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Abstract

To evaluate the involvement of paratrigeminal nucleus (Pa5) nociceptive neurons in
temporomandibular joint (TMJ) inflammation-induced pain and its autonomic correlates, we
conducted behavioral, single unit recording and Fos immunohistochemical studies in anesthetized
rats. Nocifensive behaviors to mechanical, heat or cold stimulation of the lateral face over the TMJ
region were significantly enhanced in the TMJ-inflamed rats for 10-14 days after injection of
complete Freund’s adjuvant (CFA) into the TMJ and gradually decreased at the end of the 14-day
observation period. Lowering of the nocifensive threshold in TMJ-inflamed rats lasted longer in
vagus nerve-transected rats than vagus nerve-intact rats. A large number of Fos-like immunoreactive
(L1) cells were observed in the Pa5, and half of them were retrogradely labeled with Fluorogold (FG)
injected into the parabrachial nucleus. Background activity of Pa5 wide dynamic range and
nociceptive specific neurons was significantly higher in the TMJ-inflamed rats when compared with
controls. Responses to mechanical stimuli were significantly higher in NS neurons in the TMJ-
inflamed rats. All thermal responsive Pa5 neurons were exclusively sensitive to cold and the response
to cold was significantly higher in the TMJ-inflamed rats compared with control rats. VVagus nerve
stimulation significantly decreased responses to mechanical and cold stimuli as well as the
background activity in TMJ-treated rats but not in TMJ-untreated rats. The present findings suggest
that populations of Pa5 neurons are nociceptive and involved in TMJ inflammation-induced pain as
well as in autonomic processes related to TMJ pain.
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Introduction

Temporomandibular joint disorders (TMJD) are recurrent diseases frequently observed in the
dental clinic. TMJD patients have a variety of symptoms such as jaw movement disorder and
TMJ pain, and TMJD is involved in stress-related disorders characterized by somatic and
psychologic complaints such as fatigue, sleep disturbances, anxiety and depression (Korszun
etal., 1996; Bush et al., 1989; Hansdottir and Bakke, 2004; Schellhas et al., 1989). It is also
suggested that alternations of stress response hormones occur in response to somatic symptoms
associated with chronic TMJ pain (Korszun et al., 2002). It is possible that the stress-related
autonomic alteration occurs in TMJD patients (Ushiyama et al., 2008). However, the neural
mechanisms underlying orofacial pain and related autonomic responses associated with TMJ
inflammation remain unclear.

The paratrigeminal (Pa5) nucleus is a small nucleus located within the dorsal lateral medullary
spinal trigeminal tract (Paxinos and Watson, 1986). Pa5 neurons are thought to be involved in
autonomic functions such as controlling the cardiovascular system (Yu et al., 2002; Yu and
Lindsey, 2003). The experimental TMJ inflammation results in expression of Fos proteins in
Pa5 neurons as well as in the trigeminal spinal subnucleus caudalis (\Vc) (Hathaway et al.,
1995; Zhou et al., 1999; Bereiter et al., 2002). Based on these data, we hypothesized that Pa5
neurons are involved in processing trigeminal nociceptive information as well as autonomic
information related to nociception. However, the type of nociceptive neurons in Pa5 that are
involved in the processing of this information is not known.

Inflammation has been thought to be a source of the TMJ pain in TMJD patients. A number
of rat models with TMJ inflammation has been developed (Hathaway et al., 1995; Imbe et al.,
2001). Complete Freund’s adjuvant (CFA), mustard oil, formalin, adenosine triphosphate
(ATP) and glutamate are frequently used to produce TMJ inflammation in rats (Bereiter et al.,
2002; Imbe and Ren, 1999; Lam et al., 2005; Oliveira et al., 2005; Roveroni et al., 2001).
Among them CFA is known as a reliable irritant to produce long lasting inflammation after
local injection and to elicit acute and long lasting pain. In the present study, therefore, we used
CFA to produce persistent inflammation of the TMJ capsule in rats.

