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INTRODUCTION

Temporomandibular joint (TMJ) disorder is clinically important because of its prevalence,
chronicity, and therapy-refractoriness of the pain. In this study, we investigated the effect
of infliximab in a mouse model of TMJ pain using a specially-engineered transducer for
evaluating the changes in bite force (BF). The mice were randomly divided into three
groups (7 mice per group): the control group, the complete Freund's adjuvant (CFA) group,
and the infliximab group. BF was measured at day O (baseline BF). After measuring the
baseline BF, CFA or incomplete Freund's adjuvant was injected into both TMJs and then the
changes in BF were measured at days 1, 3, 5, 7, 9, and 13 after the TMJ injection. For
measuring the BF, we used a custom-built BF transducer. Control, CFA, and infliximab
groups showed similar baseline BF at day 0. From day 1, a significant reduction in BF was
observed in the CFA group, and this reduction in BF was statistically significant compared
to that in the control group (P < 0.05). This reduction in BF was maintained until day 7,
and BF started to recover gradually from day 9. In the infliximab group also, the reduction
in BF was observed on day 1, and this reduction was maintained until day 7. However, the
degree of reduction in BF was less remarkable compared to that in the CFA group. The
reduction in BF caused by injection of CFA into the TMJ could be partially alleviated by the
injection of anti-tumor necrosis factor alpha, infliximab.
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these structures, mastication can become painful and nonrhyth-
mic, leading to reduced bite force (BF) (5, 6).

Mastication is a very elaborate process, which includes food in-
take, intra-oral food transport, bolus formation and chewing in
all of the mammals, and this activity is regulated by the motor
and sensory components of the trigeminal system and their
central projections (1, 2). Neural regulation of mastication, which
can generate very high bite forces over milliseconds, comprises
very rapid sensory feedback from innervated craniofacial struc-
tures that include the temporomandibular joint (TM]), the mas-
ticatory muscles, and the teeth (1-4). Under normal circumstanc-
es, mastication is an intrinsic activity that is not consciously per-
ceived by humans and involves very rhythmic jaw movements
which are produced by a Central Pattern Generator located in
the pons and medulla (3). However, in cases of tissue injury to
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Temporomandibular joint disorder (TMJD) is known for its
mastication-related pain, and it is clinically important because
of its prevalence, chronicity, therapy-refractoriness of the pain,
and the largely unknown pain mechanism (7, 8). TMJD is a con-
tinuum of various symptoms, which can give rise to progressive
degenerative changes in the TM]J with progression of the dis-
ease. It encompasses a broad spectrum of conditions, including
initial capsulitis or synovitis, more advanced forms of internal
derangement, and eventually end-stage degenerative joint dis-
ease causing osteoarthritic changes (8).

There are several roadblocks to development of rationally
targeted therapies, and one of them is shortcomings of avail-
able animal models for TMJD, especially the relative paucity of
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objective measurements that accurately represent patients’ car-
dinal symptoms. Several studies of TMJ pain in a model frequent-
Iy used the head withdrawal threshold to a von Frey filament for
measuring the nociceptive response in the TMJ (7, 9, 10). How-
ever, this method has a limitation in reflecting the patients’ car-
dinal symptom related to mastication, and it simply reflects the
pain in the skin and subcutaneous tissue overlying the TMJ. Re-
cently, Chen et al. (11) demonstrated a novel method measur-
ing the BF changes in a mouse model of TMJ pain with a spe-
cially designed BF transducer. They also suggested that the di-
rect measure of BF provides a novel quantitative approach to
quantifying TMJ pain in the mouse model (11).

Tumor necrosis factor alpha (TNF-a) is known as a key pro-
inflammatory molecule in human rheumatoid arthritis and
other chronic inflammatory diseases (12). Recently, TNF-o has
attracted remarkable attention and interest in pain research
area as one of a putative pain mediators, because the applica-
tion of TNF-o in healthy tissue could induce thermal hyperalge-
sia and synaptic long-term potentiation (13). Randomized, pla-
cebo-controlled, multi-center clinical trials of human TNF-a
inhibitors such as infliximab or etanercept have demonstrated
their consistent and remarkable efficacy in improving signs and
symptoms, with a favorable safety profile (14-16).

