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Abstract
The aim of this study was to determine whether peripheral N-methyl-D-aspartate (NMDA)
receptors are involved in inflammation-induced mechanical hypersensitivity of the
temporomandibular joint (TMJ) region. We developed a rat model of mechanical sensitivity to
Complete Freund’s Adjuvant (CFA; 2μl containing 1μg Mycobacterium tuberculosis)-induced
inflammation of the TMJ and examined changes in sensitivity following injection of NMDA
receptor antagonists (DL-2-amino-5-phosphonovaleric acid (AP5) or Ifenprodil) with CFA. CFA
injected into the TMJ resulted in an increase in mechanical sensitivity relative to pre-injection that
peaked at day 1 and lasted for up to 3 days (n=8, P<0.05). There was no change in mechanical
sensitivity in vehicle-injected rats at any time-point (n=9). At day 1, there was a significant
increase in mechanical sensitivity in animals injected with CFA+vehicle (n=7) relative to those
injected with vehicle alone (n=7; P<0.05), and co-injection of AP5 (n=6) or Ifenprodil (n=7) with
CFA blocked this hypersensitivity. Subcutaneous injection of AP5 (n=7) and Ifenprodil (n=5)
instead of into the TMJ had no significant effect on CFA-induced hypersensitivity of the TMJ
region. Western blot analysis revealed constitutive expression of the NR1 and NR2B subunits in
trigeminal ganglion lysates. Immunohistochemical studies showed that 99% and 28% of
trigeminal ganglion neurons that innervated the TMJ contained the NR1 and NR2B subunits
respectively. Our findings suggest a role for peripheral NMDA receptors in inflammation-induced
pain of the TMJ region. Targeting peripheral NMDA receptors with peripheral application of
NMDA receptor antagonists could provide therapeutic benefit and avoid side effects associated
with blockade of NMDA receptors in the central nervous system.
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INTRODUCTION
Temporomandibular joint (TMJ) disorders can cause significant pain and are often
accompanied by inflammation (Gynther et al., 1998; Poveda-Roda et al., 2007; Sessle and
Hu 1991). The pain is likely to result from an increased responsiveness and/or decreased
activation thresholds of nociceptive neurons in the central nervous system (reflecting central
sensitisation), and of primary afferent nociceptive neurons innervating the TMJ (reflecting
peripheral sensitisation) (Denucci et al., 1996; Sessle 2000). Whilst it is clear that N-methyl-
D-aspartate (NMDA) receptors on second-order nociceptive neurons in the spinal cord and
medullary dorsal horn contribute to central sensitisation (Dickenson and Sullivan 1987;
Hama et al., 2003; Herrero et al., 2000; Ren and Dubner 1993), the role of peripheral
NMDA receptors is not well understood. NMDA receptors are composed of an obligatory
NR1 and at least one of four NR2 (A, B, C and D) or an NR3 subunit, which are present in
varying degrees in different populations of primary afferent neurons (Marvizon et al., 2002),
implying different functional roles for some of the receptor subunits. NMDA receptors are
located in the soma of primary afferent neurons in the dorsal root ganglia (Li et al., 2004;
Ma and Hargreaves 2000; Marvizon et al., 2002; Sato et al., 1993; Wang et al., 1999),
peripheral nerves and terminals of primary afferent fibres in skin and muscle (Alfredson et
al., 2001; Carlton et al., 1995; Kinkelin et al., 2000). However, few studies have reported
NMDA receptor expression in trigeminal ganglion neurons. Shigemoto et al. (1992) and
Watanabe et al. (1994) reported mRNA expression for the NR1 subunit in trigeminal
ganglion neurons, Lee and Ro (2007) reported NR1, NR2A and NR2B protein on
immunoblots of trigeminal ganglion lysates, and Dong et al. (2007) reported NR2A and
NR2B immunoreactivity in trigeminal ganglion neurons that innervate the masseter muscle.