Inflammation of the TMJ is associated with deep tissue pain that is often referred to the
cutaneous site (Imbe etal., 2001, Iwata etal., 1999). This allows assessing hyperalgesia induced
by injection of CFA into the TMJ capsule through the facial skin site without invasive
manipulations. It is also well known that many trigeminal sensory neurons receive convergent
inputs from the facial skin and TMJ (Tashiro et al., 2007). We hypothesize that the excitability
of Pa5 neurons that also receive cutaneous inputs is modulated by TMJ inflammation. Thus,
to investigate the role of Pa5 in TMJ inflammatory hyperalgesia, we examined nocifensive
behavior and neuronal activity of Pa5 neurons in rats after TMJ inflammation in response to
noxious stimulation of the facial skin.

Previous studies have shown that vagus nerve stimulation modulates Pa5 neuronal activities
(Rutherfurd etal., 1992). It is also known that modulation of Pa5 neuronal activity is associated
with changes in arterial blood pressure (Balan et al., 2004; Yu and Lindsey 2003). Furthermore,
esophageal acid stimulation or nociceptive stimuli to the tongue or laryngopharyngeal mucosa
has been found to increase Fos protein expression in Pa5 neurons (Carstens et al., 1995;
Suwanprathes etal., 2003; Boucher et al., 2003). In addition, electrical stimulation of the tongue
or hypoglossal nerve has also been found to induce Fos expression in Pa5 neurons (Bereiter et
al., 2006). Indeed, the Pa5 appears to have a complex role in nocifensive behavior (Koepp et
al., 2006). A Pa5 lesion did not alter the latency for radiant heat-induced withdrawal of the
paw, although it reduces the paw withdrawal threshold for mechanical stimulation.
Furthermore, a Pa5 ablation reduced formalin-induced nocifensive behavior. Sensory afferents
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in the vagus nerve are known to modulate the function of pain pathways (Randich and Gebhart
1992). Indeed, electrical stimulation of the vagus nerve has been found to change the
nociceptive neuronal activity in the medullary and spinal dorsal horn (Bossut and Maixner
1996; Chandler et al., 1991; Ren et al., 1993).

Anatomical tracing studies have revealed that Pa5 neurons not only receive primary afferent
inputs from the inferior alveolar nerve, but also have strong connections with the parabrachial
nucleus (PBN), the solitary tract nucleus (STN) and medullary reticular formation (Caous et
al., 2001). Based on these studies, the authors have suggested that the Pa5 nucleus relays
trigeminal nociceptive information to other brain areas such as the PBN and the STN. These
previous studies suggest that Pa5 neurons are involved in trigeminal nociception as well as
pain-related autonomic function.

In the present study, we evaluated the importance of Pa5 nociceptive neurons in mechanisms
underlying the trigeminal pathological pain in rats. We focused on Pa5 nociceptive neurons
and studied their involvement in TMJ inflammation-induced nocifensive behavior and
analyzed to what extent the responses of these neurons to nociceptive stimuli are modulated
by the vagus nerve.

Materials and methods

The present experiments were approved by the Animal Experimentation Committee of Nihon
University School of Dentistry, and animals were treated according to the guidelines of the
International Association for the Study of Pain (Zimmermann, 1983). Adult male Sprague—
Dawley (SD) rats (220-440 g) were used in all experiments.

TMJ CFA injection

Male SD rats weighing 220-440 g were anesthetized with sodium pentobarbital (50 mg/kg,
i.p.) and complete Freund’s adjuvant (CFA, 0.05 ml) was injected through the facial skin into
the left side of the TMJ capsule. The CFA was suspended in an oil/saline (1:1) emulsion; an
injection of saline instead of CFA served as a control in behavior and Fos experiments. The
rats were tested for mechanical, heat and cold allodynia and used for Fos or single neuron
recording study at three days after CFA injection. Nocifensive behavior in response to
mechanical, heat and cold stimuli was clearly present at this time.

