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Abstract

Background: Chronic pain in masticatory muscles is a major medical problem. Although mechanisms underlying persistent

pain in masticatory muscles are not fully understood, sensitization of nociceptive primary afferents following muscle inflam-

mation or injury contributes to muscle hyperalgesia. It is well known that craniofacial muscle injury or inflammation induces

regulation of multiple genes in trigeminal ganglia, which is associated with muscle hyperalgesia. However, overall transcrip-

tional profiles within trigeminal ganglia following masseter inflammation have not yet been determined. In the present study,

we performed RNA sequencing assay in rat trigeminal ganglia to identify transcriptome profiles of genes relevant to hyper-

algesia following inflammation of the rat masseter muscle.

Results: Masseter inflammation differentially regulated >3500 genes in trigeminal ganglia. Predominant biological pathways

were predicted to be related with activation of resident non-neuronal cells within trigeminal ganglia or recruitment of

immune cells. To focus our analysis on the genes more relevant to nociceptors, we selected genes implicated in pain

mechanisms, genes enriched in small- to medium-sized sensory neurons, and genes enriched in TRPV1-lineage nociceptors.

Among the 2320 candidate genes, 622 genes showed differential expression following masseter inflammation. When the

analysis was limited to these candidate genes, pathways related with G protein-coupled signaling and synaptic plasticity were

predicted to be enriched. Inspection of individual gene expression changes confirmed the transcriptional changes of multiple

nociceptor genes associated with masseter hyperalgesia (e.g., Trpv1, Trpa1, P2rx3, Tac1, and Bdnf) and also suggested a

number of novel probable contributors (e.g., Piezo2, Tmem100, and Hdac9).

Conclusion: These findings should further advance our understanding of peripheral mechanisms involved in persistent

craniofacial muscle pain conditions and provide a rational basis for identifying novel genes or sets of genes that can be

potentially targeted for treating such conditions.
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Introduction

Pain in the masticatory muscles is one of the major
symptoms of temporomandibular joint disorders
(TMD). Craniofacial muscle pain also develops as a
result of submasseteric infection.1 While our knowledge
on acute or persistent craniofacial muscle pain has con-
siderably improved, pathophysiological mechanisms that
can be targeted for the development of novel mechanism-
based treatment are being continuously investigated both
in clinical and preclinical studies. Experimental induc-
tion of inflammation or injury in the masseter muscle
has been used predominantly in preclinical studies as a

surrogate model to study neurobiological mechanisms of
craniofacial muscle pain.2–4

Peripheral sensitization of muscle nociceptors has
been implicated as one of the major sources of muscle
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hyperalgesia.5 In previous studies, we and others identi-
fied several nociceptive molecules such as NMDA recep-
tor, metabotropic glutamate receptor 5, TRPV1,
TRPA1, and P2X3 that are involved in inflammation-
induced masseter hyperalgesia.6–12 Masseter inflamma-
tion also upregulates the expression levels of several
inflammatory cytokines and neuropeptides within tri-
geminal ganglia (TG).2,13,14 We have also shown that
anti-nociceptive molecules such as m-opioid receptor
and cannabinoid receptor type 1 in TG neurons undergo
transcriptional changes following masseter inflamma-
tion, and their expression levels are highly correlated
with anti-nociceptive efficacy.15,16 These studies suggest
that masseter inflammation leads to changes in multitude
of genes within TG and that these composite genetic
changes may account for the behavioral phenotypes.

Recent advances in bioinformatics and sequencing
analysis allows genome-wide analysis of transcriptome.
RNA sequencing (RNA-seq) assays have been used not
only to determine detailed profiles of sensory ganglia
transcriptome under physiological conditions but also
to investigate changes following tissue injury or neur-
opathy.17–20 These studies suggest insult-specific changes
in transcriptome profiles, which may be associated with
unique nociceptor plasticity. However, overall transcrip-
tional profiles within TG following masseter inflamma-
tion have not yet been determined. In the present study,
we performed RNA-seq assay in TG to identify transcrip-
tome profiles of genes relevant to hyperalgesia following
inflammation of the rat masseter muscle. The goals of the
present study are to determine overall profiles of multiple
genes differentially regulated following masseter inflam-
mation, to provide mechanistic insight into the genetic
basis of masseter inflammation-induced hyperalgesia,
and to suggest novel sets of probable targets for future
studies. This knowledge should further advance our
understanding of peripheral mechanisms involved in per-
sistent craniofacial muscle pain and provide a rational
basis for identifying novel genes or sets of genes that
can be potentially targeted for treatment.

Methods

Experimental animals

Adult male Sprague–Dawley rats (250–350 g; Harlan,
Indianapolis, IN) were used (four rats per group). All
animals were housed in a temperature-controlled room
under a 12:12 light–dark cycle with access to food and
water ad libitum. All animal experimental studies and
procedures were conducted in accordance with the
NIH Guide for the Care and Use of Laboratory
Animals (Publication No. 80-23) and under a
University of Maryland approved Institutional Animal
Care and Use Committee protocol.