Peripheral MK-801 (NMDA receptor antagonist) injection into the inflamed hind-paw
returns heightened mechanical sensitivity to normal (pre-inflammation) levels (Du et al.,
2003; Leem et al., 2001), as does application of AP5 (NMDA receptor antagonist) (Wang et
al., 2000) and the more specific NR2B antagonist CP-101,606 (Taniguchi et al., 1997).
These results imply that peripheral NMDA receptors have a role in inflammation-induced
pain in the spinal system. In the trigeminal system, most studies of peripheral NMDA
receptor involvement have focused on the role of glutamate in TMJ and masseter muscle
pain (Lam et al., 2005a). Compared with injection of glutamate or NMDA alone, co-
injection into the masseter muscle of either ketamine (NMDA antagonist) or Ifenprodil
(specific NR2B antagonist) significantly attenuates glutamate or NMDA-evoked masseter
nociceptive afferent fibre discharge (Cairns et al., 2003; Dong et al., 2007) and jaw reflex
activity (Cairns et al., 1998). In addition, mustard oil (Yu et al., 1996) and capsaicin (Lam et
al., 2005b) have been shown to induce similar reflex changes in jaw muscle activity
(indicative of pain) when injected into the TMJ. Furthermore, ketamine injected with
glutamate into the masseter muscle or TMJ reduces glutamate-induced pain in humans
(Alstergren et al., 2010; Cairns et al., 2003). However, none of these studies examined
behavioural sensitivity in response to inflammation of the TMJ, and so the present study was
initiated to determine whether peripheral NMDA receptors are involved in inflammation-
induced mechanical hypersensitivity of the TMJ.

METHODS
Adult male Sprague-Dawley rats, weighing between 100 and 300 g were used in this study.
All rats were housed in a temperature-controlled room at 22°C under a 12 hour light/dark
cycle with ad libitum access to food and water. Experiments were approved by the
University of Melbourne Animal Experimentation Ethics Committee.
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Behavioural Testing
All behavioural testing was carried out in a quiet environment, at the same time each day,
and by the same experimenter (who was blind to the experimental procedure). Two days
preceding surgery, each animal was habituated to having its body wrapped in a towel and
being gently handled. The upper body of the animal was unrestrained, allowing the animal
to move its head freely, and allowing us to observe head withdrawal in the subsequent
behavioural testing. Habituation took no longer than 30 minutes per animal and resulted in
animals that could be easily handled without causing stress. The animals were also
acclimatised for 10 minutes, using the same manipulations, prior to testing on the
behavioural testing days. On these experimental days, sensitivity to mechanical stimulation
over the left TMJ was assessed by using an ascending series of calibrated Semmes-
Weinstein monofilaments ranging in force from 0.4 g to 100 g. Each filament was applied
five times, at five-second intervals, onto the skin directly over the TMJ, inferior to the
posterior aspect of the zygomatic arch. Care was taken to ensure that the filament was
applied to the same point on the joint each time it was applied. The animals were carefully
observed for head withdrawal in response to each stimulus presentation. Head withdrawal
was defined as a sudden retraction of the head immediately after filament application.
Threshold of withdrawal was defined as the force of the first filament to elicit a head
withdrawal in at least three out of the five presentations.

In the first series of behavioural experiments, we determined a time-line for sensitivity to
mechanical stimulation in the region of the inflamed TMJ. Animals were anaesthetised with
4% Iso-flurane (Laser animal health). Two micro-litres of Complete Freund’s Adjuvant
(CFA; 1μg Mycobacterium tuberculosis, Sigma) suspended in a 1:1 oil/saline mixture, were
injected with a Hamilton syringe directly into the left TMJ (n=8). Isotonic saline was
injected in a separate group of animals as a vehicle control (n=9). Fast Blue (Polysciences)
was diluted in the injectate (to approximately 0.5%) so that we could confirm the site of
injection after the behavioural testing protocol was completed. Rats were allowed to recover
and were returned to their home cages. Behavioural testing was carried out at 5 hours, 1, 2,
3, 6, 9, 13, and 16 days post-CFA or vehicle injection, as well as 1 day pre-injection
(baseline). During behavioural testing, there were no visible signs of CFA-induced
inflammation in the skin over the joint or the surrounding tissue, and any inflammation that
was present in the joint cavity could not be seen, ensuring the investigator was adequately
blinded. At the conclusion of the testing period, rats were given an overdose of sodium
pentobarbitone (80 mg/kg, i.p.; Lethobarb; Vibrac), perfused via the ascending aorta with
0.01M phosphate buffered saline (PBS), and the TMJ examined under ultra-violet
illumination (for Fast Blue) to confirm injection localisation.

