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Aims: To determine the involvement of tumor necrosis factor alpha (TNFa) signaling
in the trigeminal ganglion (TG) in the mechanical hypersensitivity of the masseter
muscle during temporomandibular joint (TMJ) inflammation. Methods: A total of
56 male Sprague-Dawley rats were used. Following injection of Complete Freund’s
Adjuvant into the TMJ, the mechanical sensitivities of the masseter muscle and the
overlying facial skin were measured. Satellite glial cell (SGC) activation and TNF«
expression in the TG were investigated immunohistochemically, and the effects
of their inhibition on the mechanical hypersensitivity of the masseter muscle were
also examined. Student t test or two-way repeated-measures analysis of variance
followed by Bonferroni multiple comparisons test were used for statistical analyses.
P < .05 was considered to reflect statistical significance. Results: Mechanical
allodynia in the masseter muscle was induced without any inflammatory cell
infiltration in the muscle after TMJ inflammation. SGC activation and an increased
number of TNFa-immunoreactive cells were induced in the TG following TMJ
inflammation. Intra-TG administration of an inhibitor of SGC activity or of TNFa-
neutralizing antibody depressed both the increased number of TG cells encircled
by activated SGCs and the mechanical hypersensitivity of the masseter following
TMJ inflammation. Conclusion: These findings suggest that persistent masseter
hypersensitivity associated with TMJ inflammation was mediated by SGC-TG
neuron interactions via TNFa signaling in the TG. J Oral Facial Pain Headache
2018;32:75-83. doi: 10.11607/0fph.1854

Keywords: extraterritorial pain, satellite glial cell, temporomandibular joint,
trigeminal ganglion, tumor necrosis factor alpha

chronic pain in the TMJ and orofacial regions, including in the
masticatory muscles."? Many TMJ inflammation patients suffer
from masticatory dysfunction because jaw movements cause severe
pain during mastication, and many also complain of myofascial pain in
the masseter and temporalis muscles.®* Eventually, the impaired food
intake and disruption in orofacial motor functions associated with TMJ
inflammation reduce the quality of life (QoL) in these patients. To de-
velop appropriate treatments for widespread orofacial pain related to
TMJ inflammatory pain, it is important to understand the mechanisms
underlying masseter muscle pain related to TMJ inflammation.
Sensitivity to a variety of non-noxious and noxious stimuli to the TMJ
region can be enhanced under orofacial inflammatory conditions.>~?
Various immune cells appear in the TMJ region during TMJ inflammation
that release several cytokines and inflammatory mediators, further sen-
sitizing primary afferent neurons.?® Satellite glial cells (SGCs) are also
activated in the trigeminal ganglion (TG) in association with orofacial
inflammation or trigeminal nerve injury.>'® SGCs and neurons in the TG
are located close to each other (within less than 10 um), suggesting
that SGCs and TG neurons may have strong functional interactions.
SGCs are known to undergo morphologic changes, developing large
cell bodies and thick processes following activation.® Activated SGCs
are also known to show glial fibrillary acidic protein (GFAP) immunore-

Temporomandibular joint (TMJ) inflammation frequently causes
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activity,'” and activation of SGCs has been reported
to spread widely throughout the TG via Connexin 43
(Cx43) signaling." Cx43 is the primary gap junction
protein involved in the transport of small molecules
between cells.'? These findings suggest that activat-
ed SGCs release molecules that may affect neuronal
activity in a wide area of the TG.

