance
between time points for each group, followed by a Wilcoxon test to find changes within
groups from basal, and a Kruskal Wallis followed by a Mann-Whitney U test for differences
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between groups at each time-point. Statistical significance was set at £ < 0.05. For analysis
of the immunohistological images of the spinal cord (n = at least 3 independent experiments
per condition), relative levels of the proteins of interest were analyzed using NIH image J
software. Fluorescent intensity was measured in ten rectangular regions in laminas I-111 in
the medullary horn. To normalize intensity measurements within each image, background
intensity values were obtained from five non-overlapping regions in either the acellular area
of the outer lamina as determined by DAPI, and average values subtracted from region of
interest staining intensity values. All data are presented as mean fold-change from the
average naive value + S.E.M. All immunohistochemical data were normally distributed as
determined by a Shapiro-Wilk test. Analysis was performed for each separate time point
using a one-way ANOVA with a Tukey’s post-hoc. For quantification of P-ERK expression
in the trigeminal ganglion, the number of neuronal cells exhibiting nuclear localization of P-
ERK was divided by the total number of visible neuronal nuclei as identified by NeuN
staining in the overlapping V1/V2 region and distinct V3 region. Results are reported as the
average percent + S.E.M of neurons with P-ERK nuclear staining. Statistical significance
was set at < 0.05.

CGRP Mediates Nociceptive Response in Trigeminal Ganglion Neurons

To evaluate the effect of increased CGRP levels in the upper spinal cord on primary
nociceptor sensitivity, nocifensive responses were examined in response to mechanical
stimulation of the cutaneous region over the masseter muscle. The number of withdrawals
from the 100 g filament by animals was tested basally, 2 h post-injection, and on days 1, 2,
and 3 post-injection (Fig. 1A). A Friedman test on all behavioral data indicated a significant
difference between time-points for CGRP-injected animals (X2=15.921, n= 14, P<0.01),
but not saline or naive animals. Subsequent pairwise analysis showed no significant
difference in basal responses between conditions. In contrast, significantly increased
nocifensive responses were observed at2 h (2.5 + 3, Z=-2.9, n= 14, P<0.01) and on days
1(25+3,27=-29,n=14,P<0.05)and 2 (3.0+ 4, Z=-3.0, n= 14, P<0.01) in animals
injected with 1 uM CGRP when compared to basal values (0.0 + 1). Nocifensive responses
from animals injected with CGRP were also significantly different from saline controls at 2
h (0.5 £1.25, U=32.5, nicgrp = 14, Nsaline = 11, P<0.05) and onday 1 (1.0 £ 1.25, U=
35.0, n=11, P<0.05) and day 2 post-injection (0.0 = 2, U=24.0, n=11, P<0.01).
Nocifensive responses in CGRP animals were also significantly higher than naive control
levelsat2h (0.0 £ 1, U=20.0, icgrp = 14, /aive = 10, P<0.01) andonday 1 (0.0 1, U=
24.0, ncerp = 14, Maive = 10, P<0.01) and day 2 post-injection (0.0 =1, U= 27.0, iicgrp =
14 haive = 10, P<0.05). However, CGRP-induced responses were again similar to naive
and saline control values 3 days after injection.

PKA Is Involved in CGRP-Mediated Nociception

To investigate the signaling pathways involved in CGRP-mediated increases in nociception,
animals were co-injected with a truncated version of CGRP (CGRPg_37) that is a known
competitive CGRP receptor inhibitor or KT 5720, a selective inhibitor of the downstream
signaling enzyme PKA. A Friedman test on behavioral data from animals receiving CGRP
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and CGRPg_37 showed no significance between time-points. Responses from animals that
received CGRPg_37 in conjunction with CGRP were not significant from saline or naive
controls at 2 h, or days 1 and 2 post-injection. Nocifensive responses from these animals
also failed to reach significance from basal levels at 2 h, or days 1 or 2 following injections.