In the second series of behavioural experiments, we examined the effect of co-injecting
NMDA receptor antagonists along with CFA or vehicle (saline) into either the TMJ or
subcutaneously into the neck. Animals were anaesthetised as above and the left TMJ was
injected with either 2 μl CFA + 2 μl vehicle (n=7), 4 μl vehicle alone (n=7), 2 μl CFA + 2 μl
AP5 (40 μM; Sigma) (n=6), or 2 μl CFA + 2 μl Ifenprodil (10 μM; Sigma) (n=7). Two μl
AP5 + 2 μl vehicle (n=7) and 2 μl Ifenprodil + 2 μl vehicle (n=5) controls were also
performed by injection into the TMJ. In addition, we checked for systemic action of the
antagonists by injecting 2 μl AP5 + 2 μl vehicle (n=7) or 2 μl Ifenprodil + 2 μl vehicle (n=5)
subcutaneously into the neck instead of into the TMJ, in conjunction with injections of CFA
+ vehicle into the TMJ. The concentrations of AP5 (40μM) and Ifenprodil (10μM) were
chosen as these concentrations block currents flowing through NMDA receptors in vitro
(Kohno et al., 2008; Paoletti and Neyton 2007; Smith et al., 1998). As above, Fast Blue was
included in the injectate to confirm injection localisation, and lack of visible inflammation
of the joint cavity, surrounding tissues and overlying skin ensured the investigators
performing the behavioural testing were adequately blinded. Behavioural testing was
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conducted one day pre-injection (baseline) and one day post-injection (at the time that we
found the greatest change in mechanical sensitivity in the time-line experiments, see below).
Rats were then given an overdose of sodium pentobarbitone (80 mg/kg, i.p.; Lethobarb),
perfused via the ascending aorta with 0.01M PBS, and examined under ultra-violet
illumination (for Fast Blue) to confirm injection localisation.

Animals were excluded from our analysis of behavioural testing if the injection was not
confined entirely to the TMJ capsule (n=13), or the animals were clearly agitated and did not
respond to acclimatisation on one of the days of testing (n=6). Prism (GraphPad Software
Inc.) was used for statistical analysis. Repeated Measures ANOVA on Ranks followed by
the Dunn’s post-hoc analysis was used to test for statistical differences between each post-
injection time-point and the pre-injection (baseline) time-point in the time-line experiments.
In the NMDA receptor antagonist studies, mechanical sensitivity (withdrawal threshold) for
each animal at day 1 post-injection was expressed as a percentage of the baseline value for
the same animal. As the force values generated by Semmes-Weinstein monofilaments are
not linearly dispersed, we used log10 transformation to linearise data that were used to
generate percentages. Thus, for animals that showed no change in mechanical sensitivity
relative to baseline, for example animals of the vehicle control group, the value was close to
100% whereas for animals that were hypersensitive, for example animals injected with CFA
+ vehicle, the value was significantly less than 100%. A Student t-test was used to test for
statistical differences in mechanical sensitivity between animals in specific pairs of
experimental groups. P<0.05 was used to define significance for all tests performed.

