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Abstract

Previous studies have shown that tumor necrosis factor alpha (TNF«) is significantly increased in complete Freund’s adjuvant (CFA)-
treated temporomandibular joint (TMJ) tissues. However, it is unclear whether TNFe in the trigeminal nociceptive system contributes
to the development of TMJ pain. In the present study, we investigated the role of TNF« in trigeminal ganglia (TG) and spinal trigeminal
nucleus caudalis (Sp5C) in CFA-induced inflammatory TMJ pain. Intra-TMJ injection of CFA (10 pl, 5 mg/ml) induced inflammatory
pain in the trigeminal nerve V2- and V3-innervated skin areas of WT mice, which was present on day 1 after CFA and persisted for at
least 10 days. TNFo in both TG and Sp5C of WT mice was upregulated after CFA injection. The CFA-induced TMJ pain was
significantly inhibited in TNFo KO mice. The immunofluorescence staining showed that intra-TMJ CFA injection not only enhanced
co-localization of TNFo with Ibal (a marker for microglia) in both TG and Sp5C but also markedly increased the expression of TNFoc
in the Sp5C neurons. By the methylated DNA immunoprecipitation assay, we also found that DNA methylation at the TNF gene
promoter region in the TG was dramatically diminished after CFA injection, indicating that epigenetic regulation may be involved in
the CFA-enhanced TNF o expression in our model. Our results suggest that TNFox in the trigeminal nociceptive system plays a critical
role in CFA-induced inflammatory TMJ pain.

Keywords Tumor necrosis factor-o - Temporomandibular joint - Inflammatory pain - Trigeminal ganglia - Spinal trigeminal
nucleus caudalis

Introduction have shown that tumor necrosis factor alpha (TNF«x) levels
are increased in the temporomandibular joint (TMJ) synovial

Patients with temporomandibular disorders (TMD) often have  fluid of inflammatory TMD patients [2—6], which is accom-

pain complaints, but TMD-related pain does not always cor-
relate with definitive tissue pathology [1]. This phenomenon
may be due to altered nociception processing in the central
nervous system (CNS) of TMD patients. Previous studies
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panied with TMJ pain. TNF« is a proinflammatory cytokine
and plays an important role in the development of chronic pain
[7-9]. It has been demonstrated that TNFx increases o-ami-
no-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
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(AMPAR) GluA1 phosphorylation and trafficking in spinal
dorsal horn neurons and contributes to spinal central sensiti-
zation and pathological pain [10-12]. However, it is unclear
whether TNF« in the trigeminal nociceptive system contrib-
utes to the development of TMJ pain.

It has been shown that TNFoxc mRNA and protein are sig-
nificantly increased in complete Freund’s adjuvant (CFA)-
treated TMJ tissues [13, 14] and trigeminal ganglia (TG)
[15]. Dysregulated TNFx can promote cytokine proteome
profile alteration and orofacial hypersensitivity [16]. TNFx
is an inflammatory mediator produced by activated immune
cells, glia, and neurons [17-19]. Although these previous
studies suggest that TNFx upregulation in the peripheral tis-
sues is involved in the pathogenesis of inflammation and in-
flammatory pain, and while systemic administration of a
monoclonal antibody to TNF partially alleviates TMJ pain
as measured by bite force [20], it is still uncertain whether
blocking TNFx expression can inhibit inflammatory TMJ
pain. In the present study, we used TNF o knockout (KO) mice
to investigate the effect of genetic deletion of TNFo on CFA-
induced inflammatory TMJ pain. We also analyzed the ex-
pression and distribution of TNF« and its receptor in both
TG and spinal trigeminal nucleus caudalis (Sp5C) during the
CFA-induced inflammatory TMJ pain.

Materials and Methods
Animals

Male C57BL/6 wild-type (WT) and TNFo KO mice from
Jackson Laboratory (8—10 weeks) were used in this study.
The mice were housed under standard conditions with a 12-
h light-dark cycle, with water and food pellets available ad
libitum. In all behavioral experiments, mice were acclimated
in our animal facility for a minimum of 1 week before use in
experiments and acclimated in the laboratory for at least 30—
60 min before testing. All experiments were approved by the
Institutional Animal Care and Use Committee at Texas A&M
University College of Dentistry. We carried out these experi-
ments in accordance with the National Institutes of Health
guide for the care and use of laboratory animals. All efforts
were made to minimize pain or discomfort and to reduce the
number of animals used.

Intra-TMJ Injection

Intra-TMJ injection of CFA (10 ul, 5 mg/ml, Chondrex, Inc.)
or saline (10 pul) was conducted under isoflurane anesthesia.
We injected bilaterally CFA or saline into the superior joint
space of the TMJ as described previously [21].

Orofacial Mechanical Hypersensitivity Test

The calibrated von Frey filaments were used to test orofacial
mechanical hypersensitivity before treatment and at different
time points after intra-TMJ injection of CFA or saline. The
mice were placed into a 10-cm-long restraining Plexiglas cyl-
inder and allowed to poke their heads out and forepaws, but
the restrainer prevented them from turning around. After ac-
climation for 5 min, the filament was applied to the skin areas
innervated by trigeminal nerve V2 and V3 branches. Each
filament was applied five times to the V2- or V3-innervated
skin area for 1-2 s with a 10-s interval, starting from the
lowest force of filament (0.08 g) and continuing in ascending
order. A positive response was defined as a sharp withdrawal
of the head upon stimulation. The head withdrawal threshold
was calculated as the force at which the positive response
occurred in three of five stimuli.