Lee et al. (8) reported that synovial TNF-a and interleukin 6
levels were elevated in patients with TMJD compared to the
normal healthy group, although there was no statistical signifi-
cance. Therefore, we used Infliximab, a chimeric monoclonal
antibody, for investigating whether this drug has any pain re-
lieving effect in a mouse model of chronic TM]J pain. In this
study, we evaluated the changes in BF in a mouse model of TMJ
pain using a specially-engineered transducer and also investi-
gated the effect of infliximab.

MATERIALS AND METHODS

Animals

Male ICR mice (20-25 g) were housed 5 per cage in a tempera-
ture controlled (22 + 2°C) vivarium under a 12-hr light/dark cy-
cle. Mice were provided a standard rodent diet ad libititum and
were allowed to acclimate for 5 days before the experimental
procedure.

Induction of TM]J inflammation and intraperitoneal drug
injections

The mice were randomly divided into three groups (7 mice per
group): 1) the control group, which received only intraperitone-
al injection of normal saline with TMJ injection of incomplete
Freund’s adjuvant (IFA; Chondrex, Redmond, WA, USA); 2) the
CFA group, which received intraperitoneal injection of normal
saline with TMJ injection of complete Freund’s adjuvant (CFA,
5 mg/mL; Chondrex, Redmond, WA, USA); 3) the infliximab
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group, which received intraperitoneal injection of infliximab (10
mg/kg, dissolved in normal saline) with TMJ injection of CFA.

All mice were briefly anesthetized with 2% isoflurane and bi-
laterally injected using a 30-gauge needle fitted to a 10 uL. Ham-
ilton syringe. To easily identify and palpate the TM]J area, local
hairs around the TMJ were trimmed with scissors. After care-
fully palpating the locally trimmed area considered to be the
TM]J, a 30-gauge needle was inserted through the facial skin.
The needle was carefully advanced superoanteriorly until the
tip of the needle reached the zygomatic arch. Then the needle
was slowly moved more inferiorly until it passed under the edge
of the arch and ultimately entered into the joint space. Once the
needle was located in the joint space, 10 pL of CFA or IFA was
injected slowly over a period of 5 sec. Injections were given into
both TMJs to minimize the fluctuation in the changes in BE To
evaluate the effect of TNF-alpha neutralizing drug, the inflix-
imab group received a single intraperitoneal injection of inflix-
imab. The control and CFA groups received intraperitoneal in-
jection of the same volume of normal saline on the same day as
the infliximab group. Intraperitoneal injection was administered
immediately after local TM]J injection was given, and then it
was administered daily for 13 days. BF was measured at day 0
(baseline bite force). After measuring the baseline BE, CFA or
IFA was injected into both TMJs and then changes in BF were
measured atdays 1, 3, 5, 7,9, and 13 after TMJ injection. All mea-
surements were performed by one examiner who was blinded
to the study groups.

Bite force analysis

To measure the BE we used a custom-built BF transducer which
was manufactured by KTM Engineering Inc (Seongnam, Korea).
This BF transducer was first developed by Williams et al. (17)
and Chen et al. (11) also measured the BF reduction with this
transducer. Briefly, the transducer consisted of two aluminum
beams which were approximated to each other by 6 adjustable
screws, and each beam was instrumented with two single-ele-
ment strain gauges (Fig. 1A). The distance between the beams
of the BF transducer was adjusted to 5.0 mm (-40% of maximal
jaw opening), at which the mice can produce the maximum BE

The four strain gauges were connected in a bridge module
(Fig. 1B), and they transmitted the BF signal to the data acquisi-
tion hardware. One end of each beam served as the bite plate
and the tip of the bite plate was rounded to protect the animals’
teeth and oral soft tissue.