Western Blot
Western blot analysis was performed in order to confirm that the NR1 and NR2B subunits of
NMDA receptors are constitutively expressed in the rat trigeminal ganglia. Rats (n= 3) were
decapitated and both trigeminal ganglia were removed, rinsed in cold sterile 0.01M PBS and
sonicated immediately in ice-cold lysis buffer containing 0.3 μl Phenylmethylsulfonyl
fluoride (1:1000, Sigma), 3 μl protease inhibitor cocktail (1:100, Sigma) and 300 μl of cell
lysis buffer (CelLytic MT, Sigma). Lysates were centrifuged and supernatant protein
concentration measured by using the Bio-Rad Protein assay (Regent’s Park). Fifty
micrograms of protein were separated on an 8% sodium dodecyl sulphate-polyacrylamide
gel, at 80V, and then transferred overnight (at 30V; 4°C) onto a polyvinylidene dufluoride
membrane (Hybond-P, Amersham). Membranes were blocked in 5% skim milk powder in
PBS + 0.1% tween-20 (PBS-T), incubated overnight (at 4°C) with the NR1 and NR2B
primary antibodies (see Table 1), washed with PBS-T the next day, and incubated for one
hour (at room temperature) in HRP-conjugated secondary antibodies (see Table 1). Protein
immunoreactivity was visualized by enhanced chemiluminescence (Amersham) and exposed
to Hyperfilm ECL (Amersham). Molecular weights were estimated by using Precision Plus
Protein Standards (BioRad). Primary antibody omission was used to test antibody
specificity.

Retrograde Tracing and Immunohistochemistry
Retrograde tracing was used to identify trigeminal primary afferent neurons that innervate
the TMJ and immunohistochemistry was used to determine whether these neurons contained
the NR1 and NR2B subunits of the NMDA receptor. Rats (n=3) were anaesthetized with
ketamine (100 mg/kg i.p.; Ketamil; Troy Laboratories) and xylazine (5 mg/kg i.p.; Xylazil;
Troy Laboratories). Two micro-litres of 2% Fast Blue (in distilled water) were injected with
a Hamilton syringe directly into the left TMJ. After a seven day survival period, the rats
were given an overdose of sodium pentobarbitone (80 mg/kg, i.p.; Lethobarb), and were
perfused with 300 ml of 0.01M PBS followed by 300 ml of 4% paraformaldehyde in 0.01M
phosphate buffer (pH 7.4). The TMJ was examined as above to confirm injection
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localisation. Trigeminal ganglia ipsilateral to the side injected with Fast Blue were dissected,
washed in 0.01M PBS, and cryoprotected overnight in 30% sucrose in 0.01M PBS at 4°C.
Twelve micron sections were cut at −17°C on a cryostat the next day, and mounted directly
onto 1% gelatinised microscope slides. The sections were washed three times in 0.01M PBS
and incubated for 1 hour in 10% normal horse serum with 1% Triton-X 100 and 0.1%
sodium azide, then incubated for 48 hours (at 4°C) in the NR1 and NR2B primary antibodies
(see Table 1). The following day, sections were washed three times in 0.01M PBS and then
incubated for two hours in secondary antibodies (see Table 1). After three final washes in
0.01M PBS, sections were mounted on gelatinised slides, and cover-slipped with DAKO
mounting media. NR1 and NR2B primary antibody omission and adsorption with synthetic
peptides (1, 10 and 100 μg/ml) were also performed. In addition, double labelling (using the
same wash and incubation protocol described above) with an antibody directed against
glutamine synthetase (see Table 1) was used to identify whether NR2B immunoreactivity
was in satellite glial cells.

Trigeminal ganglion sections were examined and photographed by using a Zeiss Axioskop
fluorescence microscope (Zeiss, Oberkocken, Germany) fitted with a Zeiss 62 HE filter set
and an AxioCam MRm camera. The size/frequency distribution of labelled neurons was
determined by measuring cross-sectional area of retrogradely labelled neurons that were
NR1 or NR2 immunoreactive with NIH Image J software. Neurons with cross-sectional area
less than 800 μm2 were considered small, those between 800 and 1500 μm2 were considered
medium, and those greater than 1500 μm2 were considered large. Counts of neurons
immunoreactive for the NR1 and NR2B subunits were expressed as a percentage of the total
number of retrogradely labelled neurons.