The Mouse Grimace Scale

The Mouse Grimace Scale (MGS), a facial expression-
based nociception coding system, has been developed as
a reliable measurement approach for spontaneous pain
testing in mice [22, 23]. The MGS was performed as
described previously [22-24] with minor modification.
In brief, after the mice were acclimated in the Plexiglas
cylinder for 5 min, we recorded 30-min video with a high-
resolution digital video camera before treatment and at
different time points after intra-TMJ injection of CFA or
saline. The clear face images were selected every 3 min.
For each photo, we observed the following three facial
expressions [24]: (1) orbital tightening, which is
narrowing of the orbital area, with a tightly closed eyelid
or an eye squeeze (denoted by wrinkle around eye); (2)
nose bulge, which is a rounded extension of skin visible
on the bridge of the nose; (3) ear position, which is char-
acterized as the ears pulled apart and back from their
baseline position or the formation of vertical ridges owing
to the tips of the ears being drawn back. These facial
expressions were scored based on the values 0 (not pres-
ent), 1 (moderately visible), and 2 (obvious). The individ-
ual and composite scores were calculated from the mean
of the values from 10 images for each mouse per each
time point [24].

Functional Allodynia Test

The dolognawmeter, a validated device for oral function mea-
surement [25], was used to test functional allodynia before
treatment and at different time points after intra-TMJ injection
of CFA or saline. Each mouse was placed into a confinement
tube with two obstructing dowels in series. The mouse is re-
quired to gnaw through both dowels to escape the device.
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Time after treatment

Each obstructing dowel is connected to a digital timer, and the
timer will automatically stop when the mouse severs the asso-
ciated dowel. The duration of time required to sever the two
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dowels and escape the device was recorded. The first six
gnawing trials for a mouse are referred to as “training,” which
allows the animal to learn how to consistently gnaw through
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<« Fig. 1 CFA induces inflammatory TMJ pain and causes oral dysfunction
in WT mice (n = 6 for each group). a Intra-TMJ injection of CFA signif-
icantly decreased the head withdrawal thresholds in both trigeminal nerve
V2- and V3-innervated skin areas, starting from day 1 and lasting at least
10 days post-injection (*P < 0.05, **P < 0.01, ***P < (0.001 vs the saline
control group at the same time point). And the lowest head withdrawal
threshold was shown on day 4 after CFA injection. b The MGS scores
were significantly increased from 2 h to 2 days post-CFA (*P <0.05,
**P<0.01, ***P<0.001 vs the saline control group at the same time
point). Among the three facial expressions, orbital tightening was
sustained the longest after CFA injection. ¢ Gnaw-time in the
dolognawmeter test was significantly increased for 2 days post-CFA
(***P <0.001 vs the saline control group at the same time point)

the series of two dowels. A baseline gnaw-time was
established for each mouse as the mean of the gnaw-times to
sever the second dowel during the final three training sessions
[25].
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Fig. 2 Intra-TMJ injection of CFA upregulates TNFo expression in both
TG and Sp5C (n = 3 for each group). a In the TG, CFA increased TNF«x at
2 h and on day 4 post-injection. b Statistical analysis of the data in a,
*P <0.05 vs the saline control group. ¢ In the Sp5C, CFA increased
TNFx on day 4 post-injection. d Statistical analysis of the data in ¢,
*P <0.05 vs the saline control group

Saline

Western Blotting

The mice were sacrificed at different time points after
intra-TMJ injection of CFA or saline under isoflurane an-
esthesia. And TG and Sp5C tissues were harvested. The
expression of TNFo and TNF receptor 1 (TNFR1) was
analyzed with quantitative Western blotting. The affinity-
purified antibodies against TNFx (1:2000, ThermoFisher,
no. 701135) and TNFR1 (1:2000, Millipore, no.
MABCG615) were used. [3-actin served as a loading con-
trol in all Western blot experiments. The intensities of
bands in the Western blotting were quantified with
densitometry.

Immunohistochemistry

Following the perfusion, TG and Sp5C-containing brain
tissues were cut at 20 wm with a cryostat (CM1950,
Leica, Chicago, IL). Free-floating slices were blocked in
a 5% normal goat serum for 1 h followed by incubation
with primary antibodies overnight at 4 °C. Next, the slices
were washed and placed in a corresponding secondary
antibody conjugated to Alexa Fluor 488 or Cy3 for 1 h
at room temperature. Immunofluorescent imaging was ob-
served and analyzed under a Leica fluorescence micro-
scope (DMi8, Leica). The following primary antibodies
were used in this study: anti-TNFx antibody (1:400,
Abcam, no. ab1793), anti-TNFR1 antibody (1:400,
Millipore, no. MABC615), anti-Ibal (1:300; Wako
Chemicals, no. 019-19741), anti-glial fibrillary acidic pro-
tein (GFAP, 1:400, EMD Millipore, no. MAB3402), and
anti-neuron-specific nuclear protein (NeuN, 1:400, Cell
Signaling, 12943S). The specificities of antibodies were
validated by using positive and negative controls in our
immunofluorescent staining. Cell counting was carried
out with Imagel software.

Methylated DNA Immunoprecipitation Assay

The methylated DNA immunoprecipitation (MeDIP) assay
was performed using the EpiQuik Tissue MeDIP Kit
(Epigentek, Farmingdale, NY) according to the manufac-
turer’s instructions. The genomic DNA was sheared to random
fragments between 200 and 1000 bp. Immunoprecipitation
was performed using a monoclonal antibody against 5-
methylcytosine (Epigentek), and normal mouse IgG was used
as a negative control. The immunoprecipitated samples were
treated with proteinase K for 3 h at 65 °C and the methylated
DNA was recovered by phenol-chloroform extraction,
followed by ethanol precipitation. And then quantitative
polymerase chain reaction (QPCR) amplification was per-
formed. The relative changes in the methylation levels
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Fig. 3 Genetic deletion of TNFo
diminishes CFA-induced TMJ
pain (n =6 for each group). a
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were normalized to the input DNA. The following primers
were used in this study: (1) TNFx primer forward
CCGAGGGTTGAATGAGAGCTT and reverse
TGTTCTCCCTCCTGGCTAGT; (2) mouse {3-actin (neg-
ative control for MeDIP) forward AGCCAACTTTACGC
CTAGCGT and reverse TCTCAAGATGGACCTAATAC
GGC; (3) mouse H19 (positive control for MeDIP accord-
ing to the manufacturer’s instructions) forward
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GCATGGTCCTCAAATTCTGCA and reverse
GCATCTGAACGCCCCAATTA; and (4) GAPDH for-
ward TTCACCACCATGGAGAAGGC and reverse
GGCATGGACTGTGGTCATGA. The TNF« primers
we used detect the TNF gene promoter that is upstream
to the transcriptional start site (TSS), which contains
five CpG sites. Thus, the altered DNA methylation oc-
curred upstream of the TSS.
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Control group