A Friedman test on behavioral data from animals receiving CGRP and KT 5720 indicated a
significant difference between time-points (X2= 13.289, 7= 7, £0.01). Animals co-injected
with CGRP and the PKA inhibitor KT 5720 exhibited significant increases in nocifensive
responses to the 100 g filament at 2 h post-injection (2.0 £ 3.75) as compared to naive
control groups (U= 8.0, Mhaive = 10, NkT5720 = 7, P< 0.01), saline control groups (V)= 16.0,
Nealine = 11, MkT5720 = 7, P<0.05), and basal readings (0.50 + 1, 7=-2.2, n=7, P<0.05)
(Fig. 1B). In contrast, co-injected animals did not exhibit significantly increased nocifensive
responses on day 1 (0.0 + 2) or day 2 post-injection (0.0 £ 1) as compared to saline and
naive groups, as well as basal levels. Animals that received CGRP and KT 5720 reacted
significantly less to the 100 g filament than those receiving CGRP alone at 1 d (U= 16.0,
ncere = 14, Nkts720 =7, P<0.5) and 2 d (U= 13.5, ncgrp = 14, NkTs720 = 7, P< 0.05).

Expression of PKA and GFAP but Not Ibal Were Increased in Response to CGRP

To identify the cell types influenced by CGRP, the expression of PKA, GFAP, and Ibal were
investigated using immunohistochemistry of upper spinal cord tissue. In naive animals, low
levels of the active form of PKA were detected in the upper spinal cord tissue (1.00 + 0.06, n
= 3; Fig. 2). General statistical significance was detected at 2 h (F(2, 6) = 14.4, P<0.01, 7/
=0.827) and 2 d (F(2, 6) = 17.3, P< 0.05, 7/ = 0.733) post-treatment. These changes were
no longer statistically significant by 3 d post-treatment. The level of PKA staining was not
significantly different from naive controls in animals injected with sterile saline alone at any
time point. At 2 h, CGRP-injected animals exhibited an increase in PKA immunostaining
intensity (2.43 £ 0.11 fold, n= 3) in comparison to levels in naive (P< 0.01) and saline
animals (P< 0.01). PKA levels were still significantly elevated at 2 days post-injection (2.43
+0.15, n=3) as compared to both naive (£< 0.05) and saline (P< 0.05) animals. After 3
days, PKA levels in CGRP-injected animals were no longer significantly elevated when
compared to naive and saline control levels. Based on co-staining results, CGRP-mediated
increase of PKA was observed in NeuN (neuronal nuclei marker) and GFAP stained cells,
but not with Ibal. Thus, the stimulating effect of PKA involves changes in neurons and
astrocytes.

Levels of GFAP were compared between treatment conditions to evaluate changes in
astrocyte activity in the spinal cord (Fig. 3A). Low levels of glial fibrillary acidic protein
(GFAP) were observed in upper spinal cord tissues of naive animals (1.00 + 0.07, n= 3).
Initial testing indicated a significant difference in GFAP levels in tissues taken 2 hours (F(2,
6) = 7.1, P<0.05, 77 = 0.702) 2 days (F(2, 6) = 17.3, P< 0.01, 77 = 0.852) and 3 days post-
injection (F(2, 6) = 9.3, P< 0.05, 77 = 0.755). Post-hoc analysis showed that injection of
sterile saline alone was not sufficient to elicit a change in expression of GFAP in astrocytes
in the upper spinal cord at any time point as compared to naive levels. Animals injected with
CGRP were significantly different from naive levels 2 h post-injection (1.88 + 0.13, P<
0.05), but did not show significant changes compared with saline controls at 2 h. In contrast,
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levels of GFAP in animals injected with CGRP were significantly higher from both naive (P
<0.01, n=3) and saline controls (P< 0.01, 7= 3) 2 days after injection (3.03 £ 0.17). Three
days post injection, spinal cord tissue from rats injected with CGRP still showed
significantly different GFAP levels to naive (1.93 + 0.20, A< 0.05) and saline (P < 0.05)
tissues.

Relative levels of Ibal, a marker for active microglia, were assessed in the spinal cord to
evaluate whether there were changes in microglia activity in response to CGRP (Fig. 3B).
Statistically significant differences were not detected at any time point, indicating that
neurons and astrocytes are primarily responsible for changes of sensitivity in the medullary
horn.

