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Abstract

Calcitonin gene-related peptide (CGRP) is a multifunctional neuropeptide implicated in
inflammatory diseases involving trigeminal ganglion nerve activation. Within trigeminal ganglia,
satellite glia and Schwann cells are found in close association with neuronal cell bodies and fibers,
respectively, and are known to express functional CGRP receptors. The goal of this study was to
use array analysis to provide a more comprehensive understanding of CGRP regulation of
inflammatory proteins and genes in trigeminal glia. Primary trigeminal ganglia cultures enriched
for glia were treated with 500 nM CGRP for 8 or 24 h. CGRP caused a >3-fold increase in the
level of 19 cytokines 8 h after CGRP treatment and the levels of each of these cytokines remained
significantly elevated over basal unstimulated levels at 24 h. While mRNA levels of many genes
involved in mitogen-activated protein (MAP) kinase signaling were increased 8 h after CGRP
treatment, the number of responsive genes was greatly increased at 24 h. Specifically, CGRP was
shown to temporally regulate expression of multiple MAP kinases as well as numerous MAP
kinase-responsive genes including transcription factors, scaffold/anchoring proteins, and cell cycle
proteins. Thus, our data provide evidence of an emerging role of CGRP as an important modulator
of trigeminal ganglion glia by stimulating cytokine release as well as inducing expression of a
diverse array of proteins involved in MAP kinase signaling.
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Calcitonin gene-related peptide (CGRP), which is expressed by peripheral sensory neurons
of the trigeminal ganglia, is implicated in the underlying pathology of migraine,
rhinosinusitis, and temporomandibular joint disorder (TMD) [3,4,24]. In response to
activation of trigeminal nociceptors, CGRP facilitates neurogenic inflammation in peripheral
tissues by functioning as a potent vasodilator and causing mast cell degranulation [17].
Stimulated CGRP release in the CNS contributes to pain, central sensitization, and allodynia
by mediating excitation of second order neurons and glial cells [12,24]. In addition, CGRP
released within trigeminal ganglia could function in an autocrine manner to stimulate its
own synthesis as well as function in a parcrine manner to stimulate glia activity [27,32].
Within trigeminal ganglia, neuronal cell bodies are ensheathed by several satellite glial cells
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and together are thought to form distinct functional units [27]. Another glial cell found in
trigeminal ganglia is the Schwann cell, which is located in close proximity to nerve fibers. A
primary role of trigeminal glia is to regulate the microenvironment around the neuronal cell
body and fibers under normal and pathological conditions [11]. Hence, these glial cells
function to control the excitability state of trigeminal neurons. Since both satellite glia and
Schwann cells are known to express CGRP receptors [16,18,32], CGRP regulation of glia
activity is likely to have important implications in inflammatory diseases involving
excitation of trigeminal nerves.

The CGRP receptor is a heterodimer formed between G protein-coupled receptor known as
calcitonin receptor-like receptor (CLR) and another transmembrane protein named receptor
activity-modifying protein 1 (RAMP1). RAMP1 is required for facilitating CLR expression
at the cell surface and is critical to receptor function for it defines the relative potency of
ligands for the receptor [19]. Activation of CGRP receptors is most commonly reported to
couple to stimulation of adenylate cyclase and increases in intracellular cAMP levels in
multiple cell types [25,31]. However, CGRP-responsive signaling proteins in satellite glia
and Schwann cells that have not been thoroughly investigated.

We have recently reported that CGRP can stimulate expression of inducible nitric oxide
synthase (iNOS) and release of nitric oxide (NO), as well as differentially regulate the
expression of multiple cytokines in cultured trigeminal ganglion glial cells [18,27,28]. The
CGRP-mediated increase in iNOS expression was shown to involve activation of mitogen-
activated protein (MAP) kinases [28]. Importantly, cytokines and MAP kinase signaling
pathways are known to play important roles in regulating inflammatory responses within
tissues. The goal of this study was to use microarray analysis to more thoroughly investigate
time-dependent changes in cytokine expression as well as changes in expression of genes
involved in MAP kinase signaling in cultured trigeminal ganglia glia in response to CGRP.

All animal experimental procedures were conducted in accordance with institutional and
National Institutes of Health guidelines. Pregnant female Sprague—-Dawley rats (Charles
River, Wilmington, MA) were housed in plastic cages on a 12 h light/dark cycle with
unrestricted access to food and water. Every effort was made to minimize animal suffering
and reduce the number of animals used.