Prior to use, the calibration of the BF transducer was perform-
ed and checked for linearity by suspending a series of calibra-
tion weights ranging from 100 to 500 g from the bite plates. The
voltage output from each weight was regressed against the force
exerted by calibration weights. Output for each set of calibra-
tions was both linear and reproducible, with correlation coeffi-
cients (R2) ranging from 0.9902-0.9998 for each calibration. Mice
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Fig. 1. Photograph showing the transducer (A) and bridge module (B). Arrow indicates the strain gauges.
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Fig. 2. Bite force voltage output wave through the computer monitor (A, B).

were placed in a cylindrical plastic tube with an opening at one
end for accommodating the mouse head. Placing the mice in a
cylindrical tube which permits only head movement is a very
stressful condition, and therefore, we spent several minutes to
acclimate and calm the mice in a cylindrical tube. When the
bite transducer was moved towards the mouse at 0.5-1 cm/sec,
a bite was invariably induced. We could confirm the induced
bite through the voltage output wave appearing in the monitor.
When a proper and maximum bite was induced, the voltage
output was recorded as a continuous wave at 500 Hz using Lab-
view 2012 (National Instruments, Austin, TX, USA) (Fig. 2A, B).
The peak voltage of each bite was determined and converted
into force (Newton, N) based on the regression equation de-
rived from calibration. Each animal was tested 3 times/testing
day. The interval between two trials was > 2 min. The maximum
BF the mice produced per trial was recorded as the actual BE
and then averaged for all trials.

Histological evaluation of TM]J
To evaluate synovial inflammation, histological sections were
prepared of the TMJs on day 13. The joint samples were fixed in
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10% of neutralized formaldehyde and embedded in paraffin.
Before tissue section, the paraffin blocks were decalcified for 1
hr in decalcification solution. Conventional 4 um sections were
obtained from the paraffin blocks and incubated in an oven at
60°C, overnight. Sections were then dewaxed in xylene for 10 min
and rehydrated through graded alcohol to distilled water. The
hydrated sections were stained with hematoxylin and eosin.

Statistical analysis

All data are expressed as mean * SD. We used one-way ANOVA
followed by the Tukey post hoc test for group comparison. P <
0.05 indicates a statistically significant difference.

Ethic statement

All animal protocols were approved by the Keimyung Universi-
ty Institutinal Animal Care and Use Committee (KM-2013-06R).
RESULTS

We could measure accurately the changes in BF in mice by us-
ing a custom-built aluminum transducer which was fitted to
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the opening of their mouth. Whenever the maximum bite was
induced with this transducer, we could check its force by the
voltage output wave through the computer monitor (Fig. 2A, B).
However, after injecting CFA, several mice were very reluctant
to bite the plate of the transducer due to the pain in the TM]J area.
In such cases, we elicited the bite until the proper and maximum
bite was induced.

Normal baseline BF without TMJ inflammation was around
20 to 21 N. The induced bite appeared aggressive in nature, in
response to the slowly approaching transducer. We believe that

25N -

20N -
—&— Control
- CFA
—A— Infliximab

15N -

10N -

SN *P<0.05

0 1 3 5 7 9 13
Days

Fig. 3. Changes in bite force from day 0 to day 13 in the control, complete Freund’s
adjuvant (CFA), and infliximab groups. *Statistically significant compared to that in the
CFA group.

the provoked aggression prompted the bite as a proven and val-
id method for measuring the actual BF because the recorded
responses were immediate, robust, and reproducible.

TMJ inflammation was induced by microinjection of CFA,
and control injections were composed of IFA. We could observe
a prolonged and remarkable reduction in BF over 7 days with
this method. Gradually, the BF recovered to more than 80% of
the baseline value within 2 weeks. Body weight was reduced by
less than 5% (data not shown). The reduction in BF without a
reduction in body weight indicates the induction of masticatory
sensitization rather than general inflammatory and anorexic
effects of inflammation.