Tumor necrosis factor (TNF) is one of the major
cytokines produced in inflamed peripheral tissue.'®™
TNF consists of three subtypes—TNFa, TNF(, and
lymphotoxin-B—that are released from macrophages
in the region of the inflammation.'® Because TNFa
binds to the TNF receptor (TNFR) and its signaling is
involved in the translocation of nuclear factor kappa B
(NFkB) into the cell nucleus, it is believed to be a key
molecule regulating the cellular immune system.' It
has also been reported that plasma and synovial fluid
levels of TNFa are significantly higher in patients who
suffer from TMJ pain'®'8; thus, TNFa is also thought
to play a pivotal role in the modulation of orofacial
pain due to TMJ inflammation.'®

The aim of the present study was to determine
the involvement of TNFa signaling in the TG in the
mechanical hypersensitivity of the masseter muscle
during TMJ inflammation. For this purpose, admin-
istration of Complete Freund's Adjuvant (CFA) into
the TMJ capsule in rats was performed to cause per-
sistent inflammation in the TMJ, an approach that has
been widely used in TMJ pain studies.®®

Materials and Methods

Animals

Male Sprague-Dawley rats (n=55; 200 to 300 g,
Japan SLC) were used in this study. The animals
were housed in a temperature-controlled room
(28 £ 1.0°C) under a 12/12—hour light/dark cy-
cle with ad libitum access to food and water. The
study was approved by the Nihon University Animal
Experimentation Committee and was conducted in
accordance with the guidelines of the U.S. National
Institutes of Health Guide for the Care and Use of
Laboratory Animals and the International Association
for the Study of Pain.?° The number of rats used in
the study was reduced to the minimum required for
statistical analysis.

TMJ Inflammation Model

Rats were deeply anesthetized with an intraperitone-
al (ip) injection of sodium pentobarbital (50 mg/kg;
Schering Plough). A 50% solution of CFA (Sigma-
Aldrich) dissolved in saline or vehicle solution (iso-
tonic saline) alone was slowly administered with a
27-gauge needle (25 pL) into the left TMJ through
the skin immediately below the posteroinferior border
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of the zygomatic arch. The CFA-administered rats (je,
TMJ-inflamed group; n = 35) were, while under deep
anesthesia, subjected daily for 3 days to passive ver-
tical jaw movements (interincisal vertical dimension:
20 mm, 1 Hz, 30 minutes/day) by using a passive ver-
tical jaw-moving device. This was also performed dai-
ly in the vehicle-administered rats (ie, control group; n
= 20). At 3 days after CFA or vehicle administration,
rats (n = 45) were deeply anesthetized with sodium
pentobarbital (80 mg/kg, ip) and perfused with saline.
Horizontal sections of the masseter muscles from rats
in both groups were stained with hematoxylin-eosin
and analyzed under the light microscope.

Head Withdrawal Threshold to Mechanical
Stimulation

Five days prior to CFA or vehicle treatment, rats were
trained daily to calmly protrude their snout from a hole
in the front wall of a small chamber for 5 minutes."
Following daily training and 1 day before CFA or ve-
hicle administration, mechanical stimuli were applied
to the left masseter muscle with a digital force gauge
equipped with a flat rounded tip (56 mm in diameter;
Attonic) to measure the mechanical head withdrawal
threshold (HWT). The rats could escape freely from
the mechanical stimulation at any time during the mea-
surements. The HWT was also measured with von
Frey filaments (Touch-Test Sensory Evaluator, North
Coast Medical). Application of mechanical stimuli
with von Frey filaments to the masseter muscle and to
the facial skin overlying the masseter muscle was per-
formed three times a day at 5-minute intervals, and the
HWT for that day was defined as the mean value of
these three experiments in each rat. Behavioral test-
ing was performed from day 1 to 7 after CFA/vehicle
administration in 10 rats (h = 5 from each group) un-
der blinded conditions. All rats that were subjected to
behavioral testing showed no motor deficits.