Primary cultures of trigeminal ganglia enriched in glia were established based on previously
published protocols [5,9,10,18]. Briefly, trigeminal ganglia were isolated from 3- to 4-day-
old neonatal rats and dissociated in L15 media containing Dispase Il, and RQ1 DNase. After
centrifugation, cell pellets were resuspended in L15 media and respun to pellet neuronal
cells while the resultant supernatant respun to concentrate glia. The resulting glial cell pellet
was resuspended in L15 media supplemented with 10% fetal bovine serum (Atlanta
Biologicals, Norcross, GA), 50 mM glucose, 250 pMascorbic acid, 8 uM glutathione, 2 mM
glutamine, and 10 ng/mL mouse 2.5 S nerve growth factor (Alomone Laboratories,
Jerusalem, Israel), as well as penicillin (100 units/mL), streptomycin (100 pug/mL), and
amphotericin B (2.5 ug/mL). For array studies, glia were plated at a density of 2 ganglia per
well in poly-o-lysine coated 24-well tissue culture plates and at a density of half a ganglion
on 11 mm glass coverslips coated with poly-o-lysine for immunocytochemistry studies. Glia
cultures were incubated at 37 °C at ambient CO, and culture medium was changed after 24
h and every other day thereafter as needed.

Immunocytochemical studies were conducted using untreated 2-day-old primary glia
cultures as previously described [18,28]. Fixed and permeabilized cells were incubated in
PBS containing 5% donkey serum and then with a rabbit polyclonal antibody directed
against RAMPL1 (1:200 in PBS; ProteinTech Group, Inc., Chicago, IL), and immunoreactive
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proteins detected following incubation with Alexa Fluor 594 (diluted 1:500 in PBS;
Invitrogen). As a control, some cultures were incubated with only anti-rabbit secondary
antibodies. All images were taken at 400x magnification on a Zeiss Imager.Z1 Microscope
with an Apotome using AxioVision Version 4.7.2.0 software (Carl Zeiss Microlmaging,
Inc., Thornwood, NY). Cell counts were performed over 10 random fields by two
independent researchers blinded to the experimental design and values reported as
percentage of RAMP1 positive glia to total number of counted glia.

Primary glia-enriched cultures of trigeminal ganglia maintained for 2-5 days were left
untreated (control) or treated with 500 nM CGRP (in sterile water; American Peptides,
Sunnyvale, CA) in L15 complete media for 8 or 24 h. After incubation, media was removed
and replaced with PBS (pH 7.4) for 1 h at 37 °C. Media or cells were collected from 4-well
per condition and pooled for antibody or mMRNA arrays. Each experimental condition was
repeated in at least 3 independent experiments. As a control, cell viability was determined in
untreated and CGRP-treated cultures using the CellTiter96 assay (Promega, Madison, WI).

Levels of 19 cytokines were determined in control or CGRP-treated glia cultures using the
RayBio Rat Cytokine Antibody Array 1.1 per manufacturer’s instructions (RayBiotech,
Norcross, GA). Briefly, cytokine membranes were blocked for 30 min and 1 mL of media
was added to each array and incubated overnight at 4 °C. Following washing and addition of
biotin-conjugated primary antibodies, membranes were incubated overnight at 4 °C.
Membranes were then incubated in streptavadin-conjugated peroxidase for 1 h and exposed
to a peroxidase substrate for 5 min prior to developing on X-ray film. Densiometric analysis
was performed on a Kodak ImageStation 4000 M (Eastman Kodak Company, Rochester,
NY) with background subtraction from spot edges. Spot data was normalized to a positive
control spot on each array.

RNA was isolated from pellets of untreated glia or cells treated with 500 nM CGRP using
the MagMax-96 for Microarrays Total RNA Isolation Kit according to manufacturer’s
instructions (Applied Biosystems, Foster City, CA). The RTZ First Strand Kit
(SABiosciences, Frederick, MD) was used to create cDNA from isolated RNA (1 pg).
Resultant cDNA was used to perform gPCR on RT2 MAP Kinase Signaling Pathway PCR
Arrays (SABiosciences) with SABiosciences RT2 gPCR Master Mix according to
manufacturer’s instructions. Plates were read on a Stratagene Mx3000p gPCR machine
(Stratagene, La Jolla, CA) with 1 cycle of 10 min at 95 °C followed by 45 cycles of 15 s at
95 °C and 1 min at 60 °C. SYBER Green fluorescence was monitored at the annealing step
of each cycle and analyzed with MX Pro software (Stratagene).

Statistics were performed with a non-parametric Mann-Whitney U-test. Differences were
considered statistically significant at p < 0.05. All statistical tests were performed using
SPSS Statistical Software, Release 16 (Chicago, IL).