Expression of P-ERK in Trigeminal Ganglion

Having shown that elevated levels of CGRP in the upper spinal cord led to an increased
sensitivity of V3 trigeminal neurons that provide sensory innervation of the TMJ tissues,
immunohistochemistry was utilized to study changes in P-ERK levels in primary neurons.
While P-ERK immunostaining was observed primarily in the cytosol of neuronal cell bodies
in naive animals, the active form was more localized in the nuclei of trigeminal neurons in
animals 2 h post CGRP injection (Fig. 4). P-ERK expression in neuronal nuclei was
confirmed through tissue morphology and its colocalization with the NeuN expression.
Nuclear localization of P-ERK expression was evaluated as a percentage of the total
neuronal nuclei present in an image, normalized to number of visible neurons identified by
DAPI staining. The staining pattern in the V3 region of naive tissues (7= 3) showed an
average of 65.3 + 2.8 visible neuronal nuclei, with an average of 33.7 £ 0.72, or 51.9

+ 3.2%, of these expressing nuclear P-ERK. Animals injected with saline at 2 h post-
injection (n= 3) contained an average of 64.3 = 3.4 neurons present in pictures taken of the
V3 region of the trigeminal ganglion, with 31.7 £ 2.3, or 49.2 + 2.9%, of those neurons
exhibiting nuclear P-ERK. Animals injected with CGRP at 2 h post-injection (7= 3) had an
average of 57.7 + 7.6 neurons present in pictures taken of the V3 region of the trigeminal
ganglion. On average, 47.7 + 5.6 of those neurons showed nuclear localization of P-ERK,
making up 83.0 £ 1.4% of the total neurons per image. There was a statistically significant
difference in nuclear P-ERK levels between groups (F(2, 6) = 39.8, < 0.001, 7 = 0.930).
The difference in nuclear P-ERK between naive and saline tissues was not significant. The
percentage of nuclear P-ERK in the V3 region of CGRP tissues was significantly higher than
that in naive tissues (£ 0.001) and saline tissues (£< 0.001). In the V1/V2 region of the
ganglion, naive tissues (/7= 3) had an average of 77.0 £ 14.6 neuronal nuclei visible in each
tissue, with an average of 23.3 = 5.25 of those neurons exhibiting nuclear P-ERK
expression, comprising 30.2 = 2.2% of the total neurons. Ganglia from animals that had
been injected with saline alone (7= 3) had an average of 68.3 + 7.3 neuronal nuclei visible
in each tissue, with an average of 31.3 £ 4.8 neurons, or 45.9 + 4.6% of total neurons
exhibiting nuclear P-ERK expression. Tissues from animals injected with CGRP at 2 h post-
injection (n = 3) were evaluated as having an average of 65.0 + 7.7 neurons present in
pictures taken of the V1V2 region of the trigeminal ganglion. On average, 52.3 + 8.9 of
those neurons showed nuclear localization of P-ERK, making up 79.1 + 4.0% of the total
neurons per tissue. A one-way ANOVA showed a statistically significant difference of
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nuclear P-ERK levels between groups (F(2, 6) = 34.3, < 0.001, 77 = 0.920). A Tukey post-
hoc showed no significant difference in nuclear P-ERK between naive and saline tissues.
However, the percentage of nuclear P-ERK in the V1V2 region of CGRP tissues was
significantly higher than that in naive (£ < 0.001) or saline tissues (P < 0.01).

Evidence of Bidirectional Signhaling within Trigeminal System

The retrograde fluorescent tracer dye Fast Blue was observed in neuronal cell bodies located
in the V3 region of the trigeminal ganglion seven days after dye injection into the upper
spinal cord in unstimulated animals (Fig. 5). To test whether elevated CGRP levels in the
spinal cord could promote increased neuron-glial signaling in the trigeminal ganglion,
animals were co-injected with Fast Blue and 1 uM CGRP. Seven days post injection, the Fast
Blue was observed in the cell body of trigeminal neurons and surrounding satellite glial cells
throughout all three branches of the ganglion. In contrast, Fast Blue was not detected in
Schwann cells, which are the other prevalent glial cell type present within the ganglion.