Merged

Fig. 4 Intra-TMJ injection of CFA alters the distribution of TNF« in both
TG and Sp5C (n =3 for each group). a The co-expression of TNFo with
Ibal in the TG was enhanced on day 4 after CFA injection. Statistical
analysis of the data was described in the “Results” section. b The co-
expression of TNFa with NeuN in the TG was similar between the saline
and CFA groups. ¢ TNFa was not co-labeled with GFAP in the TG of the

Statistical Analysis

Data are expressed as the mean + SEM. One-way analyses of
variance (ANOVA) was performed for Western blotting data,

CFA group

Merged

saline- or CFA-treated mice. d The co-expressions of TNFo with Ibal in
the Sp5C were enhanced on day 4 after CFA injection. e The co-
expressions of TNFa with NeuN in the Sp5C were also enhanced on
day 4 after CFA injection. Statistical analysis of the data in d and e was
described in the “Results” section. f TNFx was not co-labeled with
GFAP in the Sp5C of the saline- or CFA-treated mice

and two-way ANOVA with repeated measures was performed
for behavioral testing data. The Student-Newman-Keuls method
was used for post hoc test of ANOVA. The unpaired Student ¢
test was used to analyze the data from the immunostaining results
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Fig. 4 continued.

and MeDIP qPCR. P<0.05 was considered statistically
significant.
Results

CFA Induces Inflammatory TMJ Pain and Causes Oral
Dysfunction in WT Mice

To determine whether bilateral intra-TMJ injection of CFA
produces orofacial mechanical hypersensitivity and affects

@ Springer

CFA group

oral function, we used different approaches to test nociception
behaviors and gnawing activity of mice before and after CFA
or saline injection. Using von Frey testing, we observed that
the CFA injection significantly decreased the head withdrawal
threshold in both trigeminal nerve V2- and V3-innervated skin
areas compared with the saline control group, which started
from day 1 and lasted at least 10 days post-injection (Fig. 1a).
And the lowest head withdrawal threshold was shown on day
4 after CFA injection (Fig. 1a). By the MGS, we analyzed
facial expression-indicating spontaneous pain following the
CFA injection. The MGS scores were significantly increased



Mol Neurobiol (2019) 56:278-291

285
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from 2 h to 2 days post-CFA compared with the saline control
group (Fig. 1b). Among the three facial expressions, orbital
tightening was sustained the longest after CFA injection
(Fig. 1b). Moreover, we used the dolognawmeter to test func-
tional allodynia following CFA injection. We found that
gnawing time was significantly increased for 2 days post-
CFA compared with the saline control group (Fig. 1c), indi-
cating that the intra-TMJ injection of CFA induces functional
allodynia and causes oral dysfunction.

Intra-TMJ Injection of CFA Upregulates TNFa
Expression in Both TG and Sp5C

To verify whether TNF« in the trigeminal nociceptive system
is involved in CFA-induced inflammatory TMJ pain, we ana-
lyzed the expression of TNFx in TG and Sp5C at different time
points after CFA injection. Using quantitative Western blotting,
we found that intra-TMJ injection of CFA upregulated TNFx
protein levels in both TG and Sp5C (Fig. 2). In the TG, CFA
significantly increased TNFo at 2 h and on day 4 post-injection
compared with the saline control group (Fig. 2a, b), and in the
Sp5C, CFA significantly increased TNFx on day 4 post-
injection compared with the saline control group (Fig. 2c, d).

Genetic Deletion of TNFa Diminishes CFA-Induced
TMJ Pain

To determine whether TNF o contributes to the pathogenesis of
CFA-induced inflammatory TMJ pain, we used TNFx KO
mice to investigate the effect of blocking TNF« expression on
the inflammatory TMJ pain. We found that genetic deletion of
TNF« in the KO mice significantly inhibited the CFA-induced
TMI pain compared with that in the WT mice. In the von Frey
testing, genetic deletion of TNFx in the KO mice markedly

Saline CFA

diminished CFA-decreased head withdrawal thresholds in both
trigeminal nerve V2- and V3-innervated skin areas compared
with those in the WT mice (Fig. 3a). In the MGS scoring,
genetic deletion of TNF« in the KO mice dramatically reduced
CFA-increased MGS scores compared with those in the WT
mice (Fig. 3b). In the dolognawmeter test, genetic deletion of
TNF«x in the KO mice robustly reduced CFA-increased
gnawing time compared with that in the WT mice (Fig. 3c).
Our supplemental experiment with intra-Sp5C injection of a
specific TNFo antagonist (R-7050, Cayman Chemical) showed
that SpSC TNF«x antagonism significantly increased CFA-
decreased head withdrawal threshold (Supplemental Fig. 1),
indicating that TNFo in the trigeminal nociceptive system con-
tributes to CFA-induced inflammatory TMJ pain.