Control, CFA, and infliximab groups showed a similar base-
line BF (20 to 21 N) at day 0. From day 1, a significant reduction
in BF (nearly 50% of the baseline value) was observed in the
CFA group and this reduction was statistically significant com-
pared to that in the control group (Fig. 3) (P < 0.05). The reduc-
tion in BF was maintained until day 7, and BF started to recover
gradually from day 9.

In the infliximab group also, the reduction in BF was observed
on day 1, and this reduction was maintained until day 7. How-
ever, the degree of reduction was less remarkable compared to
that in the CFA group (P < 0.05) and it did not demonstrate a
statistically significant change compared to that in the control
group (Fig. 3).

We analyzed the TMJ histology in the control, infliximab and
CFA group. Normal, well preserved synovial lining was observ-
ed in the control group. CFA group demonstrated severe inflam-

Fig. 4. Temeporomandibular joint of control (A), infliximab group (B), and CFA group (C) (H&E, x 40). The synovial membrane of control group (D) is smooth and lined by 1-2 sy-
novial cells (H&E, x400). In infliximab group (E), synovial membrane is lined by 2-3 cells (arrowhead) and shows moderate degree of chronic inflammation (H&E, x 400). The
CFA group (F) shows severe inflammation and marked synovial hyperplasia which shows irregularly piled synovial cells (arrows) (H&E, x 400).
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mation with marked synovial hyperplasia while infliximab group
with moderate degree of chronic inflammation (Fig. 4A-F).

DISCUSSION

More than 20% of adults are affected by orofacial pain and some
of the most difficult to treat forms of pain result from the TMJD.
Patients with TMJD or masticatory muscle inflammation report
that chewing induces the highest levels of pain. Patients with
TMJD experience significant and prolonged pain compared to
normal individuals during opening and closing of the jaw while
chewing for an extended period of time (8, 18, 19). Duration of
chewing is also related to the development of pain, and Gavish
et al. (20) reported that patients with TMJD can experience a
significant increase in pain after chewing for 9 min. Therefore,
the cardinal symptom of TMJD occurs while chewing, and we
tried to demonstrate this phenomenon by using a high through-
put, objective assay for BF measurement.

With respect to using the BF in mice to quantify the nocicep-
tive behavior in response to TM]J inflammation, another inno-
vative method has been reported recently which also shows a
remarkable similiarity to the clinical features of TMJD. Dolan et
al. (21) used the dolognawmeter to quantify the gnawing func-
tion in three models of orofacial pain including TMJ inflamma-
tion, masticatory myositis, and head and neck cancer. Their me-
thod with the use of the dolognawmeter measures functional
mechanical allodynia in the rodent of orofacial complex. How-
ever, facial mechanical allodynia is not associated with chewing
or mastication related pain, which is a dominant clinical feature
of TMJD. Taken together, we believe that the direct measure-
ment of BF provides a novel quantitive approach for quantify-
ing TMJ pain in the mouse model.

Our data of BF measurement from 3 groups demonstrated a
robust, reproducible, and valid method for quantifying TM] pain
in the mouse model. Baseline BF in the 3 groups measured at
day 0 was recorded as 20-21 N. The control group also showed
a consistent value ranging from 19-21 N from day 0 to day 13.
However, CFA injection into both TMJs dramatically attenuated
the BE which was observed in the CFA group. On day 1 in the
CFA group, the BF was as low as 11 N which means a nearly 50%
reduction from the baseline value or compared to that in the
control group. The maximum attenuation of BF occurred on
day 1, and from day 3 to day 7, BF was maintained at 14-15 N.
From day 9, BF recovered to as much as 19 N. In contrast with
the CFA group, the infliximab group maintained a fairly good
BF after CFA injection into the TMJ. From day 1 to day 7, BF was
maintained at 15-17 N, and this value was not statistically sig-
nificant compared to that in the control group.