Masseter inflammation

Inflammation was induced by injecting 50ml of 50%
Complete Freund’s adjuvant (CFA) in isotonic saline
(Sigma–Aldrich, St. Louis, MO) into the mid-region of
the masseter muscle via a 27-gauge needle. Rats were
briefly anesthetized with 3% isoflurane for the injection
procedure. Such intramuscular CFA treatment induces
robust mechanical allodynia and spontaneous pain in rats.7

Behavioral studies

Mechanical hypersensitivity in the masseter muscle was
assessed under CFA-induced inflammatory condition as
described previously.7 A series of calibrated Von Frey fila-
ments (1–125g) were applied to the region over the masseter
muscle. An active withdrawal of the head from the filament
application was defined as a positive response. Each VF
filament was applied five times and the response frequencies
((number of responses/number of stimuli) �100%) to a
range of filament forces were determined. After a non-
linear regression analysis, an EF50 value, the filament
force (g) necessary to produce a 50% response frequency,
was determined. Mechanical sensitivity of the masseter
muscle was determined before and three days after the
CFA injection in the masseter muscle. The effect of a
TRPV1 antagonist, AMG9810 (Sigma-Aldrich, St. Louis,
MO), on mechanical sensitivity was examined on three
days following CFA injection. On test day, AMG9810
(1mmol in 50ml) or the same volume of vehicle was admin-
istered directly in the masseter muscle under anesthesia using
isoflurane. The post AMG9810 or vehicle effect was mea-
sured 30min, 1h, and 24h after the drug injection.

RNA isolation

After three days following the injection, TG in the ipsi-
lateral side were harvested from CFA- or saline-injected
rats. We chose day 3 since the peak response was main-
tained up to three days and based on the assumption that
transcriptional changes leading to persistent pain might
begin to occur in the first three days. RNA extraction
and real-time PCR was performed and analyzed as
described previously.7 Total RNAs were extracted by
using Trizol (Invitrogen, Carlsbad, CA) and purified
according to the RNeasy kit (Qiagen, Germantown,
MD) that included a DNase treatment for removing gen-
omic DNA. RNA integrity was evaluated by
BioAnalyzer analysis. Samples with RNA integrity
number greater than 8.0 were used for preparing library.

Real-time PCR assay

Real-time PCR assay was performed as described previ-
ously.7 The following primer pairs were used to detect
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TRPV1, forward 5’-GGTGTGCCTGCACCTAGC-3’,
reverse 5’-CTCTTGGGGTGGGGACTC-3’; Piezo2, for-
ward 5’-GGCAAGGTGGTGGTGACCAT-3’, reverse
5’-GTCCAATCAGGTGCCCAGCA-3’; and GAPDH,
forward 5’-TCACCACCATGGAGAAGGCG-3’, reverse
5’-GCTAAGCAGTTGGTGGTGCA-3’. We obtained
the ratios between the genes of interest and GAPDH to
calculate the relative abundance of mRNA levels in each
sample. Relative quantification of the mRNA was calcu-
lated by the comparative CT method (2���CT method).

Library construction and RNA sequencing

Illumina RNAseq libraries were prepared with the
TruSeq RNA Sample Prep kit (Illumina, San Diego,
CA) per manufacturer’s protocol. Ribosomal RNA in
total RNA samples was removed before library construc-
tion using the Ribo-Zero rRNA Removal Kits
(Epicentre Technologies, Madison, WI). Adapters con-
taining seven nucleotide indexes were ligated to the
double-stranded cDNA. The DNA was purified between
enzymatic reactions and the size selection of the library
was performed with AMPure XT beads (Beckman
Coulter Genomics, Danvers, MA). Libraries were
assessed for concentration and fragment size using the
DNA High Sensitivity Assay on the LabChip GX
(Perkin Elmer, Waltham, MA). The library concentra-
tions were also assessed by qPCR using the KAPA
Library Quantification Kit (Complete, Universal)
(Kapa Biosystems, Woburn, MA). The libraries were
pooled and sequenced on a 100 base pairs paired-end
Illumina HiSeq 2500 run (Illumina, San Diego, CA).
The sequenced reads were aligned to the reference
sequence (Ensembl version Rnor_5.0.77) using TopHat
version 1.4.1 (Trapnell et al., 2009).21 The alignments
allowed up to 2 bp mismatches per 25 bp segment, and
we removed reads that aligned to more than 20 different
genomic regions. Transcript abundances and splice vari-
ant identification was done using Cufflinks version 1.3
using the BAM alignment files obtained from TopHat.22

BigWig coverage files were generated from the BAM
alignment files using the UCSC genome browser tools.