Intra-TMJ Injection of CFA Alters the Distribution
of TNFa in Both TG and Sp5C

Using double immunofluorescence staining, we showed that
TNFx was co-expressed with Ibal (a marker for infiltrating
macrophages in the TG and microglia in the Sp5C) and NeuN
(a maker for neurons) in both TG and Sp5C of the saline- or
CFA-treated mice (Fig. 4). The co-expression of TNFx with
Ibal in the TG was enhanced on day 4 after CFA injection
compared with that in the saline control group (Fig. 4a), and
the percentage of double-labeled cells in total Ibal-positive cells
of the TG was significantly increased (18.07+0.89% for the
CFA-treated group vs 5.69 £ 0.71% for the saline control group,
P <0.001). The extent of co-expression of TNFo with
NeuN in the TG was similar between the saline and
CFA groups (Fig. 4b), and the percentage of double-
labeled cells in total NeuN-positive cells of the TG was
not significantly changed (6.8+1.89% for the CFA-
treated group vs 4.66 £0.9% for the saline control group,
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Control group

TNFR1
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b TNFR1 Merged
TNFR1 Merged

L] &)

Fig.6 Intra-TMJ injection of CFA has no effect on TNFR1 distribution in
both TG and Sp5C (n=3 for each group). Using double
immunofluorescence staining, we showed that TNFR1 was co-
expressed with NeuN in both TG and Sp5C of the saline- or CFA-
treated mice. a In the TG, CFA did not affect the co-expression of
TNFo with NeuN. Statistical analysis of the data was described in the
“Results” section. b TNFR1 was not co-expressed with GFAP in the TG

P> 0.05). However, the co-expression of TNFo with both
Ibal and NeuN in the SpSC was enhanced on day 4 after
CFA injection compared with those in the saline control group
(Fig. 4d, e), and the percentage of double-labeled cells in total
Ibal-positive cells of the SpSC was significantly increased
(50.58 +7.85% for the CFA-treated group vs 15.03 +6.53%
for the saline control group, P <0.05) and the percentage of
double-labeled cells in total NeuN-positive cells of the Sp5SC
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50pm

of the saline- or CFA-treated mice. ¢ TNFR1 was not co-expressed with
Ibal in the TG of the saline- or CFA-treated mice. d In the Sp5SC, CFA
also did not affect the co-expression of TNFx with NeuN. Statistical
analysis of the data was described in the “Results” section. ¢ TNFR1
was not co-expressed with GFAP in the SpSC of the saline- or CFA-
treated mice. f TNFR1 was not co-expressed with Ibal in the Sp5C of
the saline- or CFA-treated mice

was also significantly increased (10.21 +2.2% for the CFA-
treated group vs 4.1 £0.13% for the saline control group,
P <0.05). The co-localization of TNFo with Ibal and NeuN
was further confirmed by confocal Z-stacking (Supplemental
Fig. 2). We also observed that TNFo« was not co-labeled with
GFAP (a marker for satellite cells in the TG and astrocytes in the
Sp5C) in both TG and Sp5C of the saline- or CFA-treated mice
(Fig. 4c, 1).
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Control group

Merged

f TNFR1

Merged

Fig. 6 continued.

Intra-TMJ Injection of CFA Has No Effect on TNFR1
Expression and Distribution in Both TG and Sp5C

To investigate whether intra-TMJ injection of CFA alters the
expression and localization of TNFa receptor TNFR1 in the
trigeminal nociceptive system, we examined TNFR1 protein
level and its distribution in both TG and Sp5C. Using Western
blotting, we showed that the CFA injection did not significant-
ly affect the amount of TNFR1 protein in either TG (Fig. 5) or
Sp5C (Fig. 5c, d). We further assessed the distribution of this
receptor using double immunofluorescence staining. And we
showed that TNFR1 was co-expressed with NeuN in both TG

CFA group

TNFR1

Merged

TNFR1

4 '

and Sp5C of the saline- or CFA-treated mice, and the CFA
injection had no effect on the distribution of the receptor on
TG or Sp5C neurons (Fig. 6a, d). The percentage of double-
labeled cells in total NeuN-positive cells of the TG was not
significantly changed (87.23 +3.22% for the CFA-treated
group vs 85.09 +2.7% for the saline control group, P> 0.05),
and the percentage of double-labeled cells in total NeuN-
positive cells of the SpSC was also not significantly changed
(45.15+£2.77% for the CFA-treated group vs 44.74 +2.57%
for the saline control group, P> 0.05). We also observed that
TNFR1 was not co-expressed with Ibal and GFAP in both TG
and Sp5C of the saline- or CFA-treated mice (Fig. 6b—f).
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Intra-TMJ Injection of CFA Inhibits DNA Methylation
Specifically at the TNF Gene Promoter Region

To reveal whether epigenetic regulation contributes to the
CFA-enhanced TNF«x expression in the trigeminal nocicep-
tive system, we conducted MeDIP to analyze DNA methyla-
tion at the TNF gene promoter region. We found that intra-
TMI injection of CFA significantly diminished DNA methyl-
ation on day 4 post-injection in the TG specifically at the TNF
gene promoter region (Fig. 7a, b), indicating that the CFA
injection increases TNF o expression through inhibiting TNF
DNA methylation.

Discussions

In the present study, we showed that intra-TMJ injection of
CFA markedly upregulates the expression of TNF« in both
TG and Sp5C and that genetic deletion of TNF« significantly
inhibits CFA-induced mechanical hypersensitivity in the tri-
geminal nerve V2- and V3-innervated skin areas, spontaneous
pain measured by the MGS, and oral dysfunction measured by
dolognawmeter. Because von Frey filaments were used to
measure mechanical hypersensitivity, the MGS was used to

Fig. 7 Intra-TMJ injection of a
CFA inhibits DNA methylation
specifically at the TNF gene
promoter region (n =3 for each
group). a The TNF gene promoter
fragment upstream to the
transcriptional start site (TSS)
contains five CpG sites that are
marked with “asterisk” and in
bold. The TNF primers we used
are underlined. b CFA diminished b
DNA methylation on day 4 post-

injection in the TG specifically at

the TNF gene promoter region. ¢

Statistical analysis of the data in a.