Intra-TG Administration of Fluorocitrate and
TNFa-Neutralizing Antibody

Rats were placed in a stereotactic apparatus un-
der deep anesthesia with sodium pentobarbital
(50 mg/kg, ip). Following exposure, the skull was per-
forated (diameter 1 mm), and a guide cannula was
implanted into the left TG in CFA-administered rats
(n = 15). The guide cannula was fixed to the skull
by using stainless steel screws and dental cement.
The rats were allowed to recover for several days
before administration of vehicle, satellite cell inhibi-
tor Fluorocitrate (FC) (8 pmol/day, Cell Signaling)
dissolved in 10% dimethyl sulfoxide, or TNFa-
neutralizing antibody (TNFaNA) (1:20, R&D systems),
carried out by using a 30-gauge injection needle
inserted through the guide cannula. FC, TNFaNA,
or vehicle (n = 5 in each group) was administered
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once daily into the TG at O, 1, 2, and 3 days after
CFA injection, and HWTs were measured on days
1, 2, and 3, as described above. These rats were
then sacrificed with the other 30 rats sacrificed for
immunohistochemical analyses, as described above.

Immunohistochemistry

To identify the TG cells innervating the masseter
muscle, 30 mL of FluoroGold (FG) (3% hydroxystil-
bamidine) (Fluorochrome) dissolved in saline was in-
jected into the left masseter muscle with a 27-gauge
needle 4 days before CFA or vehicle injection. At 3
days after injection, rats were transcardially perfused
with isotonic saline followed by 4% paraformalde-
hyde in 0.1 M phosphate buffer (PB, pH 7.4) under
deep anesthesia produced by sodium pentobarbi-
tal (80 mg/kg, ip), and the left TGs were removed.
TGs were kept in 0.01 M phosphate-buffered saline
(PBS) containing 20% sucrose for 24 hours and
then embedded in TissueTek (Sakura Finetek) at
—20°C. Then, 15-um horizontal sections of TGs were
prepared, and every 10th section (5 sections per
TG) was collected and mounted onto MAS-coated
Superfrost Plus microscope slides (Matsunami).

The sections were dried overnight, washed with
0.01 M PBS, and incubated with mouse anti—glial
fibrillary acidic protein (GFAP) monoclonal antibody
(1:1000; Merck Millipore), rabbit anti-TNFa (1:200;
Abcam), or rabbit anti-Cx43 polyclonal antibody
(1:200; Sigma-Aldrich) in 0.01 M PBS containing 4%
normal goat serum for blocking unknown antigens
and 0.3% Triton X-100 (Sigma-Aldrich) for 3 days at
4°C. Sections were washed in 0.01 M PBS and then
incubated in Alexa Fluor 568 anti-rabbit IgG (1:200;
Thermo Fisher Scientific) and/or Alexa Fluor 488
anti-mouse IgG (1:200; Thermo Fisher Scientific) in
0.01 M PBS for 2 hours at room temperature. After
rinsing, the sections were coverslipped in mounting
medium (Thermo Fisher Scientific), and immunopos-
itive cells were analyzed with a BZ-9000 system
(Keyence).

The mean numbers of FG-labeled TG neurons
and of FG-labeled TG cells encircled by GFAP-
immunoreactive (IR) cells were calculated first
and presented as size-frequency histograms (ev-
ery 200 mm?) in both the TMJ-inflamed and control
groups. The mean numbers of FG-labeled TG neu-
rons in the regions of the first-second (V1-V2) and
third (V3) branches of the trigeminal nerve were also
calculated. FG-labeled TG cells that had over half of
their soma perimeters encircled by GFAP-IR cells
or by FG-labeled TNFa-IR cells were identified, and
the relative numbers of those TG cells were calculat-
ed from the following formula using SensivMeasure
(Mitani): 100 X the number of FG-labeled TG cells
surrounded by GFAP-IR or FG-labeled TNFa-IR
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cells/total number of FG-labeled TG cells. No label-
ing was observed in the absence of primary antibod-
ies under the same conditions.

Statistical Analyses

Data were expressed as mean * standard error of the
mean (SEM). Statistical analyses were performed
with Student ¢ test or two-way analysis of variance
(ANOVA) followed by Bonferroni multiple compari-
sons test. A P value of less than.05 was considered
to reflect statistical significance.