Behavioral test

Seventy five male SD rats that had limited access to water (100 ml/kg/day for 1 week) were
used for the behavioral study. The animals were able to drink water through a hole in the front
panel of the plastic cage. They were trained to continue drinking water during noxious
mechanical stimulation of the lateral face. The mechanical stimulation (1, 6, 15 and 26 g) was
applied with von-Frey monofilaments through a small whole (1 cm in diameter) in the lateral
wall of the plastic cage daily for 14 days after CFA injection. The mechanical stimulation or
heat stimulation was applied to the lateral face at 2 mm below the posterior edge of the
zygomatic arc. The nocifensive withdrawal behavior was defined as withdrawing the head from
the hole of the front panel. The head withdrawal threshold to increasing mechanical stimulus
intensity was measured. Hargreaves type thermal stimulator was used to measure the heat
escape latency (Hargreaves et al., 1988). The withdrawal latency was defined as the time lag
between the onset of the head withdrawal and the onset of the heater. For cold stimulation, 50
ul of acetone solution was applied to the lateral face with microsyringe and the number of face
groomings was counted. CFA injection was performed (TMJ CFA group for withdrawal
threshold measurement, withdrawal latency measurement and face grooming frequency, n=5
each measurement). Before CFA injection and one day after injection, all animals were tested
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with von-Frey hairs, heat and cold stimuli. Each hair was applied twice at an interval of 5 s.
The rat was probed by the same filament twice and the two values were averaged. The escape
threshold intensity was defined as the bending force of the first hair to evoke an escape response.
For measurement of the cold nocifensive behavior, the number of face grooming was counted
for 1 min. For vagus nerve transection study, a 15-mm incision was made along the mid-line
of the ventral portion of the neck skin reaching the collar bone in the rats anesthetized with
sodium pentobarbital (50 mg/kg/i.p.). The left vagus nerve and surrounding connective tissues
were locally anesthetized with 2% lidocaine and neck muscles were carefully reflected. Then
the vagus nerve, sympathetic nerve and carotid artery were exposed and the vagus nerve freed
from the connective tissues. The vagus nerve was tightly ligated at two points (=1 mm apart)
and transected at the middle of these two ligations (about 7.0 mm rostral from the collar bone).
Then, CFA or saline was injected into the left TMJ capsule.

Fos and Fluorogold (FG) immunohistochemistries

Fifteen male SD rats were used for Fos and Fluorogold (FG) tracing experiments. Rats were
anesthetized with sodium pentobarbital (50 mg/kg, i.p), and FG was injected into the left PBN,
10.0 mm caudal from the bregma and 2.0 mm lateral from the mid-line. Three days later CFA
or saline was injected into the left TMJ (n=5 per treatment). Three days after CFA injection,
animals were anesthetized with sodium pentobarbital (80 mg/kg, i.p.) and perfused through
the aorta with 100 ml of 0.02 M phosphate-buffered saline (PBS, pH 7.4) followed by 500 ml
of 4% paraformaldehyde in 0.1 M phosphate-buffered solution (PBS, pH 7.4). The medulla
and the upper cervical spinal cord were removed, post fixed in the same fixative for 3 days at
4 °C with agitation, and transferred to 30% sucrose solution (w/v) in PBS for several days for
cryoprotection. Fifty-micron-thick sections were cut on a freezing microtome, and every fourth
section was collected in PBS. The FG injection sites were examined under a fluorescent
microscope before an immunohistochemical treatment.

Free-floating tissue sections were rinsed in PBS, 3% normal goat serum (NGS) in PBS for 1
h, then incubated for 72 h with rabbit anti-Fos (1:10,000: c-fos ab-5, Oncogene, MA, USA) in
3% NGS at 4 °C. After three washes in PBS with 0.75% Triton X-100 and in PBS, the sections
were incubated with biotinylated secondary 1gG (1:200; Vector Labs, Burlingame, CA, USA)
for 24 h at 4 °C. Following rinses in PBS with Triton three times, the sections were incubated
in peroxidase-conjugated avidin—biotin complex (1:100; ABC, Vecter Labs) for 2 h at room
temperature. To develop the ABC reaction product, the sections were incubated in 0.035% 33'-
diaminobenzidine-tetra HCI (DAB; Sigma), 0.2% nickel ammonium sulfate, and 0.05%
peroxide in 0.05 M Tris-buffer (TB, pH 7.4). After the Fos immunohistochemistry, sections
were rinsed in PBS, 3% normal goat serum (NGS) in PBS for 1 h, then incubated for 24 h with
rabbit anti-FG (1:5000: Chemicon, USA) in 3% NGS at room temperature. Sections were
treated as described before to develop the ABC reaction product. Finally, the sections were
rinsed in PBS, mounted on gelatin-coated slides, dehydrated in alcohols, cleared in xylene, and
covered with Eukitt (O. Kindler, Germany).