*P < 0.05 vs the saline control

group

Pos

Neg

e [ e

measure spontaneous pain with facial expression alteration,
and the dolognawmeter was used to measure functional
allodynia, we observed different patterns of response to CFA
injection in these tests. Our results demonstrate that TNFo
upregulation in the trigeminal nociceptive system plays a crit-
ical role in CFA-induced inflammatory TMJ pain. Thus,
TNF«x could be used as a potential target for developing a
new approach to treat inflammatory TMJ pain.

TNF« is a proinflammatory cytokine and plays an impor-
tant role in the development of chronic pain [7-9]. TNF«x is
first synthesized as a transmembrane protein and cleavage of
the extracellular domain of transmembrane precursor TNFo
by the matrix metalloprotease TNFx-converting enzyme re-
leases bioactive soluble TNF«x [26]. The biologic activities of
TNFo are mediated by two TNFRs, including the widely
expressed TNFR1 and the limited constitutively expressed
TNFR2 [16]. Glia-synthesized TNFx may directly act on pri-
mary afferent neurons via TNFR1 but not TNFR2 [27].
Previous studies have shown that the upregulation of TNFx
and its receptor TNFR1 in dorsal root ganglia and spinal cord
dorsal horn contributes to the development of chronic neuro-
pathic pain [19, 28]. A recent study identified TNF«x as a
prominent mediator in oral cancer-induced nociception and
inflammation [29]. Therefore, TNFx could be a common
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molecule that is involved in the pathogenesis of different types
of pain.

Our data showed that intra-TMJ injection of CFA not only
upregulates TNFx expression in the trigeminal nociceptive
system but also enhances cell type-specific distribution of in-
creased TNF . In the TG, CFA injection dramatically elevated
the distribution of TNF« in Ibal-labeled macrophages; in the
Sp5C, CFA injection significantly increased the distribution of
TNF«x in both Ibal-labeled microglia and NeuN-labeled neu-
rons. Although the expression of TNFR1 was not altered by
intra-TMJ injection of CFA in our model, this receptor poten-
tially linked glia-neuron crosstalk during the CFA-induced
TMJ pain because it was exclusively expressed on the neurons
in both TG and Sp5C. Our recent experiment showed that
TNFRI1 co-localized with AMPAR GluA1l in neurons (unpub-
lished data). It has been reported that TNF o increases AMPAR
GluAl phosphorylation and trafficking in the spinal dorsal
horn neurons and contributes to inflammatory pain [10, 12].
Moreover, AMPAR phosphorylation and trafficking can alter
synaptic AMPAR subunit composition and lead to AMPAR
switch from Ca**-impermeable to Ca**-permeable receptors
[30, 31]. TNFx has been shown to induce a rapid membrane
insertion of Ca®*-permeable AMPARs via phos-
phatidylinositol 3-kinase and protein kinase A-dependent
mechanisms [32]. A reduction in Ca**-permeable AMPARs
in the superficial dorsal horn is accompanied by a loss of no-
ciceptive plasticity, whereas an increase in spinal Ca®*-perme-
able AMPARs facilitates nociceptive plasticity and enhances
long-lasting inflammatory hyperalgesia [33, 34]. Therefore,
the TNFo-TNFR1-AMPAR pathway-mediated synaptic
AMPAR switch from Ca**-impermeable to Ca**-permeable
receptors is likely one of the underlying mechanisms for the
CFA-induced TMJ pain in our current study.

TNFx not only enhances AMPAR synaptic activities but
also causes gamma-aminobutyric acid type A (GABA,) re-
ceptor endocytosis and results in fewer surface GABA, re-
ceptors and a decrease in inhibitory synaptic strength in the
CNS [35]. Thus, TNFx may alter the balance of synaptic
excitation and inhibition, which could further promote central
sensitization in the trigeminal nociceptive system and contrib-
ute to the CFA-induced TMJ pain. Additional experiments
will be necessary to determine whether intra-TMJ injection
of CFA can strengthen excitatory synapses and weaken inhib-
itory synapses by enhancing TNF« production and regulating
both AMPAR and GABA 4 receptor activities accordingly.

DNA methylation has been indicated as an important epi-
genetic regulatory mechanism in controlling human TNF o«
transcriptional expression in periodontal disease [36] and in
persistent breast pain following breast cancer surgery [37].
The two human studies showed that increased DNA methyl-
ation in the TNF gene promoter correlates with periodontal
inflammation and breast pain [36, 37]. Compared to other
transient epigenetic regulatory mechanisms, such as histone

modifications and non-coding RNA modulation, DNA meth-
ylation is the least reversible epigenetic regulation. It has been
demonstrated that the degree of DNA methylation present in
gene promoter regions is usually inversely related to the tran-
scriptional levels of those genes [38, 39]. Our data showed
that intra-TMJ injection of CFA robustly diminished DNA
methylation specifically at the TNF gene promoter region,
which indicates that the CFA injection increases TNFo ex-
pression in the trigeminal nociceptive system through
inhibiting TNF DNA methylation. The discrepancy about
the regulation of DNA methylation in the TNF gene promoter
between previous human studies [36, 37] and the present
study using a mouse pain model could be due to the following
reason: The TNF gene promoters in humans and mice may
contain transcriptional binding elements for different tran-
scriptional factors, therefore the increased DNA methylation
in the human TNF gene promoter in previous human studies
[36, 37] and diminished DNA methylation in the mouse TNF
gene promoter in this study may modulate the binding of those
different transcriptional factors and then correlate with pain
and inflammation accordingly. Further studies will be needed
to illustrate which DNA methyltransferases are involved in the
epigenetic regulation and whether DNA demethylation also
contributes to the CFA-enhanced TNFx expression.