Results

Nocifensive Behavior and Masseter Muscle
Inflammation

The HWT in response to mechanical stimulation of
the masseter muscle in the TMJ-inflamed group was
significantly lower compared to that in the control
group (Fig 1a). In contrast, no change in the HWT
to mechanical stimulation of the lateral facial skin
was observed in the TMJ-inflamed group (Fig 1b).
Pathologic changes, such as infiltration of inflamma-
tory cells or degeneration, could not be detected in
the masseter muscle in either the TMJ-inflamed or
control groups (Figs 1c and 1d).

SGC Activation and Cx43 Expression

A number of FG-labeled TG cells encircled by
GFAP-IR cells were observed, and the distribution
of these cells displayed network-like morphologic
features (Fig 2a). The number of these cells in the
TMJ-inflamed group (31.2 %+ 5.5) was significant-
ly greater than that in the control group (7.7 + 1.0;
P < .05) (Fig 2b). Many GFAP-IR cells expressing
Cx43 were also observed in the V1-V2 and V3 re-
gions in the TG (Fig 2c). There were no significant
differences in the total number of FG-labeled TG
cells between the TMJ-inflamed and control groups
(Fig 2d). Although there were no significant differ-
ences between groups, TMJ inflammation signifi-
cantly increased the number of FG-labeled TG cells
encircled by GFAP-IR cells in all cell-size groups
in the TMJ-inflamed group (Fig 2e). FG-labeled TG
cells were significantly more numerous in the V3 re-
gion than in the V1-V2 region (P < .01) in both the
TMJ-inflamed group and the control group (Fig 2f).

TNFa Expression in the TG

FG-labeled TG cells showed TNFa immunoreactivity
in both the TMJ-inflamed group and the control group
(Fig 3a). The mean proportion of FG-labeled TG cells
encircled by TNFa-IR cells in the TMJ-inflamed group
(83.5% * 2.9%) was significantly greater than that in
the control group (5.0% % 0.2%; P < .01) (Fig 3b).
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Effect of Intra-TG Administration of FC or
TNFaNA on SGC Activation and Mechanical
Hypersensitivity of Masseter Muscle

FC is a potent inhibitor of SGC activation.' In the
TMJ-inflamed group, the number of FG-labeled TG
cells encircled by GFAP-IR cells was significantly re-
duced following 3 successive days of FC administra-
tion into the TG compared to the vehicle-administered
group (vehicle: 28.8 + 2.3; FC: 3.0 = 0.2; P < .01)
(Figs 4a and 4b). Successive intra-TG administra-
tion of TNFaNA also suppressed the increase in
FG-labeled TG cells encircled by GFAP-IR cells
in the TMJ-inflamed group (vehicle: 21.9 % 0.9;
TNFaNA: 13.3 £ 0.7; P < .05) (Figs 4c and 4d). The
decreased HWT of the masseter muscle in the TMJ-
inflamed group was significantly increased following
successive intra-TG administration of FC or TNFaNA
(Day 3; vehicle: 63.5% + 1.4%, FC: 81.1% + 2.1%
[P < .05], TNFaNA: 97.7% + 0.5% [P < .01]) (Fig 4e).

Effect of Intra-TG Administration of FC on
TNFao Expression in TG Cells

FG-labeled TG cells expressing TNFa were con-
firmed in the TMJ-inflamed group (Fig 5a), but
their mean proportion was significantly smaller
in rats administered FC than in control rats (vehi-
cle: 35.6% * 2.4%, FC: 25.8% + 1.3%; P < .05)
(Fig 5b). This finding indicates that SGC activation
after TMJ inflammation was involved in the TNFa ex-
pression in TG cells.