RESULTS
Time-course of mechanical hypersensitivity following CFA injection to the TMJ

CFA injected into the TMJ resulted in an increase in mechanical sensitivity to testing with
the Semmes-Weinstein monofilaments (decrease in threshold of withdrawal to stimulation)
(Figure 1A). The threshold of withdrawal following CFA injection was significantly lower
than baseline at the 1 day and 2 day time-points (n=8, P<0.05). The effect of CFA injection
was greatest at day 1, showing a reduction in withdrawal threshold from 26 g (25th

percentile, 26 g; 75th percentile, 60 g) one day pre-CFA injection to 10 g (25th percentile, 8
g; 75th percentile, 22 g) one day post-CFA injection. The thresholds returned to pre-injection
values by day 3. No significant changes in mechanical sensitivity to application of the
Semmes-Weinstein monofilaments were observed in saline-injected rats (n=9, P>0.05)
(Figure 1B). There was no significant difference in the withdrawal thresholds between CFA-
and vehicle-injected animals at the baseline time-point (P>0.05)(Figure 1A). Whilst there
appeared to be a decrease in withdrawal threshold in CFA-injected animals relative to
vehicle-injected animals at days 1 and 2, this was not statistically significant (Figure 1A).
However, when we pooled data taken from the day 1 time-point of this timeline study with
raw data from the NMDA receptor antagonist studies outlined below, we found that CFA-
injected animals (n=15) did indeed have significantly lower withdrawal thresholds than
vehicle-injected animals (n=15) at day 1 (P<0.05; data not shown).

NMDA receptors contribute to the mechanical hypersensitivity observed following CFA-
induced inflammation of the TMJ

Behavioural testing was conducted to determine whether NMDA receptor antagonists could
block the development of mechanical hypersensitivity following CFA injection into the
TMJ. Testing was performed one day pre-injection (baseline) and one day post-injection (at
the time when the greatest change in mechanical sensitivity occurred in the time-line
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experiments). The data presented in Figure 2 demonstrates that at day 1, there was a
significant reduction in withdrawal threshold (decrease in percentage of baseline) in animals
injected with CFA + vehicle (n=7) relative to those injected with vehicle alone (n=7;
P<0.05). Co-injection of either AP5 (n=6) or Ifenprodil (n=7) with the CFA blocked the
mechanical hypersensitivity generated by injection of CFA + vehicle (n=7). Co-injection of
either AP5 (n=7) or Ifenprodil (n=5) with vehicle into the TMJ in the absence of CFA
resulted in no change relative to the animals injected with vehicle alone. Simultaneous
injection of CFA (into the TMJ) and subcutaneous administration of AP5 (n=7) or Ifenprodil
(n=5) into the neck resulted in no change in sensitivity relative to animals injected with CFA
(n=7) into the TMJ, but did produce statistically significant decreases in sensitivity relative
to animals in the vehicle control group (P<0.05).

Neurons that innervate the TMJ contain the NR1 and NR2B subunits
Western blot analysis was performed to determine the constitutive expression of the NR1
and NR2B subunits in the trigeminal ganglion. The NR1 and NR2B antibodies identified
proteins in trigeminal ganglia lysates with molecular weights of 120 and 180 kDa (Figure
3A), and this is consistent with the reported molecular weights of the NR1 and NR2B
subunits respectively (Marvizon et al., 2002). Primary antibody omission in the Western blot
analysis resulted in no band (data not shown).

Immunohistochemistry was used to examine the localisation of the NR1 and NR2 subunits
within the trigeminal ganglion. NR1 immunoreactivity revealed a clear and distinct staining
of the cytoplasm in trigeminal ganglion neurons of all sizes (Figure 3B), whilst NR2B
immunoreactivity revealed low level staining of the cytoplasm of small-sized trigeminal
ganglion neurons and labelling of satellite glial cells around many of the larger neurons
(Figure 3C). Double labelling with antibodies directed against glutamine synthetase
confirmed that the labelling around the larger neurons was of satellite glial cells (data not
shown). NR1 and NR2B primary antibody omission and adsorption with synthetic peptides
(10 μg/ml and 100 μg/ml) completely abolished these staining patterns (data not shown).