DISCUSSION

Elevated levels of CGRP are implicated in the development and maintenance of central
sensitization and an enhanced pain state characterized by hyperalgesia and allodynia in
diseases involving trigeminal nerves including TMD and migraine (Sun et al., 2003, Sun et
al., 2004, Seybold, 2009, Sessle, 2011). However, the mechanisms by which elevated levels
of CGRP in the upper spinal cord promote peripheral sensitization of primary nociceptive
trigeminal neurons that provide sensory innervation to tissues in the head and face is not
well understood. We found that administration of CGRP in the upper spinal cord resulted in
a significant increase in the number of nocifensive head withdrawals in response to
mechanical stimulation of the trigeminal nerve. This finding is in agreement with data from
human studies in which both TMD and migraine patients report increased sensitivity to
mechanical pressure applied to the head and face during an attack (Burstein et al., 2015,
Dahan et al., 2015, Furquim et al., 2015). Under normal physiological conditions, the
increase in pain sensitivity could provide a protective mechanism to minimize further
damage to the tissue. As shown in our study, the enhanced nocifensive response was seen as
early as 2 h post administration and this sensitized state was maintained for at least 48 h with
resolution by 72 h post intracisternal CGRP injection. This finding is in agreement with the
time course reported by migraine patients during an acute attack in which the severe pain
and enhanced sensitivity is rarely sustained past 72 hours (Olesen et al., 2009). Our finding
that elevated levels of CGRP within the upper spinal cord can lower the activation threshold
of trigeminal primary sensory neurons to mechanical stimulation provide evidence to help
explain the association of CGRP and the enhanced pain states reported by migraine and
TMD patients.

The physiological and cellular effects of CGRP are mediated via activation of the CGRP
receptor, which is expressed on primary trigeminal neurons that synapse in the outer lamina
of the spinal cord and the associated glial cells, astrocytes, and microglia (Wang et al., 2010,
Hansen et al., 2016). To demonstrate the specificity of the CGRP-mediated response, we co-
administered CGRP with the truncated CGRP molecule (CGRPg_37), which acts as a
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competitive inhibitor of the CGRP receptor (Chiba et al., 1989, Edvinsson et al., 2007). We
found that CGRPg_37 could inhibit the stimulatory effect of CGRP on nociception at each of
the time points. This finding provides evidence that blocking the CGRP receptor within the
spinal cord is sufficient to suppress the initiation and maintenance of peripheral sensitization
of trigeminal nociceptive neurons. Our result is in agreement with other studies that reported
intrathecal administration of a CGRP receptor antagonist can block mechanically evoked
nocifensive responses in tissues innervated by dorsal root ganglion sensory neurons (Sun et
al., 2004, Adwanikar et al., 2007, Tzabazis et al., 2007, Hansen et al., 2016). Following
binding of CGRP to its G-protein-coupled receptor, there is an increase in adenylate cyclase
activity within those cells leading to an increase in the intracellular level of the secondary
messenger CAMP (Brain and Cox, 2006). Elevated levels of cCAMP then cause an increase in
expression of the active form of the signaling kinase PKA via binding to an allosteric site in
the protein. In contrast to blocking the CGRP receptor, we found that co-injection of the
PKA inhibitor (KT 5720) with CGRP did not inhibit trigeminal sensitization to mechanical
stimulation at the 2 h time point. However, blocking PKA activation did suppress
mechanical sensitivity 24 and 48 h post CGRP injection. We can only speculate that the
difference in temporal response may be due to CGRP eliciting an immediate increase in
nuclear P-ERK in primary neurons, as shown in our study, independent of PKA activity in
the central nervous system. The maintenance of the sensitization, however, is likely
mediated by central PKA expression at least partially in astrocytes since CGRP stimulated
GFAP expression, which is used as a biomarker of activated astrocytes. Taken together, our
data support the notion that the initial increase in neuronal sensitivity in trigeminal
nociceptors is due to cellular changes within the primary neurons while the more sustained
sensitized state is attributable, at least in part, to activation of glial cells.