78 \Volume 32, Number 1,2018

Fig 1 Head withdrawal threshold (HWT) to
mechanical stimulation of the (a) masseter
muscle and (b) facial skin over the masseter
muscle. Data represent mean + standard
error of the mean (SEM). *P < .05, **P < .01
(n = 5 in each group; two-way repeated-
measures analysis of variance followed
by Bonferroni multiple comparisons test).
Photomicrographs of the masseter muscle
in (c) control and (d) TMJ-inflamed groups.

Discussion

The present study evaluated the mechanisms un-
derlying masseter muscle pain originating from TMJ
inflammation. Specifically, the role of TNFa signaling
in the activation of SGCs in the TG and SGC-TG
neuron interactions following TMJ inflammation were
examined by using a rat model of TMJ inflammation.
Large-diameter pressure probes have been re-
ported to be the most suitable for assessing the
mechanical pain threshold of deep tissue, and
small-diameter pressure probes, such as von Frey fil-
aments, as appropriate for measuring the threshold
of superficial tissues.?? In the present study, the
HWT to mechanical stimulation of the masseter mus-
cle in the TMJ-inflamed group was significantly lower
compared to that of the control group, although no
significant change in response to stimulation of the
lateral facial skin was observed in either group. These
results indicate that TMJ inflammation induced me-
chanical allodynia in the masseter muscle but not in
the facial skin overlying the masseter, implying that
the excitability of TG neurons innervating the masse-
ter was enhanced by TMJ inflammation. In addition,
there were no significant changes in the total num-
ber of TG cells innervating the masseter muscle, and
these cells were observed in all cell-size groups in
both the TMJ-inflamed and control groups, sug-
gesting that neuronal excitabilities of putative noci-
ceptive TG neurons—as well as low-threshold and
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high-threshold mechanosensitive TG neurons inner-
vating the masseter—were enhanced following TMJ
inflammation. Furthermore, TG neurons innervating
the masseter were extensively distributed over the
TG, although they were mainly distributed in the V3
region. This result suggests that excitatory changes
in TG neurons innervating the masseter muscle fol-
lowing TMJ inflammation may exert a major influence
on the excitability of other TG neurons innervating
other parts of the orofacial region.

Moreover, in addition to the peripheral sensiti-
zation uncovered by the present study, recent evi-
dence indicates that central sensitization can also
occur following injection of algesic chemicals into
the TMJ capsule.®?%24 Central sensitization of med-
ullary nociceptive neurons receiving inputs from the
masseter muscle is thus likely to be induced by TMJ
inflammation, resulting in the enhancement of nocif-
ensive reflexes evoked by mechanical stimulation of
the masseter muscle.

It has been reported that TG neurons are strong-
ly activated following trigeminal nerve injury or orofa-
cial inflammation.®'%2% A barrage of action potentials
associated with trigeminal nerve injury or orofacial
inflammation is generated in the trigeminal nerve.?®
High-frequency action potentials appear at the so-
mata of TG neurons, which subsequently release
various molecules such as substance P, calcitonin

80 Volume 32, Number 1,2018

gene-related peptide (CGRP), nerve growth factor
(NGF), or adenosine triphosphate (ATP), resulting in
activation of the SGCs.?"?® Activated SGCs become
GFAP immunopositive, are observed around the so-
mata of TG neurons,’® and release several neuro-
peptides and ATP, molecules known to be involved
in the modulation of TG neuronal activity."® Activated
SGCs have been observed in regions of the TG be-
yond the V3 branch of the trigeminal nerve following
lingual nerve injury or transection of the V3 branch.'®
In the present study, many FG-labeled TG cells and
GFAP-IR cells were observed over a wide area of the
TG covering the V2 region, in which TG neurons in-
nervating the masseter muscle were present follow-
ing TMJ inflammation. Furthermore, the number of
TG cells encircled by GFAP-IR cells was significantly
higher in the TMJ-inflamed group than in the control
group. These findings suggest that TMJ inflammation
induces activation of SGCs in a wide area of the TG
covering the V2 and V3 regions, and this activation
may be involved in the hyperexcitability of TG neurons
innervating the masseter muscle following TMJ inflam-
mation. Moreover, TMJ inflammation significantly in-
creased the number of TG cells encircled by activated
SGCs in all cell-size groups, indicating that neuronal
excitability was likely enhanced not only in nociceptive
TG neurons innervating the masseter muscle, but in
non-nociceptive TG neurons as well.
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Cx43 is a gap junction component thought to be
involved in mechanisms underlying the widespread
SGC activation within the TG." Blockade of Cx43
activation in the TG reduced GFAP expression and
suppressed orofacial mechanical nocifensive reflex
behavior." Many GFAP-IR cells were merged with
Cx43-IR cells in the TMJ-inflamed group in the pres-
ent study, and so it is highly likely that SGC activation
occurred in the TMJ-inflamed group via Cx43 signal-
ing and that this mechanism is involved in SGC ac-
tivation in an extensive area within the TG following
TMJ inflammation.