Trigeminal afferent neurons that specifically innervate the TMJ were identified with
retrograde labelling with Fast Blue. We examined a total of 119 retrogradely labelled
neurons in the three animals studied. Ninety-eight percent of these showed NR1
immunoreactivity, and 28% showed NR2B immunoreactivity. Retrogradely labelled neurons
were small or medium sized. NR1 immunoreactivity was found in the small and medium-
sized retrogradely labelled neurons, and NR2B immunoreactivity was found only in small
retrogradely labelled neurons (Figure 4).

DISCUSSION
This study has provided the first documentation that peripheral NMDA receptors are
involved in mechanical hypersensitivity induced by injection of CFA into the rat TMJ, and
that there is constitutive expression of NR1 and NR2B receptors in trigeminal ganglion,
including primary afferent neurons that innervate the TMJ.

The time-to-peak of mechanical hypersensitivity observed in this rat behavioural model is
consistent with that of other studies of CFA-induced inflammation. CFA-induced
inflammation of the hind-paw (Inglis et al., 2005; Lin et al., 2007), parotid gland (Ogawa et
al., 2003), masseter muscle (Ambalavanar et al., 2007), peri-oral skin (Morgan and Gebhart
2008; Ren 1999) and TMJ (Ren 1999; Wang et al., 2009) results in mechanical
hypersensitivity that peaks between days 1 and 3 post-CFA injection. Some of the studies of
TMJ sensitivity noted above used a larger volume of CFA (50 μl) and reported a longer-
lasting hypersensitivity subsequent to TMJ inflammation (at least 7 days post-CFA
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injection) than that in the present study (Ren 1999; Wang et al., 2009). In preliminary
experiments, we attempted to inject 50 μl of CFA or isotonic saline into the TMJ but found
that rats that had this volume of isotonic saline injected showed some mechanical
hypersensitivity (data not shown). It is difficult to compare our preliminary results directly
to those of Ren (1999) and Wang and colleagues (2009) because Ren (1999) did not show
data for vehicle controls and Wang and colleagues (2009) did not comment on the results of
their vehicle control, although Figure 1 of Wang and colleagues (2009) suggests that there
may have been some change in sensitivity due to the volume injected, albeit not statistically
significant. Because of the small size of the TMJ and our strict criteria for injection
localisation, we were concerned that 50 μl injections would produce a volume effect. We
therefore used small injections in our study (2 μl for the time-line studies and 4 μl for the
NMDA antagonist co-injection studies). These volumes injected into the TMJ produced no
significant change in sensitivity relative to baseline at any time-point in our vehicle control
group.

The finding that AP5 and Ifenprodil blocked the development of mechanical
hypersensitivity at day 1 strongly implies that NMDA receptors, including those that contain
the NR1 and NR2B subunits, are involved in inflammatory-induced pain associated with the
TMJ. It is noteworthy that although Ifenprodil can also act on NR2A subunits, it is ~400
times more potent when acting on NR2B than NR2A subunits (Paoletti and Neyton 2007).
Thus, the action of Ifenprodil at the concentration used in this study is likely to be specific to
NR2B. Our finding that only 28% of neurons that innervate the TMJ express the NR2B
receptor subunits highlights the importance of NR2B containing NMDA receptors in CFA-
induced inflammatory TMJ pain. Furthermore, the effect of AP5 and Ifenprodil in this study
can be attributed to actions on peripheral NMDA receptors in the TMJ and not to any
systemic action on NMDA receptors outside of the TMJ, for several reasons: (1) the small
volumes and concentrations of AP5 and Ifenprodil used; (2) AP5 penetrates the blood brain
barrier poorly due to its highly charged nature and is thus unlikely to have an effect on
central neurons (Kew and Kemp 2005); and (3) there was no difference in mechanical
sensitivity, relative to injection of CFA + vehicle into the TMJ, when AP5 or Ifenprodil was
administered systemically (subcutaneous injection into the neck) instead of directly into the
TMJ. The mechanical testing used in the current study cannot differentiate between
behavioural responses reflecting peripheral or central sensitisation, or both. Thus the
attenuation of CFA-induced sensitisation by NMDA receptor antagonists could be explained
by blockade of NMDA receptors associated with either peripheral sensitisation or afferent-
related inputs into the brainstem that mediate central sensitisation.