Cells with black deposits in the nuclei were considered as Fos protein-LI cells. Camera lucida
drawings of these sections were made. The number of Fos protein-L1 cells was counted per
section per rat. The mean number of Fos protein-LI cells of all sections (number of Fos protein-
LI cells per section) was calculated across five rats.

Single neuron recording

Thirty four SD male rats were used for single neuron recording experiments (control rats:
n=17 and CFA-injected rats: n=17). Rats were anesthetized with sodium pentobarbital (50 mg/
kg, i.p.), and the trachea and left external jugular veins were cannulated to allow artificial
respiration and intravenous administration of drugs. Anesthesia was maintained with halothane
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(2—-3%) mixed with oxygen during surgery. The rats were mounted on a stereotaxic frame, and
the medulla was exposed. A mineral oil pool was made with the skin flap. During recording
session, rats were immobilized with pancuronium bromide (1 mg/kg/h, i.v.) and ventilated
artificially. The expired CO, concentration was monitored and maintained between 3.0-4.0%.
Rectal temperature was maintained at 37-38 °C by a thermostatically controlled heating pad,
and the electrocardiogram was monitored. If the heart rate was increased after mechanical or
thermal stimulation of the receptive fields, the percentage of halothane was increased. Enamel-
coated tungsten microelectrodes (impedance =10-12 MQ, 1000 Hz, FHC) were protruded
perpendicularly to the brain surface into the Pa5 about 1.3 mm rostral to the obex and 2.5 mm
lateral from the mid-line (Yu et al., 2003) in 2 um steps ipsilateral to CFA injection. The Pa5
neurons were searched by applying mechanical stimulation (pressure or brush) to the facial
skin. When a single neuron was isolated, the responses to mechanical stimulation of the facial
skin were carefully examined and the RFs were mapped.

Mechanical stimuli were applied to the most sensitive areas of the RFs. Mechanical stimuli
consisted of brushing with a camel hair brush, graded pressure produced by von-Frey filaments
and pinch produced by a small arterial clip. In order to avoid sensitization due to repeated
stimulation, noxious mechanical stimuli were applied to only small areas of the RFs in each
neuron. If the non-noxious RFs of first and second encountered nociceptive neurons overlapped
with each other, the second neuron was not included in the analysis. Each neuron was classified
either as 1) a LTM neuron being a neuron that showed only transient firing at the onset and
termination of the mechanical stimulus or had tonic responses during mechanical stimulation
of the RFs and decreased firing frequency after noxious mechanical stimulation; 2) a WDR
neuron being a neuron that responded to both non-noxious and noxious mechanical stimuli and
increased its firing frequency as stimulus intensity increased; or 3) an NS being a neuron that
responded exclusively to noxious mechanical stimulation of the RFs. To avoid sensitization
of the RFs by noxious stimulation, we did not use repeated noxious stimuli to search for NS
neurons. Ifa neuron showed weak responses to a pressure stimulus and not to brushing, noxious
pinch was applied to verify if it was an NS neuron.

After characterization of Pa5 neurons with mechanical stimuli, thermal stimuli (heating and
cooling) were applied to the most sensitive area of the cutaneous mechanical RF. The tip of
the thermal probe was 5 mm in diameter, and the rate of temperature change was set at 10 °C/
s. The structure of the thermal probe used in this study has previously been described in detail
(lwata et al., 1995). Before an application of the thermal stimulus to the RF, the surface
temperature was adapted to 38 °C for 180 s. Skin heating ranged from 44-50 °C and lasted for
10 s. Cold stimuli were consisted of cooling of the skin to 5-30 °C. The thermal stimuli were
applied to the RFs at 190-second intervals (adaptation time: 180 s, stimulus time: 10 s) to avoid
sensitization of peripheral nociceptors. Neuronal responses were recorded in the hard disk of
the microcomputer, and firing frequency was analyzed off-line. After recording, lesions were
made at the recording site by passing direct current of 20 puA for 10 s.