TNFa is widely accepted as a proinflammatory cy-
tokine involved in the enhancement of primary neuronal
excitability, which contributes to pain hypersensitivi-
ty."* TNFa is upregulated in sensory ganglion neurons

and in microglial cells and macrophages associated
with peripheral nerve injury or tissue inflammation and
is released from these cells during inflammation.'315:2°
An increase in the plasma concentration of TNFa has
also been reported in blood samples of patients who
suffer from TMJ pain.'® TNFa released from glial cells
has been shown to bind to TNFa receptors in senso-
ry ganglion neurons and initiate signaling involved in
the activation of these neurons. Furthermore, cultured
sensory ganglion cells show an increase in transient
receptor potential vanilloid 1 expression following
TNFa treatment.'® Moreover, several lines of evidence
indicate that local injection of TNFa causes thermal
and mechanical hypersensitivity at the injection site,
and blockade of TNFa by TNFa-neutralizing agents
alleviates this hypersensitivity.'®:303!
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In the present study, a significant increase in
expression of TNFa was observed in TG cells and
in GFAP-IR cells. Continuous administration of
TNFaNA in the TG restored mechanical sensitivity
of the masseter muscle in the TMJ-inflamed group.
Furthermore, the number of FG-labeled cells encir-
cled by GFAP-IR cells in the TMJ-inflamed group
was significantly reduced by TNFaNA administration
compared to that in the vehicle-administered group,
and the number of TNFa-IR cells was significantly re-
duced following FC injection into the TG. Moreover,
it was reported that GFAP-IR cells expressed Cx43.
Together, these data indicate that the SGC activa-
tion via Cx43 signaling following TMJ inflammation
enhanced TNFa expression in TG neurons in an ex-
tensive area within the TG, and TNFa signaling in TG
neurons may be involved in further activation of SGC
via Cx43 signaling within the TG.

Conclusions

A significant enhancement of mechanical sensitivi-
ty of the masseter muscle, an increase in TNFa-IR
cells, and hyperactivation of SGCs expressing Cx43
in the TG in the TMJ-inflamed group were observed
in the present study. The inhibition of SGC hyper-
activation and the neutralization of TNFa in the TG
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caused a significant suppression of masseter mus-
cle hypersensitivity. These findings suggest that
SGC-TG neuron interactions via TNFa signaling in
the TG play a pivotal role in masseter muscle pain
hypersensitivity associated with TMJ inflammation,
and TNFa signaling may be a therapeutic target for
treatment of widespread deep orofacial pain in pa-
tients who have TMJ pain. TMJ pain frequently occurs
in patients with temporomandibular disorders (TMD),
which occur predominantly in young or elderly wom-
en,3233 but a limitation of the present study is that the
mechanisms underlying masseter muscle pain asso-
ciated with TMJ pain in females were not addressed
because only male rats were used. Moreover, it is un-
clear whether TNFa signaling in the TG also plays a
predominant role in masseter muscle pain associat-
ed with TMD. Further studies are needed to address
these unresolved matters.
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