Data analysis

The quantitative expression values were calculated for
each sample based on the number of fragments per kilo-
base of exon per million fragments mapped. Differential
gene expression was compared between saline- and CFA-
injected groups (four animals/group) using DESeq.23

Statistical analysis

To cluster the samples based upon the similarity of their
patterns of gene expression, we performed principal

component analysis using R version 3.2.3. For differen-
tial gene expression analysis, the p values were generated
in DESeq and adjusted using the Benjamin-Hochberg
method to control for false discovery. The difference
was considered to be significant when q value, which is
a p value with corrected false discovery ratio, is lower
than 0.05. For real-time PCR assay, the data between
saline and CFA three-day groups were analyzed with
Student’s t-test. Data were presented as mean� SEM
and a p< 0.05 was considered significant. For behavioral
assay, drug effects were compared before and after the
drug treatment and analyzed with a one-way ANOVA.
All multiple group comparisons were followed by
Duncan’s post hoc test.

Functional classification of differentially
regulated genes

Genes differentially upregulated in CFA-treated group
were functionally annotated and classified by ‘‘Molecular
Function’’ of gene list analysis in PANTHER
Classification System (www.pantherdb.org).24

Canonical pathway analysis

To identify biological pathways enriched in TG following
masseter inflammation, we performed Canonical pathway
analysis (CPA) by using Ingenuity Pathway Analysis soft-
ware (Qiagen). CPA predicts enriched biological path-
ways based on the affected genes that are associated
with canonical pathways in the Ingenuity Knowledge
Base. The list of genes and interactions among genes in
individual pathway are available from https://targetex
plorer.ingenuity.com/index.htm. We performed CPA by
using either the entire genes or a subset of candidate
genes that are relevant with chronic pain and nociceptors
(see below). The significance of the association of the data
set with the pathway was evaluated by calculating a ratio
of the number of differentially regulated genes that map to
the pathway divided by the total number of genes that
map to the canonical pathways. When a p value deter-
mined by Fisher’s exact test was smaller than 0.05, the
association was considered to be significant.

Listing candidate genes relevant to pain and
nociceptors

For narrowing down the analysis to genes relevant with
chronic pain and nociceptors, we generated a list of 2320
genes based on three criteria as below. The list of entire
genes and category of each gene are available in
Supplemental Material 1.

Pain genes (PG). We listed a group of genes related with
acute and chronic pain. We took advantage of the list of
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genes in the Pain Research Panels (Algynomics). These
panels include a group of human genes producing pro-
teins mediating transmission of pain signals, producing
central and peripheral inflammatory responses, and
influencing mood and affect.25 These panels also include
genes found to be associated with intermediate pheno-
types predictive of TMD onset.26 We pooled all the genes
included in Pain Research Panel version 1 and version 2
(www.algynomics.com). We also reviewed the literature
regarding genes involved in TMD27 and added a few
additional genes that were not included in the Pain
Research Panels. PG are composed of 681 genes.

Sensory neuronal genes (SN). PG include not only the genes
enriched in sensory neurons but also ones mainly func-
tioning in the central nervous system or even in non-
neuronal cells. To focus our analysis on the genes
enriched in sensory neurons, especially medium- to
small-diameter neurons, we adopted a list of genes iden-
tified from dissociated sensory neurons through mag-
netic purification. Thakur et al.20 demonstrated that
magnetic cell sorting (MACS) successfully segregates
neuronal cells from non-neuronal cells from mouse sen-
sory ganglia. Without MACS, only �10% of adherent
cells were neuronal cells whereas MACS increased neur-
onal population up to �95%. Transcriptome analysis
verified that many genes were enriched in the population
collected through MARC. We selected genes that
showed increase in expression by >40%, which might
select genes that are enriched more than five folds in
neurons compared to non-neuronal cells based on
assumption that neurons constitute �10% of the entire
population. SN are composed of 1532 genes.

TRPV1-lineage neuronal genes (VL). Since our previous stu-
dies and other groups’ reports suggest the primary roles
of TRPV1 and TRPA1 in inflammatory muscle pain, it is
important to identify genes enriched in TRPV1-expres-
sing neurons that undergo changes in transcripts follow-
ing masseter inflammation. A recent study elegantly
demonstrated the molecular signature of VL neurons.
By using mouse lines selectively labeling or ablating
TRPV1 lineage neurons, Goswami et al.18 identified a
group of genes enriched in VL sensory neurons.
Among these genes, we selected genes that are enriched
>3 fold in VL neurons compared to non-VL neurons.
VL are composed of 611 genes.

Results

Injection of CFA into masseter muscle induces a robust
reduction in the response threshold to mechanical stimuli
three days after the injection (Figure 1), which is consist-
ent with our previous report.7 Such threshold change was
effectively attenuated by masseter injection of

AMG9810, a specific antagonist of TRPV1 that has
been suggested as a contributor of masseter hyperalgesia.
These data support that CFA injection to masseter
muscle can serve as a reliable model for transcriptome
analysis to study mechanisms of inflammatory masseter
hyperalgesia.