Our studies of NMDA receptor localization in the trigeminal ganglion show that both NR1
and NR2B receptor subunits are present in the trigeminal ganglion and are expressed in the
soma of small and medium sized primary afferent neurons that innervate the TMJ. Whilst
the presence of receptor protein in the soma does not necessarily reflect the presence of
functional receptors in the periphery, our finding that NMDA receptor antagonists applied to
the TMJ block CFA-induced increases in mechanical sensitivity imply that NMDA receptors
are localised in trigeminal primary afferent terminals in the TMJ, consistent with their
presence in other deep tissues (Alfredson et al., 2001; Cairns et al., 1998; Cairns et al., 2003;
Lam et al., 2005a). NR1 subunit immunohistochemistry in trigeminal ganglion neurons has
not previously been reported. Our finding that 28% of the TMJ afferents contained the
NR2B subunit is consistent with data of Dong et al (2007) who reported 31% of neurons
innervating the masseter muscle of male rats express the NR2B subunit. Dong et al (2007)
have further shown that injection of NMDA into the masseter muscle results in an increase
in trigeminal primary afferent fibre discharge that could be blocked by ketamine and
significantly reduced by Ifenprodil, implicating peripheral NMDA receptors, including those
containing the NR2B subunit, in masseter peripheral sensitisation. Interestingly, they also
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highlighted significant sex differences by showing that female rats compared to male rats
had a greater NMDA-evoked trigeminal primary afferent discharge and a greater number of
masseter afferent neurons expressing NR2B. This suggests that NMDA receptor expression
may contribute to sex differences in the perception of craniofacial musculoskeletal pain
(Cairns et al., 2001; Cairns et al., 2006; Lam et al., 2005a). In the present study, we
intentionally used male rats to avoid the possible effect of cyclic oestrogen levels on our
results, but it is likely that sex differences may also play a role in our model and should be
investigated in future studies. It would also be of interest if future studies tested whether
NMDA receptor expression is altered in conditions of TMJ inflammation.

An examination of other NMDA receptor subunit types was not included in this study
because of lack of appropriate and specific antibodies and antagonists to NR2A, C and D
receptors, but we expect that they may also exist in TMJ afferents because they are present
and form heteromeric complexes in the NMDA receptor in other peripheral nervous tissues
(Marvizon et al., 2002). In addition, NMDA receptors have been reported on circulating
immune (and other) cells (Gill and Pulido 2001; Piani et al., 1991) and thus it is possible that
activation or blockade of NMDA receptors on non-neuronal cells in the TMJ could
contribute to changes in mechanical sensitivity in the present study by affecting the
inflammatory process. However, direct injection of glutamate into the TMJ or masseter
muscle does not cause plasma extravasation or oedema but does result in a nociceptive jaw
muscle reflex activity in animals and pain in humans (Cairns et al., 2001; Cairns et al., 2003;
Lam et al., 2005a). This implies that NMDA receptors on immune (or other) cells are
unlikely to mediate inflammation in the TMJ in rats and thus are not responsible for the
changes in mechanical sensitivity observed in the present study.