In conclusion, our results demonstrate that intra-TMJ injec-
tion of CFA induces inflammatory TMJ pain by increasing
TNF« in the trigeminal nociceptive system, which is regulat-
ed by TNF DNA methylation. Targeting the epigenetic regu-
lation of TNF«x expression may be employed to develop an
efficient therapy for inflammatory TMJ pain.

Acknowledgments This work was supported by the National Institutes of
Health Grants ROl DE022880 (F.T.) and K02 DE023551 (F.T.). The
authors thank Dr. Xiudong Yang for designing TNF« primers.

Compliance with Ethical Standards

All animal procedures were carried out in accordance with the National
Institutes of Health guide for the care and use of laboratory animals and
were approved by the Texas A&M University College of Dentistry
Institutional Animal Care and Use Committee.

Conflict of Interest The authors have no conflicts of interest to declare.

References

1. Caims BE (2010) Pathophysiology of TMD pain—basic mecha-
nisms and their implications for pharmacotherapy. J Oral Rehabil
37(6):391-410. https://doi.org/10.1111/j.1365-2842.2010.02074.x

2. Takahashi T, Kondoh T, Fukuda M, Yamazaki Y, Toyosaki T,
Suzuki R (1998) Proinflammatory cytokines detectable in synovial
fluids from patients with temporomandibular disorders. Oral Surg
Oral Med Oral Pathol Oral Radiol Endod 85(2):135-141. https://
doi.org/10.1016/s1079-2104(98)90415-2

@ Springer


https://doi.org/10.1111/j.1365-2842.2010.02074.x
https://doi.org/10.1016/s1079-2104(98)90415-2
https://doi.org/10.1016/s1079-2104(98)90415-2

290 Mol Neurobiol (2019) 56:278-291
3. Kaneyama K, Segami N, Nishimura M, Suzuki T, Sato J (2002) 19. XulJT, Xin WJ, Zang Y, Wu CY, Liu XG (2006) The role of tumor
Importance of proinflammatory cytokines in synovial fluid from necrosis factor-alpha in the neuropathic pain induced by lumbar 5
121 joints with temporomandibular disorders. Br J Oral ventral root transection in rat. Pain 123(3):306-321. https://doi.org/
Maxillofac Surg 40(5):418-423. https://doi.org/10.1016/s0266- 10.1016/j.pain.2006.03.011
4356(02)00215-2 20. Kim SH, Son CN, Lee HJ, Cho HC, Jung SW, Hur JA, Back WK,
4. Kopp S, Alstergren P, Ernestam S, Nordahl S, Morin P, Bratt J Jung HR et al (2015) Infliximab partially alleviates the bite force
(2005) Reduction of temporomandibular joint pain after treatment reduction in a mouse model of temporomandibular joint pain. J
with a combination of methotrexate and infliximab is associated Korean Med Sci 30(5):552-558. https://doi.org/10.3346/jkms.
with changes in synovial fluid and plasma cytokines in rheumatoid 2015.30.5.552
arthritis. Cells Tissues Organs 180(1):22-30. https://doi.org/10. 21. Chen Y, Williams SH, McNulty AL, Hong JH, Lee SH, Rothfusz
”59/000086195. _ NE, Parekh PK, Moore C et al (2013) Temporomandibular joint
5. Ahmed N, Catrina Al, Alyamani AO, Mustafa H, Alstergren P pain: a critical role for Trpv4 in the trigeminal ganglion. Pain
(2015) Deficient cytokine control modulates temporomandibular 154(8):1295-1304. https://doi.org/10.1016/j.pain.2013.04.004
joint pain' in theumatoid arthritis. Eur J Oral Sci 123(4):235-241. 22.  Langford DJ, Bailey AL, Chanda ML, Clarke SE, Drummond TE,
https://dpl.org/lO. 111 1/395- 12193 Echols S, Glick S, Ingrao J et al (2010) Coding of facial expressions
6. Kellesarian SV, Al-Kheraif AA, Vohra F, Ghanem A, Malmstrom H, of pain in the laboratory mouse. Nat Methods 7(6):447—449. https://
Romanos QE, Javed F (201 §) Cytpkme proﬁle in the synovigl ﬂuifi of doi.org/10.1038/nmeth.1455
patients with temporomandibular joint disorders: a systematic review. 23.  Matsumiya LC, Sorge RE, Sotocinal SG, Tabaka JM, WieskopfJS,
Cytokine 77:98-106. httpSZ//dOl.OI‘g/lO.1016[].Cyt0.2015.11.0(?5 Zaloum A, King OD, Mogil JS (2012) Using the Mouse Grimace
7. Calvo M Dawes JMj Bennett DL (2(_)12) The role of the immune Scale to reevaluate the efficacy of postoperative analgesics in labo-
system in the generation of neuropathic pain. Lancet Neurol 11(7): ratory mice. J Am Assoc Lab Anim Sci 51(1):42-49
629-642. https://doi.org/10.1016/S1474-4422(12)70134-5 24, WulJ, Zhao Z, Zhu X, Renn CL, Dorsey SG, Faden Al (2016) Cell
8. de Mlhguel.l\(l, Kraychete DC, Meyer Nasmmenp RJ (2014) cycle inhibition limits development and maintenance of neuropath-
Chronic pain: cytokines, l)fmphocytes and chemokines. Inflamm ic pain following spinal cord injury. Pain 157(2):488-503. https://
Allergy D“Lg Targets 13(5):339-349 ) o . doi.org/10.1097/j.pain.0000000000000393
9. Ren K, Dubner R (2010) Interactions between the immune and  »5 1.0 jo Lam DK, Achdjian SH, Schmidt BL (2010) The
nervous systems in pain. Nat Med 16(11):1267—1276. https:/doi. . : .
dolognawmeter: a novel instrument and assay to quantify
10 grlz;g/.l(;il()sf%8/nm.222:4; Kochm FJ. Bhuskute A. Sorkin LS (2010 nociception in rodent models of orofacial pain. J Neurosci Methods
- Choi JI, Svensson CI, Koehm FJ, Bhuskute A, Sorkin LS (2010) 187(2):207-215. https://doi.org/10.1016/j.,jneumeth.2010.01.012
Peripheral inflammation induces tumor necrosis factor dependent .
. .. . 26. Mohan MJ, Seaton T, Mitchell J, Howe A, Blackburn K, Burkhart
AMPA receptor trafficking and Akt phosphorylation in spinal cord .
. . . : . . W, Moyer M, Patel I et al (2002) The tumor necrosis factor-alpha
in addition to pain behavior. Pain 149(2):243-253. https://doi.org/ . . . g
.. converting enzyme (TACE): a unique metalloproteinase with high-
10.1016/j.pain.2010.02.008 e . .
. . ly defined substrate selectivity. Biochemistry 41(30):9462-9469
11.  Gruber-Schoffnegger D, Drdla-Schutting R, Honigsperger C, . . . . .
. . 27. LiY, Ji A, Weihe E, Schafer MK (2004) Cell-specific expression
Wunderbaldinger G, Gassner M, Sandkuhler J (2013) Induction . C . X
- - S and lipopolysaccharide-induced regulation of tumor necrosis factor
of thermal hyperalgesia and synaptic long-term potentiation in the Inha (TNFaloh d TNF . dorsal lion. 1
spinal cord lamina I by TNF-alpha and IL-1beta is mediated by glial alpha (TNFalpha) an receptors mn rat dorsal root ganglion.
. . . . Neurosci 24(43):9623-9631. https://doi.org/10.1523/
cells. J Neurosci 33(15):6540—6551. https://doi.org/10.1523/ INEUROSCI.2392-04.2004
JNEUROSCL5087-12.2013 . : e