To determine expression profiles of genes, we
obtained TG from the rats injected with either vehicle
or CFA in the masseter muscle and performed RNA-seq
assay. We obtained more than 80 million total reads per
samples (84 million in naı̈ve and 94 million in CFA;
p> 0.16 in Student’s t-test). Reads were mapped to the
reference rat genome and quantitatively compared tran-
scriptomes. To get an overview of the relationships of
gene expressions between CFA- or saline-injected rats,
a principal component analysis was performed using
the read counts for all genes in each sample normalized
by library size (Figure 2). The results showed that a clear
segregation and clustering of two populations in the two-
dimensional representation suggesting that clear differ-
ences in RNA expression exist between saline and CFA
groups but not within groups. Among the genes showing
fragments per kilobase of exon per million fragments
mapped> 10, �3499 genes showed significant differences
between vehicle- and CFA-injected groups; 1683 genes
were upregulated and 1816 genes were downregulated.
Among these, we functionally classified the upregulated
genes that have been primarily focused in pain studies by
PANTHER gene list analysis. Our analysis on functional
annotation of �1300 genes that were upregulated by
>20% showed that gene functions were predominantly
related to catalytic, binding (to protein or nucleic acid),

Figure 1. CFA-induced masseter hyperalgesia involves TRPV1.

Mechanical force (g) that produced the head withdrawal responses

50% of the trials (EF50) is plotted for Baseline before and after

three days following CFA injection. Effects of intramuscular vehicle

or AMG9810 on mechanical sensitivity were tested by measuring

mechanical threshold for pre- and 0.5, 1, 24 h following injection.

*p< 0.05; ***p< 0.001 in post hoc assay following one-way

ANOVA. N¼ 5 in each group.
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transporter, and receptor activity (Figure 3). The recep-
tor activity was mainly from GPCR, GABA, acetylcho-
line, or glutamate receptors.

To identify major biological pathways regulated in
TG, we performed CPA. CPA suggested that masseter
inflammation produces inflammatory responses not only
in peripheral tissues but also within TG. The most highly
enriched canonical pathway was ‘‘Hepatic Fibrosis/
Hepatic Stellate Cell Activation’’ pathway. This pathway
involves proinflammatory cytokine and chemokine reg-
ulating hepatic stellate cells, which are activated upon
liver damage. ‘‘Leukocyte extravasation signaling’’ was
the second most enriched pathway. Multiple other path-
ways involving regulations of immune cells were pre-
dominantly enriched.

TG contains sensory neurons and non-neuronal cells
such as satellite glial cells. The number of non-neuronal
cells is predominant over that of sensory neurons.
Therefore, CPA more likely reflects changes in non-neu-
ronal cells rather than nociceptive neurons. To analyze
pathways more relevant to genes enriched in sensory
neurons, especially nociceptors, we selected 2320 genes
based on the three criteria (PG, SN, and VL) as
described in Methods section (Figure 4(a)). Among the
2320 genes, we found that 622 genes showed differential
expression following masseter inflammation
(Figure 4(b), Supplemental Material 1). We performed
CPA limited to the 2320 genes, and top 20 enriched path-
ways are shown in Table 1. ‘‘G-Protein Coupled
Receptor Signaling’’ and ‘‘cAMP-mediated signaling’’
were the top two enriched pathways. Third was
‘‘Synaptic Long Term Potentiation’’ pathway and
fourth was ‘‘Neuropathic Pain Signaling In Dorsal
Horn Neurons.’’ Pathways involving two transcription
factors, cAMP response element-binding protein and
nuclear factor of activated T-cells, were also highly
enriched.

To obtain more detailed information regarding noci-
ceptive genes differentially regulated following masseter
inflammation, we analyzed the candidate genes in each
category. Among differentially regulated 622 genes
between vehicle- and CFA-injected group, 43 genes in
PG overlapped with SN and/or VL (Table 2). These rep-
resent the genes expressed in sensory neurons, especially
VL neurons that have been known to be associated with
pain mechanisms. Among these, Trpv1, Trpa1, Bdnf,
P2rx3, and Tac1 were reported to be upregulated in
TG following masseter inflammation6,7,10,12,28 and were
consistently upregulated in our RNA-seq assay.

In the group of genes that exclusively belong to PG
genes, 184 genes showed significant changes. Table 3

Figure 3. Pie charts of the functional annotation of upregulated genes (>1.2 fold) following masseter inflammation. Functional categories

from ‘‘Molecular Function’’ analysis in PANTHER Classification System (left) and subcategory of receptor activity (right) are charted.

Figure 2. Principal component analysis of RNA-seq data from

saline- (S1 to S4) or CFA-injected (C1 to C4) mice.

Chung et al. 5



shows genes selected from this group. Aqp4 showed the
highest increase in this group, suggesting its role in pain,
neuroinflammatory reaction, or edema within TG. Many
genes in this group have been implicated in craniofacial
muscle pain conditions, e.g., Cnr1, Oprm1, Kcnj3, and
Kcnj8.15,16,29,30

Among SN and VL genes that were not overlapping with
PG, 394 genes were differentially regulated. These genes may
represent ones whose significance in pain condition has not
been suggested or is now beginning to be explored.