To determine the effect of CGRP on protein and mRNA expression in trigeminal glia,
cultures of trigeminal ganglia enriched for glia were established. As viewed with phase
microscopy, cultures were comprised of mostly glia (>98%), which consisted of satellite glia
(two processes extending from elongated cell body) and Schwann cells (multiple processes
extending from triangular shaped cell body) (Fig. 1). Under our culture conditions, the
percentage of glia cells expressing RAMP1 was 95.5 + 1.8% (193/203 glia cells). Based on
cell counts, the number of RAMP1 positive Schwann cells (51.8 + 5.7%; 105/203 total glia)
were greater than that observed for satellite glia (43.1 £ 5.5%; 88/203).

To investigate the temporal effect of CGRP on release of multiple cytokines from trigeminal
glia, media collected from cultured glia was analyzed using RayBio Rat Cytokine Antibody
Arrays. Somewhat surprisingly, treatment with 500 nM CGRP caused a significant (>3-fold)
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increase in the amount of all 19 cytokines detected in the media after 8 or 24 h when
compared to unstimulated control levels (Table 1). For some stimulatory cytokines, such as
CINC-3, fractalkine, GM-CSF, IL-1a, leptin, and MIP-3a, the amount of protein detected 8
h after addition of CGRP was greater than levels at 24 h, which remained significantly
higher than control levels. The inhibitory cytokine TIMP-1 followed a similar temporal
pattern. In contrast, levels of other stimulatory cytokines, including B-NGF, CTNF, IL-1p,
IL-6, LIX, TNF-a, and VEGF, as well as the inhibitory cytokines IL-10 and IL-4, were
greatest 24 h after CGRP treatment. Levels of the stimulatory cytokines CINC-2, IFN-y, and
MCP-1, which were significantly elevated over control levels 8 h after CGRP stimulation,
remained at similar levels at 24 h. Importantly, CGRP treatment at 500 nM for 8 or 24 h was
not associated with glial toxicity when compared to control as determined by the CellTiter96
assay (>98% viable at 24 h; n = 6).

Rat MAP Kinase Signaling Pathway arrays (SABiosciences) were used to study changes in
mMRNA levels of MAP kinase signaling proteins in cultured glia cells in response to CGRP.
Treatment of glia with 500 nM CGRP resulted in a significant 3-fold or higher increase in
expression of multiple MAP kinases and transcription factors in trigeminal glia at 8 and 24 h
when compared to unstimulated cells (Table 2). While the level of only one MAP kinase
was greater at 8 h than 24 h, levels of six kinases were higher at 24 h. In addition, three
kinases were not stimulated at 8 h but were significantly increased at 24 h. One kinase was
not increased at either time point. An even more diverse temporal pattern of expression was
observed for transcription factor genes. The mMRNA levels of six transcription factors were
greatest 8 h after CGRP treatment. Although the levels of three other factors were increased
at 8 h, a higher level of expression was seen at 24 h. In contrast, the levels of two factors
were only significantly elevated at 8 h while expression of seven factors was only
significantly increased at 24 h. In addition, CGRP was found to differentially regulate the
expression of many other genes involved in MAP kinase signaling including the kinases
MKKK, MKK, and MEKKZ1 interacting proteins (Supplemental Table). Similarly, mRNA
levels for proteins involved in the regulation of Raf as well as scaffold/anchoring and cell
cycle regulation were significantly elevated over control levels. Taken together, these data
provide evidence that CGRP differentially regulates a vast array of genes and proteins
involved in cytokine release and MAP kinase signaling in trigeminal glia.

In this study, we found that CGRP significantly increased the release of many cytokines as
well as MRNA levels of proteins involved in MAP kinase signaling pathways in cultured
trigeminal ganglion glia in a temporal manner. Within trigeminal ganglia, two types of glia
have been identified corresponding to satellite glia and Schwann cells [11,22]. These cells
function to control the microenvironment of neurons by regulating the levels of extracellular
ions as well as cytokines, chemokines, and other inflammatory mediators found in proximity
to cell bodies and nerve fibers. In agreement with previous studies, we showed that both
satellite glia and Schwann cells express the CGRP receptor subunit protein RAMP1 [16,18],
which is required for the formation of functional CGRP receptors. Thus, it is likely that the
stimulatory effects of CGRP observed in our study are being mediated through activation of
CGRP receptors present on satellite and Schwann cells.