Wang et al. (7) assessed the nociceptive behavior of animals
based on the head withdrawal test after injection of monosodium
iodoacetate into the TM]J. The head withdrawal response was
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significantly decreased from day 1 and continued to decrease
until the first 3 weeks after monosodium iodoacetate injection.
There is some discrepancy between the period of reduction in
BF in our results and the period of decrease in head withdrawal
response. However, a direct comparison between these two re-
sults has some limitations because we measured the BF and
Wang et al. (7) assessed the hyperalgesia of skin around the TMJ
using the von Frey filament. Chen et al. (11) also measured the
attenuation in BF after injection of CFA into the TMJ, and they
reported a prolonged and significant attenuation of BF over 9
days, which was similar to our result.

TNEF-a is one of various cytokines that are mainly produced
by mono-macrophages, NK cells, T cells, B cells, endothelial
cells, fibroblasts, and osteoblasts. Local stress or inflammatory
condition of the overlying synovial cells in the TMJ can produce
proinflammatory cytokines such as IL-6 and TNF-a. The clini-
cal features of TMJD include dysfunction and pain during mas-
tication, which are basically the symptoms of inflammation (8).
In a study on TM]J synovial fluid analysis using ELISA, many cy-
tokines such as TNF-q, IL-6, and IL-1 were found in the synovial
fluid (8, 22, 23).

It is known that the effects of TNF-o neutralization are medi-
ated by 2 receptors, TNF-RI and TNF-RII. Several studies dem-
onstrated the expression of both TNF-RI and TNF-RII in rat dor-
sal root ganglion (DRG) neurons (24-26), however, other stud-
ies identified only TNF-RI in neurons, while localizing TNF-RII
in non-neuronal cells in the DRG (27). Boettger et al. (12) dem-
onstrated that systemic administration of the TNF-a neutraliz-
ers etanercept and infliximab significantly attenuated inflam-
mation-induced changes in locomotor and pain related behav-
ior in rats with antigen induced arthritis. Chen et al. (28) also
reported that neutralization of TNF-a with infliximab partially
alleviated ovariectomy induced mechanical and thermal hy-
peralgesia in rats, and they concluded that TNF-a plays an im-
portant role in estrogen deficiency induced mechanical and
thermal hyperalgesia.

It is postulated that the main neuronal target of TNF-a is a
trigeminal ganglion, and Chen et al. (11) demonstrated that
TM]J inflammation following CFA injection caused a significant
increase in TRPV4 in the trigeminal ganglion according to West-
ern blotting, and it reached a peak at day 3 after induction of in-
flammation. They also reported that the increase in TRPV4 in
the trigeminal ganglion showed a remarkable coincidence with
the time course of BF attenuation.

The present study demonstrated that the reduction in BF caus-
ed by injection of CFA into the TMJ could be partially alleviated
by the administration of TNF-a neutralizing drug, infliximab.
Our experimental result supports the hypothesis that treatment
with infliximab not only influences the inflammatory process,
but also exerts direct antinociceptive effects. However, inflix-
imab only partially improved BF reduction when compared
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with control group. Therefore, increased expression of TNF-a
may be just one mechanism of BF reduction, other factors may
also be contributed.

Infliximab is a chimeric anti-TNF monoclonal antibody that
is composed of human IgG1 kappa (constant region) and a mu-
rine Fv (variable) region. Infliximab has been shown to bind
with high affinity to both soluble and membrane bound TNF
and is capable of neutralizing TNF in vitro and in vivo (16). We
administered infliximab systemically via the intraperitoneal
route; however, Ohtani et al. (29) demonstrated that the local
intra-articular injection of anti-rabbit TNF-o monoclonal anti-
body in a monoarthritis model was also effective in controlling
local inflammation and degenerative joint changes.

Our study has some limitations. We did not check the proin-
flammatory cytokines or chemokines in the blood or tissue. The
study was not carried out regarding pain pathway such as noci-
ceptors or neurotransmitters.

In conclusion, infliximab, a TNF-o neutralizing drug, could
partially alleviate the reduction in BF caused by the injection of
CFA into the TM]J.
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