Data from our behavioral studies provide evidence of the involvement of PKA activation in
mediating the downstream stimulatory effects of CGRP. To determine if elevated CGRP
levels in the spinal cord could stimulate increased expression of the active form of PKA in
neurons and glial cells within the medullary horn, we used immunohistochemistry to directly
study changes in PKA levels. The rationale for investigating PKA is further supported by
evidence from other studies that PKA activation is associated with development of central
sensitization (Levy and Strassman, 2002, Hu et al., 2003, Kohno et al., 2008). Based on
colocalization of PKA with the proteins NeuN and GFAP, we found that PKA levels were
significantly increased in cell bodies of second order neurons and astrocytes in response to
CGRP at 2 hours post injection when compared to levels in naive and saline treated animals.
PKA levels remained significantly elevated at 48 and 72 h post injection. This finding is
suggestive that, although a CGRP-mediated enhancement in nociceptive sensitivity had
resolved by 72 h, the neurons and glia within the upper spinal cord retained a level of
cellular sensitization. Our finding is in agreement with other studies that have shown that
elevated levels of PKA within the lower spinal cord are involved in the initiation and
maintenance of central sensitization (Aley and Levine, 1999, Hu et al., 2003, Hucho and
Levine, 2007). The modulatory effects of PKA are thought to involve activation of pathways
and transcription factors that regulate the expression and activity level of ion channels and
receptors in nociceptive neurons and increase expression of pro-inflammatory molecules in
both neurons and glial cells (Seybold, 2009). For example, elevated PKA levels in the spinal
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cord are implicated in the development of central sensitization by enhancing the activity of
glutamate receptors that are expressed on second order nociceptive neurons (Aley and
Levine, 1999, Hucho and Levine, 2007, Latremoliere and Woolf, 2009). Furthermore,
activation of PKA intracellular signaling pathways have been shown to promote the
initiation and prolonged state of sensitization and persistent pain via ion channel
phosphorylation (Fitzgerald et al., 1999, Bhave et al., 2002, Han et al., 2005), and inducing
pro-inflammatory cytokine genes containing CRE regulatory promoter sequences (Kawasaki
et al., 2004). Further evidence for an important role of PKA in mediating nociception was
provided by results demonstrating that blocking PKA signaling inhibits inflammation-
induced hyperalgesic behaviors (Malmberg et al., 1997, Aley and Levine, 1999). In sum, our
results provide evidence to further support the notion that PKA signaling plays a central role
in mediating the stimulatory effects of CGRP, and thus is likely to be an important signaling
pathway in promoting central sensitization associated with TMD and migraine.

Sensitization of nociceptive neurons associated with the development of prolonged pain
states is known to involve activation of spinal cord glial cells (Wieseler-Frank et al., 2004,
Ren and Dubner, 2008, Gosselin et al., 2010). In support of this notion, we detected elevated
immunoreactive levels of GFAP, which is a protein implicated in astrocyte activation, of
CGRP injected animals. The observed increase in GFAP occurred at the 2 hour time point
with levels greatest after 48 hours post injection, and remained significantly elevated even at
72 hours, a finding similar to our PKA results. In contrast, CGRP did not cause an increase
in the expression of Ibal in microglia when compared to control levels at any of the time
points. Astrocytes can promote and sustain sensitization of peripheral and central neurons
through the release of cytokines and other inflammatory molecules by increasing neuron-
glial cell interactions in the spinal cord (Miller et al., 2009). Based on our findings, the
stimulatory effects in response to intracisternal administration of CGRP appears to be
mediated primarily by astrocytes with minimal contribution from microglial cells.