The waveform of single or multiple neuronal activities was analyzed off-line. The waveform
of each neuron was identified using Spike 2 software (CED). PSTHSs (peristimulus time
histograms; bin width=1 s) were generated in response to each stimulus. Background activities
were first recorded for 10 s before application of mechanical or thermal stimulus, and they
were subtracted from the neuronal responses during analysis. The mean firing frequency
(spikes/s) during mechanical or thermal stimulation was calculated. Stimulus—response (S-R)
functions of each nociceptive neuron were obtained in response to the mechanical (brush,
graded pressure or pinch) or thermal (heat: 44-50 °C, cold: 5-30 °C) stimuli. The mechanical
or thermal stimulation of the RFs was considered to have induced an effect when the peak
firing frequency at 5 s after mechanical and 10 s (one trial for each neuron with 180 s intervals)
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after thermal stimulation differed from the mean background discharge rate by +2 S.D. The
RFs of all neurons were drawn to scale on standard diagrams of a rat head.

We also tested the effect of vagus nerve electrical stimulation on Pa5 neuronal responses. For
electrical stimulation of the left vagus nerve (ipsilateral to the recording side), the vagus nerve
was exposed as described previously and tightly ligated at about 3.0 mm rostral from the collar
bone. Then the bipolar silver wire electrodes (inter electrode distance: 0.5 mm) were placed
1.0 mm rostral from the point of ligation. After identification of nociceptive neurons in Pa5
the template of the wave form was made for each neuron. The electrical pulses (duration: 0.2
ms, intensity: 0.2 mA, frequency: 10 Hz, stimulus time: 5 s for mechanical and 10 s for thermal
stimuli) were applied to the ipsilateral vagus nerve during mechanical or thermal stimulation
of the receptive field. We were able to isolate the electrical artifact and generate PSTHs from
nociceptive neurons during electrical stimulation of the vagus nerve. We did not observe any
differences in behavior and Fos expression between TMJ-untreated and TMJ-vehicle (saline)
injected rats. Thus, we used TMJ-untreated rats for single neuronal recording as a control.

After the recording session the animals were killed by an over dose of sodium pentobarbital
(80 mg/kg, i.p.) and then the brain was removed. Then the rat brain was immersed 4 days in
4% formalin and 50 um thick serial sections along the path of the penetration electrode were
cut from the medulla including Pa5 and stained with thionin. The location of Pa5 was defined
according to the rat brain map by Paxinos and Watson (1986). We only analyzed neuronal
activity when histological examination showed that the neurons were located inside the Pa5.

Statistical analysis

Results

Results from Fos, neuronal recording, head withdrawal latency and head withdrawal threshold
were presented as mean+SEM. Statistical analysis was performed with repeated measures
ANOVA followed by Dunnett’s test for the behavioral data and one way ANOVA followed
by Dunnett’s test for the Fos analysis. Student t-test or Welch’s t-test was also used for a
comparison between CFA-injected rats and vagus nerve-transected rats with CFA injection in
behavioral study, Fos/FG analysis and neuronal recording data where appropriate. Differences
were considered significant at p<0.05.