Therefore, these genes may be new potential targets for
future studies. In Table 4, we selected some as examples.

For validation of RNAseq results, we confirmed the
expression of two genes, TRPV1 and Piezo2, by real-time
PCR analysis. Consistent with RNAseq results, Trpv1
and Piezo2 mRNA was upregulated by approximately
1.3 and 3.4 fold, respectively, compared to control
(Trpv1, 1.0� 0.09 in naı̈ve vs 1.28� 0.03 in CFA,
p< 0.05; Piezo2, 1.0� 0.12 in naı̈ve, 3.41� 0.07 in
CFA, p< 10�4, Student’s t-test; n¼ 4 in each group).

Figure 4. Numbers of total (a) or differentially regulated (b) genes in three different categories: pain genes (PG), sensory neuronal (SN),

and TRPV1-lineage (VL) genes.

Table 1. Enriched canonical pathways of the differentially regulated candidate genes following masseter inflammation.

Canonical pathway �log(p) Ratio Genes

G-protein coupled receptor signaling 42.90 0.46 Gna14, Gnal, Gnao1, Gnaq, Pde10a, Prkca, Prkce, Plcb1

cAMP-mediated signaling 29.20 0.42 Gnal, Pkia, Prkar2b, Prk2b, Prkacb, Ppp3ca, Creb1, Mapk1

Synaptic long-term potentiation 21.10 0.47 Gna14, Gnaq, Grin2c, Grm3, Grm7, Plcl1, Prkca, Mapk1

Neuropathic pain signaling in dorsal horn neurons 19.90 0.50 Bdnf, Kcnn3, Plcl1, Prkca, Tac1, Creb1, Mapk1, Ntrk2, Prkce

Gai signaling 18.40 0.44 Gnb2, Npy1r, Adora1, Agtr2, Cnr1, Gabbr2, Oprmk1, Oprm1

Gaq signaling 17.70 0.40 Gna14, Gnaq, Gnb2, Prkca, Pik3cb, Plcb1, Ppp3ca, Prkce

Role of macrophages, fibroblasts, and endothelial

cells in rheumatoid arthritis

16.90 0.30 Ccl5, Dvl1,Il1b, Il6, Il1rn, Lrp1, Ngfr, Tgfb1, Tlr2, Tnfrsf1a

Dopamine-DARPP32 feedback in cAMP signaling 16.80 0.38 Cacna1e, Gnaq, Grin2c, Kcnj6,Plcl1, Kcnj3, Kcnj8, Plcl1

CREB signaling in neurons 16.50 0.36 Creb1, Gnao1,Gnaq, Gnb2, Rras, Gria2, Plcl1, Prkcb, Prkca

Role of NFAT in cardiac hypertrophy 15.90 0.35 Gnaq, Hdac9, Mef2a, Igf1, Plcl1, Prkca, Napk1, Mapk10

Renin-angiotensin signaling 15.90 0.43 Agt, Agtr2, Ccl5, Pak4, Prkar2b, Prkca, Ptprc, Pten, Plcb1

Corticotropin releasing hormone signaling 14.70 0.42 Bdnf, Gnaq, Mef2a, Pomc, Cnr1, Creb1, Nos3, Map2k2

P2Y purigenic receptor signaling pathway 14.40 0.40 Gnaq, P2ry1, Plcl1, Prkar2b, Prkca, Creb1, Plcb1, Prkce

Endothelin-1 signaling 14.20 0.34 Ednra, Ednrb, Casp1, Pla2g4a, Mapk8, Mapk9, Prkca, Ptgs1

PI3K signaling in B lymphocytes 13.80 0.38 Atf5, Card10, Irs3, Pten, Ptprc, Atf6b, Lyn, Pik3cb, Mapk1

Glutamate receptor signaling 13.20 0.53 Grin2c, Grip1, Grm3, Grm7, Slc17a6, Slc1a3

nNOS signaling in neurons 13.20 0.58 Grin2c, Prkca, Dlg2, Ppp3ca, Prkcb, Prkce
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Discussion

In the present study, we determined transcription profiles
within TG after three days following masseter

inflammation in rats by performing RNA-sequencing
assay followed by transcriptome analysis. This assay
allowed an unbiased comparison of the expression levels
of >21,000 genes in vehicle- and CFA-treated groups.

Table 2. Selected pain genes (PG) overlapped with sensory neuronal (SN), and/or TRPV1-lineage (VL) genes, which were differentially

regulated following masseter inflammation.