To investigate a possible mechanism by which elevated CGRP levels in the spinal cord could
lead to our observed increase in nocifensive head withdrawal response mediated by primary
trigeminal nociceptive neurons, we determined changes in the level of the MAP kinase ERK
in trigeminal neurons. Intracisternal CGRP caused a significant large increase in the nuclear
localization of active, phosphorylated form of ERK (P-ERK) in the cell bodies of trigeminal
neurons throughout the entire ganglion 2 hours post injection. In contrast in naive control
ganglion, P-ERK was mostly localized in the cytosol of neurons. Elevated P-ERK levels are
reported to mediate a sensitized state of primary nociceptive neurons via modulating
expression and activation levels of ion channels and membrane receptors (Cheng and Ji,
2008, Takeda et al., 2009). The importance of MAP kinases in the development of peripheral
sensitization and an enhanced level of nociceptor sensitivity is supported by findings that
selective inhibition of MAP kinase activity can suppress nociceptive cellular events
(Milligan et al., 2003, Tsuda et al., 2004, Ji et al., 2009). Results from our study provide
evidence that CGRP induces cellular changes of trigeminal ganglion neurons that correlate
with the development of peripheral sensitization of primary nociceptive neurons. These data
are in agreement with a previous study from our laboratory that demonstrated that nicotine,
which promotes central sensitization by promoting an increase in neuron-glial signaling and
cytokine production within the upper spinal cord, caused an significant elevation in P-ERK
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levels in primary trigeminal nociceptive neurons (Hawkins et al., 2015). Taken together, our
findings provide evidence to support the notion of bidirectional signaling within the
trigeminal system such that central sensitization can induce changes in trigeminal
nociceptive neurons.

To directly demonstrate that CGRP can promote retrograde signal transduction from the
spinal cord to neuronal cell bodies located in the trigeminal ganglion, the retrograde dye Fast
Blue was co-injected with CGRP in the upper spinal cord. Fast Blue is a fluorescent dye
most commonly used as a retrograde neuronal tracer since it has been shown to be
effectively transported retrogradely over long distances in various animal models (Casatti et
al., 1999, Bossowska et al., 2009, Ivanusic, 2009). While we detected Fast Blue in the cell
bodies of neurons throughout all regions of the trigeminal ganglion seven days post
intracisternal injection in unstimulated animals, we observed the dye in both neuronal cell
bodies and associated satellite glial cells in response to intracisternal CGRP. To our
knowledge, these data for the first time provide direct evidence of bidirectional signaling
from the cerebrospinal fluid to neuronal cell bodies within the trigeminal ganglion and
coupling to satellite glial cells. The movement of the dye from neuronal cell bodies to the
satellite glial cells likely involved the formation of gap junctions between these two cells.
This type of neuron-glia coupling within the trigeminal ganglion has been observed
following peripheral inflammation or in response to inflammation and nerve injury (Cherkas
et al., 2004, Vit et al., 2008, Durham and Garrett, 2010, Villa et al., 2010). Importantly,
increased signaling between neurons and glia with the ganglion is associated with
development and maintenance of peripheral sensitization of nociceptive neurons. Our results
support the idea that elevated levels of CGRP within the spinal cord can facilitate
bidirectional signaling and sensitization of primary trigeminal neurons by mediating
increased neuron-glial cell coupling in the trigeminal ganglion.

In summary, findings from this study demonstrate that CGRP promotes peripheral
sensitization of primary trigeminal nociceptive neurons to mechanical stimulation via a
mechanism involving CGRP induction of PKA activity in neurons and glia and upregulation
of GFAP in astrocytes in the upper spinal cord. Elevated levels of CGRP increased neuronal
expression of P-ERK and promoted neuron-satellite glial cell coupling in the trigeminal
ganglion. Thus, our results provide evidence to support the notion that CGRP-mediated
central sensitization leads to an increase in trigeminal nociceptor sensitivity. Furthermore,
we speculate that central to peripheral signaling as observed in our study may help to
explain how peripheral nociceptors become sensitized, as reported in chronic orofacial pain
conditions, even in the absence of any physical trauma or signs of inflammation.
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T™MJ temporomandibular joint

PKA protein kinase A
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P-ERK phosphorylated extracellular signal-regulated kinase

GFAP glial fibrillary acidic protein

SEM standard error of the mean
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. Intrathecal CGRP promotes sensitization of primary trigeminal
nociceptive neurons

. Stimulatory effects of CGRP are mediated by PKA and involve
astrocyte activation