Nocifensive behavior

The lateral face region was shaved every other day to measure the mechanical escape threshold,
heat escape latency or grooming frequency (number/min) before and after CFA or saline
injection into the TMJ capsule. Mechanical, heat or cold stimulus was applied to the lateral
facial skin over the TMJ capsule. We did not observe significant changes in weight after TMJ
CFA injection (before CAF injection: 376.0+8.4 g, 3 days after CFA injection: 381.2+6.7 g,
n=15). After CFA injection into the TMJ capsule the head withdrawal threshold to mechanical
stimulation of the lateral face was significantly decreased at the side ipsilateral to CFA injection
(Fig. 1). The head withdrawal latency to heat stimulation of the lateral face was also
significantly decreased in the rats with TMJ CFA injection compared with those before CFA
injection. The number of groomings was significantly increased at the ipsilateral side of TMJ
CFA injection after acetone application to the lateral face (Figs. 1E and F). A decrease of the
mechanical escape threshold was observed at the contralateral side of CFA injection. On the
other hand, the shortening of the escape latency to heating of the face and the increase of
grooming frequency was not observed at the contralateral side of CFA injection (Figs. 1B and
D). These behavioral data suggest that the mechanical and heat allodynia are developed in the
lateral facial skin following TMJ CFA injection. In this model, the decrement of head
withdrawal threshold to mechanical stimulation of the face, shortening of the head withdrawal
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latency to heating of the lateral face and the increase in the face grooming frequency lasted for
at least 10 days. The mechanical head withdrawal threshold was gradually increased and head
withdrawal latency to heating of the face was elongated and face grooming frequency was
reduced after 10 days (Figs. 1A, C and E). However, we did not observe complete recovery of
mechanical escape threshold, heat escape latency and face grooming frequency in the CFA-
injected rats during the 14-day observation period.

The mechanical escape threshold was significantly lower in vagus nerve-transected rats at 7—
14 days after CFA injection compared with vagus nerve-intact rats (Fig. 1A). We also observed
that the mechanical escape threshold in the contralateral side to CFA injection was significantly
lower in vagus nerve-transected rats compared with vagus nerve-intact rats (Fig. 1B). The heat
and cold nocifensive behavior were also significantly lower in vagus nerve-transected rats at
10-14 days after CFA injection compared with vagus nerve-intact rats as illustrated in Figs.
1Cand D.

Fos and/or FG-LI cells in Pa5 after TMJ CFA injection

FG was injected into the PBN ipsilateral to TMJ CFA injection site as illustrated in Fig. 2A.
A large number of Pa5 neurons were retrogradely labeled with FG 6 days after FG injection
into the PBN ipsilateral to the CFA injection site. FG-labeled neurons exhibited brown staining
(Figs. 2B—F) and Fos-L1I cells were detected as neurons with black nuclei indicated by the
arrows (Fig. 2C). Double labeled neurons appeared with brown cytoplasm and black nuclei
and are indicated by arrows (Fig. 2D). We observed a significantly larger number of Fos-LI
cells bilaterally in the Pa5 at 3 days after CFA injection into the TMJ capsule as compared with
that after saline injection into the capsule (Fig. 2G: ipsilaterally to injection, Fig. 2I:
contralateral side to injection). The number of FG/Fos-LI cells in Pa5 was also significantly
larger at the ipsilateral side of CFA injection compared with saline-treated rats as illustrated
in Fig. 2H. A half of Fos-L1 cells expressed at the ipsilateral side of CFA injection was also
labeled with FG retrogradely transported from the PBN (CFA in Figs. 2G and H). We observed
many FG-labeled cells and Fos-L1 cells in the ipsilateral side to FG injection into the Pa5, but
no FG/Fos-LlI cells in Pa5 (Fig. 2F). We could not observe any behavioral differences between
naive and vehicle (saline) injected rat. Thus, we used the naive rats as a control.

Pa5 neuronal activity

Fifty six nociceptive neurons were identified in the Pa5, and 43 nociceptive neurons responded
to mechanical and cold stimuli. Fig. 3 shows the location of WDR and NS neurons identified
by the histological examination. WDR and NS neurons were intermingled with each other
within the Pa5. All Pa5 nociceptive neurons responded to mechanical and cold stimuli of the
receptive fields, but did not respond to heating of the receptive fields. In general, the
background activity of WDR and NS neurons showed regular firing pattern. WDR and NS
neurons recorded from the Pa5 showed significantly higher background activity in the rats with
TMJ CFA injection compared with those of control rats (CFA, WDR: 4.93+2.34, NS: 3.09
+0.98; control, WDR: 0.70£0.40; NS: 1.04+0.47, p<0.05). Mechanical stimulus—response
functions of WDR and NS neurons are illustrated in Fig. 4. WDR neurons responded to non-
noxious mechanical stimulation of the receptive fields and increased their firing frequency
following graded mechanical stimulation of the receptive fields in both control and TMJ-
inflamed rats (Figs. 4A and B). NS neurons did not respond to non-noxious stimuli and their
firings were graded following increase in the noxious mechanical stimulus intensity (Figs. 4C
and D). The mechanically evoked responses of NS neurons were significantly higher in
inflamed rats than control rats (Figs. 4C and D). In the present study, we did not encounter any
heat responsive units from the Pa5 in the control and CFA-treated rats. All units responsive to
thermal stimulation were classified as cold-sensitive (n=34). WDR and NS neurons showed
slight increases in their firing frequency following decreases in stimulus temperature from 30
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to 5 °C. Cold-evoked responses of these neurons were much larger in WDR neurons from TMJ-
inflamed rats as compared with those of control rats (Fig. 5). We did not observe any differences
in receptive filed properties of WDR and NS neurons between the TMJ-inflamed and control
rats.