12. Zhang L, Berta T, Xu ZZ, Liu T, Park JY, Ji RR (2011) TNF-alpha 28 Ohtori S, Takahashi K, Moriya H, Myers RR (2004) TNF-alpha and
contributes to spinal cord synaptic plasticity and inflammatory pain: TNf-alpha recept.mt typé 1 upregulatlop in glia and heurons after
distinct role of TNF receptor subtypes 1 and 2. Pain 152(2):419— per.lpheral' nerve mjury: StudI.ES in murine DRG and spinal cord.
427. https://doi.org/10.1016/j.pain.2010.11.014 Spine (Phila Pa 1976) 29(10):1082-1088 ,

13. Spears R, Oakes R, Bellinger LL, Hutchins B (2003) Tumour ne- 29. Scheff NN, Ye Y, Bhattachgrya A, MacRae J, chkmgn DN,
crosis factor-alpha and apoptosis in the rat temporomandibular Sharma AK, Dolan JC, Schmidt BL (2017) Tumor necrosis factor
joint. Arch Oral Biol 48(12):825-834 alpha secreted from oral squamous cell carcinoma contributes to

14. Spears R, Oakes R, Moore C, Bellinger LL, Hutchins B (2003) A cancer pai.n and associat.ed ipﬂammation. Pain 158(12):2396-2409.
determination of tumor necrosis factor expression in TMJ inflam- ht.tps:/ /doi.org/ lq.1097/].pa1n.0000000000001044 ) .
mation with the use of microarray analysis. J Dent Res 82(10):807— 30. LiC, Yang Y, Liu S, Fang H, Zhang Y, Furmanski O, Skinner J,
813. hitps://doi.org/10.1177/154405910308201009 Xing Y et al (2014) Stress induces pain transition by potentiation of

15. Spears R, Dees LA, Sapozhnikov M, Bellinger LL, Hutchins B AMPA receptor phosphorylation. J Neurosci 34(41):13737-13746.
(2005) Temporal changes in inflammatory mediator concentrations h@SZ/ /doi.org/10.1523/ JNEURO'SCLZBO‘MJ'OM
in an adjuvant model of temporomandibular joint inflammation. ]~ 31. Liu S, Zhao Z, Guo Y, Shu H, Li C, Tang Y, Xing Y, Tao F (2017)
Orofac Pain 19(1):34-40 Spinal AMPA receptor GluA1 Ser831 phosphorylation controls

16. Ma F, Zhang L, Oz HS, Mashni M, Westlund KN (2015) chronic alcohol consumption-produced prolongation of postsurgical
Dysregulated TNFalpha promotes cytokine proteome proﬁle in- pain. Mol Neurobiol. https://doi.org/l 0.1007/s12035-017-0639-7
creases and bilateral orofacial hypersensitivity. Neuroscience 300: 32. Yin HZ, Hsu CI, Yu S, Rao SD, Sorkin LS, Weiss JH (2012) TNF-
493-507. https://doi.org/10.1016/j.neuroscience.2015.05.046 alpha triggers rapid membrane insertion of Ca(2+) permeable

17. Gregersen R, Lambertsen K, Finsen B (2000) Microglia and mac- AMPA receptors into adult motor neurons and enhances their sus-
rophages are the major source of tumor necrosis factor in permanent ceptibility to slow excitotoxic injury. Exp Neurol 238(2):93-102.
middle cerebral artery occlusion in mice. J Cereb Blood Flow https://doi.org/10.1016/j.expneurol.2012.08.004
Metab 20(1):53-65. https://doi.org/10.1097/00004647- 33. Hartmann B, Ahmadi S, Heppenstall PA, Lewin GR, Schott C,
200001000-00009 Borchardt T, Seeburg PH, Zeilhofer HU et al (2004) The AMPA