Results of this study demonstrate that 500 nM CGRP causes a prolonged stimulation of
cytokine release from cultured trigeminal glia. In fact, under our culture conditions,
treatment with 500 nM CGRP significantly (>3-fold) increased release of all 19 cytokines 8
and 24 h post-treatment. This finding differs somewhat from our previous results in which
treatment with 100 nM CGRP caused an increase in only six of the 19 cytokines after 24 h.
Another difference between the two studies was that the overall magnitude of changes
caused by 100 nM CGRP (range 2—4-fold) was much less than that seen with 500 nM CGRP
(many >10-fold). The dissimilarity in the response to CGRP is most likely due to the
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difference in CGRP concentrations since the method used to establish the glia-enriched
cultures was the same in both studies. While the total level of CGRP in trigeminal ganglia is
not known, current literature suggests that CGRP content in tissues and exudates can be
detected from low nanomolar to micromolar concentrations in normal or pathological
conditions, respectively [1,23]. In our studies, it appears that the duration and magnitude of
the stimulatory effects of CGRP on cytokine release from trigeminal glia is concentration
dependent. We can only speculate that elevated levels of multiple stimulatory cytokines
within the media, as seen in this study, would be expected to cause sensitization and
possibly even activation of trigeminal neurons [6,8,15]. Thus, release of CGRP in the
ganglia in response to nerve activation would create an inflammatory loop by stimulating
prolonged release of stimulatory cytokines from satellite glia known to cause sensitization or
activation of neurons in a concentration dependent manner. In this way, a CGRP-cytokine
loop would lead to peripheral sensitization of trigeminal neurons, a central event that
contributes to the underlying pathology of migraine, allergic rhinitis, and TMJ disorders.
Similarly, CGRP activation of Schwann cells would release cytokines such as TNF-a, IL-13
and IL-6 that are known to cause sensitization of nociceptive neurons [30]. However, CGRP
was also shown to cause a prolonged increased release of the inhibitory cytokines TIMP-1,
IL-10, and IL-4 that would likely function in a compensatory manner to restore normal
cytokine levels in the extracellular environment around ganglion neurons. Taken together,
our findings support the concept that CGRP functions to initiate a complex regulatory loop
involving differential expression of multiple cytokines that are likely to play an important
role in diseases involving trigeminal ganglia.

Given the large body of evidence that supports a direct role of MAP kinase signaling
pathways in the increased expression and release of cytokines from multiple cell types
[7,14,29], it is likely that the prolonged elevation of cytokine release from glia is mediated at
least in part by MAP kinase signaling pathways. Importantly, MAP kinase pathways connect
activation of cell surface receptors to key regulatory events implicated in the initiation and
maintenance of inflammatory and nociceptive responses in sensory ganglion neurons and
glia [13,20,21]. In this study, we found that CGRP significantly increased the mRNA levels
for numerous genes involved in MAP kinase signaling including isoforms of the MAP
kinases ERK, JNK, and p38. This finding is in agreement with previous published results in
which CGRP stimulation of iNOS gene expression in trigeminal glia was shown to involve
activation of these MAP kinases [28]. Our results also are in agreement with other reports
that CGRP activation of its receptor couples to increases in CAMP levels and subsequently
in levels of the transcription factor, cAMP-responsive element binding protein 1 or CREB1
[2,26]. Taken together, data from our study provide evidence that CGRP is likely to
modulate the excitability state of trigeminal glia by regulating expression of amultitude of
diverse genes that includes MAP kinase-responsive transcription factors, scaffolding/
anchoring proteins, and cell cycle proteins.

In conclusion, results from our study provide evidence of an emerging role of CGRP as an
important modulator of trigeminal ganglion glia by stimulating cytokine release as well as
increased expression of numerous proteins involved in MAP kinase signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

RAMP1 expression in trigeminal ganglion glia. Cultures enriched in glia were
immunostained for the presence of the CGRP receptor protein RAMP1 and imaged at 400x
magnification using phase contrast microscopy (phase, left panel) as well as fluorescent
microscopy (RAMP1L). Thick arrows indicate satellite glial cells while thin arrows indicate
Schwann cells. Scale bar equals 25 pm.
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compared to unstimulated control levels. CGRP stimulation caused a >3-fold increase in all the cytokines over

control (p < 0.05). Grey boxes indicate cytokines thought to have an anti-inflammatory role.

RayBio rat cytokine 8h
antibody array

Foldchange +SEM Fold change +SEM
CINC-3 40.77 8.82 2529 260
Fractalkine 7711 511 15.74 247
GM-CSF 3051 287 517 0.10
IL-1a 32.08 9.50 1247 171
Leptin 8.5 2.28 4.69 0.48
MIP-3a 9.58 0.77 399 0.88
TMRL s 0T 07 24 |
B-NGF 7.67 031 2149 262
CNTF 9.08 0.34 26,51 0.35
IL-1B 12.78 0.27 17.22 0.14
IL-6 10.67 0.47 2277 098
LIX 749 045 22.88 0.83
TNF-a 10.47  0.06 16.74 0.88
VEGF 6.72 0.23 33.66 4.08

CINC-2 15.28
IFN-y 20.92
MCP-1 8.33

1.99
221
0.12

15.88
19.67
8.02

1.31
131
0.12
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