Symbol Gene name FC q Group

Acpp acid phosphatase, prostate 1.30 b P/S/V

Adcyap1 adenylate cyclase activating polypeptide 1 1.34 c P/S

Agtr1a angiotensin II receptor, type 1a 0.63 a P/S/V

Bdnf brain-derived neurotrophic factor (BDNF) 1.56 c P/V

Cacna1b calcium channel, voltage-dependent, N type, alpha 1B subunit 1.39 e P/V

Cacna1e calcium channel, voltage-dependent, R type, alpha 1E subunit 2.02 b P/S

Cacna2d1 calcium channel, voltage-dependent, alpha2/delta subunit 1 1.89 e P/S/V

Cacna2d2 calcium channel, voltage-dependent, alpha 2/delta subunit 2 1.37 c P/S/V

Ccl2 chemokine (C-C motif) ligand 2 (CCL2) 1.42 b P/S

Ccl5 chemokine (C-C motif) ligand 5 (CCL5) 0.47 b P/V

Chrna6 cholinergic receptor, nicotinic, alpha 6 (neuronal) 1.29 b P/S/V

Cybb cytochrome b-245, beta polypeptide (Nox2) 0.41 e P/S/V

Egr1 early growth response 1 0.73 b P/S

F2rl2 coagulation factor II (thrombin) receptor-like 2 (PAR-3 receptor) 1.64 c P/S/V

Gabrg3 gamma-aminobutyric acid (GABA) A receptor, gamma 3 2.50 a P/S

Galr1 galanin receptor 1 2.56 e P/S

Gch1 GTP cyclohydrolase 1 0.57 a P/V

Gnao1 guanine nucleotide binding protein, alpha activating activity polypeptide O (Ga) 1.45 e P/S/V

Gnaq guanine nucleotide binding protein, q polypeptide (Gq) 1.41 d P/S/V

Il1b interleukin 1 beta (IL-1b) 0.57 a P/S

Kcnj6 potassium inwardly-rectifying channel, subfamily J, member 6 (GIRK2) 1.87 a P/S/V

Mpo myeloperoxidase 0.002 e P/S/V

Nbl1 neuroblastoma 1, DAN family BMP antagonist 0.83 b P/S/V

Npy1r neuropeptide Y receptor Y1 1.39 c P/S

Npy2r neuropeptide Y receptor Y2 1.48 a P/S/V

P2rx3 purinergic receptor P2X, ligand-gated ion channel, 3 (P2X3) 1.27 c P/S/V

P2ry1 purinergic receptor P2Y, G-protein coupled, 1 (P2Y1) 1.29 b P/V

Pomc proopiomelanocortin 0.12 e P/V

Prkca protein kinase C, alpha (PKCa) 1.45 e P/S/V

Ret ret proto-oncogene 1.17 a P/V

Scn10a sodium channel, voltage-gated, type X, alpha subunit (Nav1.8) 1.45 e P/S/V

Scn11a sodium channel, voltage-gated, type XI, alpha subunit (Nav1.9) 1.20 b P/S/V

Scn3a sodium channel, voltage-gated, type III, alpha (Nav1.3) 1.56 a P/V

Scn9a sodium channel, voltage-gated, type IX, alpha subunit (Nav1.7) 1.63 e P/V

Tac1 tachykinin, precursor 1 (substance P) 1.21 b P/S/V

Trpa1 transient receptor potential cation channel, subfamily A, member 1 (TRPA1) 1.43 e P/S/V

Trpm8 transient receptor potential cation channel, subfamily M, member 8 (TRPM8) 1.41 e P/S

Trpv1 transient receptor potential cation channel, subfamily V, member 1 (TRPV1) 1.21 a P/S/V

FC: fold change; q: false discovery rate adjusted p value; P: pain genes; S: sensory neuronal genes; V: TRPV1 lineage genes.
aq< 0.05.
bq< 0.005.
cq< 10�4.
dq< 10�5.
eq< 10�6.
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We found that masseter inflammation remotely alters the
expression of approximately 17% of the entire genes
within TG. Among these, approximately 1300 genes
were upregulated greater than 1.2 fold. Bioinformatic
analysis of datasets classified these genes into multiple
functional categories and identified major biological
pathways enriched in TG following masseter inflamma-
tion. By listing the candidate genes, we identified sig-
nificant changes of multiple nociceptor genes that
have been validated or genes that may potentially be
involved in craniofacial hyperalgesia following masseter
inflammation.

Our data represent alterations in transcriptome pro-
files within TG, but we do not assume similar changes in
their protein levels since the amounts of transcripts are
not necessarily correlated with proteins levels. In our
transcriptome analysis, we presumed that genes showing
large changes in transcription have greater functional
impacts. However, the lack of change in the transcript
level does not imply the lack of contribution of the given
gene in hyperalgesia. Despite these limitations, we still
believe that the analysis of transcriptome changes is a
reasonable method for predicting the overall intragan-
glionic events associated with masseter inflammation

Table 3. Selected pain genes (PG) not overlapped with sensory neuronal (SN), or TRPV1-lineage (VL) genes, which were differentially

regulated following masseter inflammation.