. CGRP-dependent behavioral changes associate with increased P-ERK
levels in ganglion

. Elevated CGRP levels in spinal cord promote neuron-glia
communication in ganglion

. Our results provide direct evidence of bidirectional signaling within
trigeminal system
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Figure 1.
A. Intracisternal injection of CGRP in upper cervical spinal cord increased nociceptive

responses to mechanical stimulation of trigeminal neurons. The median number of
nocifensive head withdrawals to the 100 g filament in naive animals compared to animals
basally and at 2 h, 1 day, 2 days, or 3 days post intracisternal injection of saline or CGRP is
shown. B. The median number of nocifensive withdrawal responses to the 100 g filament
was decreased in a time-dependent manner by inhibiting CGRP or PKA activity. Animals
were injected intracisternally with CGRP or co-injected with CGRP and the truncated CGRP
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receptor antagonist peptide CGRPg_37 (CGRP + 8-37) or the selective PKA inhibitor KT
5720 (CGRP + KT 5720).

Neuroscience. Author manuscript; available in PMC 2017 December 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cornelison et al.

Page 20

¥ N
Y

Figure 2.
CGRP injection increased expression of PKA in upper spinal cord compared to naive and

saline control. Representative images of sections from the upper spinal cord obtained from
naive (left), and saline treated (center) or CGRP treated (right) animals 2 days post injection
are shown. All cell nuclei are identified by DAPI staining (top panel). The same sections
were also stained for PKA or co-stained for PKA and the astrocyte biomarker GFAP.
Enlarged images of the region of the medullary horn are shown. Scale bars = 200 um.
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Figure 3.
Intracisternal injection of CGRP increased expression of GFAP and transiently elevated Ibal

levels. Representative images of sections from the medullary horn of upper spinal cords
obtained from naive (left), and saline (center) or CGRP treated (right) animals 2 days post
CGRP administration are shown. All cell nuclei identified by staining with DAPI are shown
in the top panels, while immunostaining of the same tissue sections for GFAP (A) or Ibal
(B) are seen in the lower panels. Scale bars = 200 pm.
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Figure 4.

Intracisternal CGRP injection increased expression of P-ERK in trigeminal ganglion
neurons. Representative images of sections from the V1/V2 region of trigeminal ganglia
obtained from naive and CGRP treated animals are shown. All cell nuclei are identified by
the nuclear dye DAPI (left panel), while the same tissue sections that were positive for P-
ERK are seen in the second panel. Enlarged images of the region of the ganglion containing
numerous neuronal cell bodies (white box) stained for neuronal protein NeuN (third panel)
and the same region co-stained for P-ERK (far right panel) are shown. Scale bars = 100 um.
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Figure 5.
Evidence of bidirectional signaling within the trigeminal system from the upper spinal cord

to trigeminal ganglion cells and increased neuron-glia coupling in response to CGRP. The
fluorescent dye Fast Blue was localized primarily in the cell body of neurons 7 days after
dye injection in unstimulated animals but the dye was seen in both neuronal cell bodies and
satellite glial cells in animals co-injected with dye and CGRP. A white asterisk was used to

Neuroscience. Author manuscript; available in PMC 2017 December 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cornelison et al.

Page 24

indicate the cell body of several neurons, while arrows identify satellite glial cells containing
the dye. Scale bars = 100 um.
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Antibodies and Incubation Conditions Used for Immunchistochemistry.

Table 1

Protein

GFAP
Ibal
NeuN
P-ERK
PKA
Alexa 488

Alexa 567

Alexa 647

Dilution Company Incubation
Time
1:5,000 Abcam 3 hours
1:500 Abcam 3 hours
1:1,000 Millipore 3 hours
1:500 Bioworld Overnight
1:500 Abcam 3 hours
1:200 Life 1 hour
Technologies
1:200 Life 1 hour

Technologies

1:200 Life 1 hour
Technologies

Incubation
Temperature

20-22 °C
20-22 °C
20-22°C
20-22 °C
4°C
20-22°C

20-22 °C

20-22 °C
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