18. Locksley RM, Killeen N, Lenardo MJ (2001) The TNF and TNF receptor subunits GluR-A and GluR-B reciprocally modulate spinal

receptor superfamilies: integrating mammalian biology. Cell
104(4):487-501

@ Springer

synaptic plasticity and inflammatory pain. Neuron 44(4):637-650.
https://doi.org/10.1016/j.neuron.2004.10.029


https://doi.org/10.1016/s0266-4356(02)00215-2
https://doi.org/10.1016/s0266-4356(02)00215-2
https://doi.org/10.1159/000086195
https://doi.org/10.1159/000086195
https://doi.org/10.1111/eos.12193
https://doi.org/10.1016/j.cyto.2015.11.005
https://doi.org/10.1016/S1474-4422(12)70134-5
https://doi.org/10.1038/nm.2234
https://doi.org/10.1038/nm.2234
https://doi.org/10.1016/j.pain.2010.02.008
https://doi.org/10.1016/j.pain.2010.02.008
https://doi.org/10.1523/JNEUROSCI.5087-12.2013
https://doi.org/10.1523/JNEUROSCI.5087-12.2013
https://doi.org/10.1016/j.pain.2010.11.014
https://doi.org/10.1177/154405910308201009
https://doi.org/10.1016/j.neuroscience.2015.05.046
https://doi.org/10.1097/00004647-200001000-00009
https://doi.org/10.1097/00004647-200001000-00009
https://doi.org/10.1016/j.pain.2006.03.011
https://doi.org/10.1016/j.pain.2006.03.011
https://doi.org/10.3346/jkms.2015.30.5.552
https://doi.org/10.3346/jkms.2015.30.5.552
https://doi.org/10.1016/j.pain.2013.04.004
https://doi.org/10.1038/nmeth.1455
https://doi.org/10.1038/nmeth.1455
https://doi.org/10.1097/j.pain.0000000000000393
https://doi.org/10.1097/j.pain.0000000000000393
https://doi.org/10.1016/j.jneumeth.2010.01.012
https://doi.org/10.1523/JNEUROSCI.2392-04.2004
https://doi.org/10.1523/JNEUROSCI.2392-04.2004
https://doi.org/10.1097/j.pain.0000000000001044
https://doi.org/10.1523/JNEUROSCI.2130-14.2014
https://doi.org/10.1007/s12035-017-0639-7
https://doi.org/10.1016/j.expneurol.2012.08.004
https://doi.org/10.1016/j.neuron.2004.10.029

Mol Neurobiol (2019) 56:278-291

291

34.

35.

36.

Youn DH, Royle G, Kolaj M, Vissel B, Randic M (2008) Enhanced
LTP of primary afferent neurotransmission in AMPA receptor
GluR2-deficient mice. Pain 136(1-2):158-167. https://doi.org/10.
1016/§.pain.2007.07.001

Stellwagen D, Beattie EC, Seo JY, Malenka RC (2005) Differential
regulation of AMPA receptor and GABA receptor trafficking by
tumor necrosis factor-alpha. J Neurosci 25(12):3219-3228.
https://doi.org/10.1523/INEUROSCI.4486-04.2005

Zhang S, Barros SP, Moretti AJ, Yu N, Zhou J, Preisser JS,
Niculescu MD, Offenbacher S (2013) Epigenetic regulation of
TNFA expression in periodontal disease. J Periodontol 84(11):
1606-1616. https://doi.org/10.1902/jop.2013.120294

37.

38.

39.

Stephens KE, Levine JD, Aouizerat BE, Paul SM, Abrams G,
Conley YP, Miaskowski C (2017) Associations between genetic
and epigenetic variations in cytokine genes and mild persistent
breast pain in women following breast cancer surgery. Cytokine
99:203-213. https://doi.org/10.1016/j.cyt0.2017.07.006

Bird AP, Wolffe AP (1999) Methylation-induced repression—belts,
braces, and chromatin. Cell 99(5):451-454

Shuto T, Furuta T, Oba M, Xu H, Li JD, Cheung J, Gruenert DC,
Uchara A et al (2006) Promoter hypomethylation of Toll-like recep-
tor-2 gene is associated with increased proinflammatory response to-
ward bacterial peptidoglycan in cystic fibrosis bronchial epithelial cells.
FASEB J 20(6):782—784. https://doi.org/10.1096/1].05-4934fje

@ Springer


https://doi.org/10.1016/j.pain.2007.07.001
https://doi.org/10.1016/j.pain.2007.07.001
https://doi.org/10.1523/JNEUROSCI.4486-04.2005
https://doi.org/10.1902/jop.2013.120294
https://doi.org/10.1016/j.cyto.2017.07.006
https://doi.org/10.1096/fj.05-4934fje

	TNFα in the Trigeminal Nociceptive System Is Critical for Temporomandibular Joint Pain
	Abstract
	Introduction
	Materials and Methods
	Animals
	Intra-TMJ Injection
	Orofacial Mechanical Hypersensitivity Test
	The Mouse Grimace Scale
	Functional Allodynia Test
	Western Blotting
	Immunohistochemistry
	Methylated DNA Immunoprecipitation Assay
	Statistical Analysis

	Results
	CFA Induces Inflammatory TMJ Pain and Causes Oral Dysfunction in WT Mice
	Intra-TMJ Injection of CFA Upregulates TNFα Expression in Both TG and Sp5C
	Genetic Deletion of TNFα Diminishes CFA-Induced TMJ Pain
	Intra-TMJ Injection of CFA Alters the Distribution of TNFα in Both TG and Sp5C
	Intra-TMJ Injection of CFA Has No Effect on TNFR1 Expression and Distribution in Both TG and Sp5C
	Intra-TMJ Injection of CFA Inhibits DNA Methylation Specifically at the TNF Gene Promoter Region

	Discussions
	References