Symbol Gene name FC q Group

Aqp4 Aquaporin 4 27.98 c P

Cacna1a Calcium channel, voltage-dependent, P/Q type, alpha 1A subunit 1.24 b P

Calca Calcitonin-related polypeptide alpha 1.34 c P

Cnr1 Cannabinoid receptor 1 1.45 c P

Creb1 cAMP responsive element binding protein 1 1.30 a P

Ednrb Endothelin receptor type B 1.21 a P

Gabrb3 Gamma-aminobutyric acid (GABA) A receptor, beta 3 1.78 c P

Gabrg2 Gamma-aminobutyric acid (GABA) A receptor, gamma 2 1.28 b P

Gfap Glial fibrillary acidic protein 14.80 c P

Gria2 Glutamate receptor, ionotropic, AMPA 2 1.34 b P

Hcn1 Hyperpolarization-activated cyclic nucleotide-gated potassium channel 1 1.43 c P

Hif1a Hypoxia-inducible factor 1, alpha subunit 1.19 a P

Htr3b 5-hydroxytryptamine (serotonin) receptor 3B, ionotropic 1.27 b P

Il1rn Interleukin 1 receptor antagonist 0.26 c P

Kcnj3 Potassium inwardly-rectifying channel, subfamily J, member 3 (GIRK1) 1.66 c P

Kcnj8 Potassium inwardly-rectifying channel, subfamily J, member 8 (Kir6.1) 0.50 c P

Mapk1 Mitogen activated protein kinase 1 (ERK2) 1.25 b P

Mapk8 Mitogen-activated protein kinase 8 (JNK1) 1.37 b P

Ngfr Nerve growth factor receptor 1.24 b P

Ntrk2 Neurotrophic tyrosine kinase, receptor, type 2 1.36 c P

Oprm1 Opioid receptor, mu 1 2.87 c P

Plcb1 Phospholipase C, beta 1 1.42 a P

Prkaa2 Protein kinase, AMP-activated, alpha 2 catalytic subunit 1.38 a P

Prkce Protein kinase C, epsilon 1.35 c P

Ptgds Prostaglandin D2 synthase 1.54 c P

Runx2 Runt-related transcription factor 2 0.59 b P

Scn1a Sodium channel, voltage-gated, type I, alpha subunit (Nav1.1) 1.78 c P

Scn8a Sodium channel, voltage gated, type VIII, alpha subunit (Nav1.6) 1.68 c P

Slc17a6 Solute carrier family 17 (vesicular glutamate transporter), member 6 (VGLUT2) 1.34 c P

Trpm3 Transient receptor potential cation channel, subfamily M, member 3 1.46 c P

FC: fold change; q: false discovery rate adjusted p value; P: pain genes.
a<q 0.05
b<q 0.005
cq< 10�5
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and infer mechanistic cascades leading to craniofacial
hyperalgesia.

Functional classification of the differentially regu-
lated genes suggested multiple dynamic changes that
are induced within TG following masseter inflamma-
tion. Such analysis, however, does not reveal whether
the source of activity is neuronal or non-neuronal cells.
Indeed, CPA predicted that masseter inflammation
induces strong activation of resident supporting cells
inside the ganglia, presumably Schwann cells or satellite
glia. Strong activation of Mobp and Gfap supports
such prediction. In addition, strong inflammatory
responses were dominant suggesting the roles of infil-
trating immune cells in inducing plastic changes within
the ganglia. Neuropathic injury enhances infiltration of
leukocytes within TG,31 although infiltration of
immune cells into TG following muscle inflammation
was not determined yet. To obtain information related
to sensory neurons and nociceptive pathways and to
better explain genetic basis of masseter hyperalgesia,
we focused our attention to the preselected subpopula-
tion of candidate genes. In the CPA for the candidate

genes, GPCR and G-protein signaling were predicted to
be predominantly enriched pathways. It is well estab-
lished that numerous GPCR for chemical mediators
function as pronociceptive or antinociceptive molecules
in peripheral terminals. A subset of genes involved in
neuropathic pain signaling was also enriched as
reflected by upregulation of Bdnf, Prkca, Tac1, etc.
Another enriched pathway following masseter inflam-
mation was synaptic long-term potentiation. Multiple
other genes contributing to synaptic function and struc-
ture (e.g., synaptotagmin, synaptoporin, Bdnf, and
Ptprt) were also found to be upregulated.
Interestingly, these genes were mostly expressed in VL
neurons, suggesting that masseter inflammation could
drive synaptic plasticity in central terminals within tri-
geminal nucleus, likely through TRPV1-expressing noci-
ceptors. Indeed, the activation of TRPV1-expressing
nociceptors in masseter muscle or temporomandibular
joint (TMJ) induces hyperexcitability of central trigem-
inal neurons.32,33 Mechanisms of contribution of
TRPV1-expressing nociceptors to synaptic plasticity
within trigeminal nucleus will need to be determined.