Our findings suggest a role for peripheral NMDA receptor antagonism in the treatment of
inflammation-induced pain of the TMJ. Importantly, peripheral application of NMDA
receptor antagonists may help to avoid the serious side effects that occur following exposure
of the central nervous system to NMDA antagonists in the treatment of trigeminal pain (Eide
et al., 1994; Eide et al., 1995; Klepstad et al., 1990; Mathisen et al., 1995). Pre-emptive
targeting of peripheral NMDA receptors with the application of NMDA receptor antagonists
to the masseter muscle and TMJ has been successful in reducing glutamate-induced pain in
humans and nociceptive responses in animals (Alstergren et al., 2010; Cairns et al., 2003).
However, when the NMDA receptor antagonist, ketamine, was applied relatively late into
the onset of pathology, it was not successful in reducing pain associated with
temporomandibular disorders when injected into the masseter (Castrillon et al., 2008) or
temporomandibular joint arthralgia when injected into the TMJ (Ayesh et al., 2008) in
humans. These differences may reflect the time of application of the NMDA antagonists.
Indeed there are a number of studies that support a role for early local administration of
NMDA antagonists in the reduction of human experimental pain (including hyperalgesia) in
non-craniofacial tissues (Pedersen et al., 1998; Poyhia and Vainio 2006; Tan et al., 2007;
Warncke et al., 1997) but none of these have examined the effect of local administration of
NMDA antagonists at later time-points relative to pain onset. The results of the current study
are consistent with the idea that NMDA receptor antagonists may be most effective at
treating induction of inflammatory pain conditions (Weyerbacher et al., 2010). Whilst these
studies suggest that early application or pre-treatment with local NMDA antagonist
application may be critical to therapeutic benefit, a clearer definition of effects at later time-
points in human experimental pain models is required.
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Figure 1.
Time-course of mechanical sensitivity. Withdrawal thresholds (Median; 25th and 75th

percentiles) to mechanical stimulation of the TMJ with Semmes-Weinstein monofilaments,
pre-injection (baseline) and for 16 days after injection of CFA (n=8) (A) or vehicle (n=9)
(B). Asterisks denote significant differences relative to baseline values (Repeated Measures
ANOVA on Ranks followed by the Dunn’s post-hoc analysis; P<0.05).
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Figure 2.
Effect of NMDA receptor antagonism on CFA-induced mechanical hypersensitivity. Each
bar shows the mean withdrawal threshold (expressed as percentage of baseline) for each
group of animals (mean±SEM). Asterisks denote significant differences relative to the
vehicle control group (t-test; P<0.05).
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Figure 3.
Expression of NMDA receptor subunits in the trigeminal ganglion. (A) Western Blot
analysis of the NR1 and NR2B subunits in a trigeminal ganglion lysate. (B) NR1
immunoreactivity of neurons in the trigeminal ganglion. (C) NR2B immunoreactivity of
neurons (arrows) and satellite glial cells (arrowheads) in the trigeminal ganglion. Scale bars
= 50 μm.
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Figure 4.
NMDA receptor expression in neurons that innervate the TMJ. The top panel consists of
three images of the same field of a section through different filters to show a neuron (arrow)
that is NR1 (A) and NR2B (B) immunoreactive, and contains Fast Blue (C). Scale bar = 20
μm. (D) Size distributions of neurons that innervate the TMJ (black), and TMJ afferents with
NR1 (white) and NR2B (grey) subunit immunoreactivity.
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Table 1

Primary antibody Dilution Specificity Secondary antibody Dilution

Goat anti-NR1 (Santa
Cruz; #sc-1467)

1:100 Polyclonal antibody raised against carboxyl
terminus, amino acids 918-938:
RRAIEREEGQLQLCSRHREH [Marvizon et.
al. (Marvizon et al., 2002)]

WB: HRP-conjugated donkey anti-
sheep (Jackson Immunoresearch)
IHC: Donkey anti-goat 488
(Molecular Probes)WB:

1:3000
1:200

Rabbit anti-NR2B
(Millipore; #06-600)

1:100 Polyclonal antibody raised againstcarboxyl
terminus, amino acids 1463-1482:
FNGSSNGHVYEKLSSIESDV [Millipore]

WB: HRP-conjugated donkey anti-
rabbit (Amersham)
IHC: Donkey anti-rabbit 594
(Molecular Probes)

1:2000
1:200

Goat anti-GS (Millipore;
MAB302)

1:2000 Monoclonal antibody raised against glutamine
synthetase purified from sheep brain, clone GS-6
[Millipore]

IHC: Donkey anti-goat 488
(Molecular Probes)

1:200

WB: Western blot experiments

IHC: Immunohistochemistry
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