Table 4. Selected Sensory Neuronal (SN) and/or TRPV1-lineage (VL) genes, which were differentially regulated following masseter

inflammation.

Symbol Gene name FC q Group

Arhgap28 Rho GTPase activating protein 28 1.55 e S/V

Cacna1i Calcium channel, voltage-dependent, T type, alpha 1I subunit 1.67 b S/V

Calcb Calcitonin-related polypeptide, beta 1.35 d S/V

Gabra2 Gamma-aminobutyric acid (GABA) A receptor, alpha 2 1.74 e S

Grm3 Glutamate receptor, metabotropic 3 1.79 a V

Grm7 Glutamate receptor, metabotropic 7 1.24 a V

Hdac9 Histone deacetylase 9 1.48 b S

Il31ra Interleukin 31 receptor A 1.43 a S/V

Kcna4 Potassium voltage-gated channel, shaker-related subfamily, member 4 1.44 c S/V

Kcnn3 Potassium intermediate/small conductance calcium-activated channel, subfamily N, member 3 1.39 a S/V

Kcnt1 Potassium channel, subfamily T, member 1 1.22 a S/V

Pde10a Phosphodiesterase 10A 1.42 a S/V

Piezo2 Piezo-type mechanosensitive ion channel component 2 1.42 e S

Ptprt Protein tyrosine phosphatase, receptor type, T 2.15 e S/V

Rab27b RAB27B, member RAS oncogene family 1.57 b S/V

Sox11 SRY (sex determining region Y)-box 11 1.59 a S

Synpr Synaptoporin 1.34 d S/V

Syt1 Synaptotagmin I 1.44 e S/V

Syt9 Synaptotagmin IX 1.28 b S/V

Tmem100 Transmembrane protein 100 1.27 a V

FC: fold change; q: false discovery rate adjusted p value; S: sensory neuronal genes; V: TRPV1 lineage genes.
a<q 0.05.
bq< 0.005.
cq< 10�4.
dq< 10�5.
eq< 10�6.
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RNA-seq analysis also allowed us to investigate
changes in individual genes following masseter inflam-
mation. Classification of the candidate genes into three
groups (PG, SN, and VL) allowed us to better infer the
extent or potential of contribution of those genes to pain
mechanisms. We identified a number of such genes that
show overlapping between the groups (Table 2). These
genes are highly likely to be expressed in nociceptors and
have been previously identified to be relevant to pain
conditions in humans. Our RNA-seq analysis showed
the same trend of alteration as reported in previous stu-
dies in some (e.g., Trpv1, Trpa1, and P2rx3) but not all
(e.g., Asic334) of nociceptive genes implicated in masseter
hyperalgesia. In Table 3, we also selected additional PG
genes that are differentially regulated. Although these
genes were not classified to SN or VL due to the high
stringency of the selection criteria we applied, many of
the genes certainly functions in primary afferent nocicep-
tors. These genes warrant further study as they could
possibly contribute to masseter inflammation-induced
craniofacial hyperalgesia.

Among the genes that do not belong to PG, we also
identified genes that could be functionally important
(Table 4). Enhanced expression of Piezo2, a mechano-
sensitive ion channel, could play a role in mechanical
hyperalgesia.35 TMEM100 affects hyperalgesia by regu-
lating interactions of TRPV1 and TRPA1.36 HDAC9
epigenetically regulates expression of nociceptor
genes.37 Sox11 regulates axonal regeneration in injured
sensory neurons.38 Genetic variation of Arhgap28, Rho
GTPase activating protein 28, and Kcnn3, a calcium-
activated potassium channel, are associated with
migraine.39 Upregulation of GABA(A) a2 receptor sug-
gests enhanced hyperalgesic effects of GABA modula-
tors40 under masseter myositis. Upregulation of Il31ra,
interleukin 31 receptor A, suggests that masseter inflam-
mation may increase itch sensation as well as pain.41

These genes could contribute to masseter inflamma-
tion-related craniofacial hyperalgesia but further investi-
gations are necessary.

Although inflammation was induced in masseter
muscle, we do not presume that the observed transcrip-
tome change within TG was confined to muscle afferents
or merely associated with muscle hyperaglesia.
Transcriptional activation may be initiated in muscle
afferents, which may be followed by intraganglionic sig-
naling or neuroinflammatory changes exerting wider influ-
ence, presumably involving primary afferents projecting to
other craniofacial tissues. Such mechanisms could be
involved in widespread craniofacial hyperalgesia such as
joint pain or migraine, and therefore might serve as a
primary afferent mechanism for ectopic hyperalgesia.

In conclusion, transcriptome analysis of TG following
masseter muscle allowed us to gain mechanistic insights
of craniofacial hyperalgesia following masseter

inflammation. Better understanding of transcriptional
changes in TG following craniofacial muscle injury
should help developing novel approaches to manage per-
sistent craniofacial pain conditions.
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