Effect of vagus nerve electrical stimulation on Pa5 neurons

Electrical stimulation of the vagus nerve induced significant modulation on responses of Pa5
nociceptive neurons. As shown in Figs. 6A and C, the responses of WDR neurons to mechanical
stimuli were significantly reduced following electrical stimulation of the vagus nerve in control
and CFA-treated rats. For NS neurons a significant reduction of mechanically evoked responses
were observed in the TMJ-inflamed rats, but not in control rats (Figs. 6B and D). We also
observed a significant reduction of cold responses in WDR and NS neurons after vagus nerve
stimulation in TMJ-inflamed rats, whereas no significant changes in cold responses in WDR
and NS neurons could be found in control rats (Figs. 7A and B). Background activity of WDR
and NS neurons was significantly decreased after vagus nerve stimulation in the TMJ-inflamed
rats as illustrated in Fig. 8A. However, we did not observe any effect of vagus nerve stimulation
on the background activity of WDR and NS neurons in control rats (Fig. 8A). The receptive
field size was not affected by the electrical stimulation of the vagus nerve in the control and
CFA-treated rats (Fig. 8B).

Discussion

An inflammation in deep structures such as the knee joint is known to produce a strong
activation of small diameter primary afferent fibers compared with a superficial inflammation,
resulting in a strong activation of peripheral and central nervous system (CNS) nociceptive
neurons (Schaible and Schmidt, 1988; Imbe et al., 2001; Iwata et al., 1999; Zhou et al.,
1999). Mustard oil injection into the masseter muscle induces significant increases in the
activity of V¢ neurons (Hu et al.,1992). It has been reported that the CFA injection into the
TMJ capsule produces significant increases in background activity, heat evoked responses and
expansion of the receptive fields of V¢ nociceptive neurons, whereas subcutaneous injection
of CFA produces only a very weak effecton V¢ neuronal activity compared with that of the
TMJ-inflamed rats (Iwata et al., 1999). These results indicate that TMJ inflammation triggers
sensitization of both V¢ neurons and primary afferent fibers. In addition to spinal trigeminal
nucleus, many neurons in the Pa5 are activated following inflammation of the orofacial regions,
as shown by Fos protein expression (Bereiter et al., 2002, 2005; Ogawa et al., 2003; Shimizu
et al., 2006). These findings suggest that the inflammation in structures/tissues innervated by
the trigeminal nerves such as TMJ and masseter muscle produces strong activation of both Pa5
neurons and V¢ neurons. However, the effect of TMJ inflammation on Pa5 neuronal activity
has not been studied. Here we demonstrated that a population of Pa5 neurons is nociceptive,
and that WDR and NS neurons in Pa5 show significant increases of background activity and
evoked responses after TMJ inflammation. These findings are consistent with the observation
that there was a significant increase in Fos-L1I cells in the Pa5 following CFA injection into the
TMJ capsule. We further showed that responses of Pa5 WDR and NS neurons were enhanced
after transection of the vagus nerve and depressed after vagus nerve stimulation, suggesting
that Pa5 neuronal activity was modulated by vagus afferents.

Enhancement of Pa5 neuronal activity following TMJ inflammation

It is well known that TMJ inflammation induces a variety of changes in the TMJ region such
as jaw movement disorder and TMJ pain (Bush et al., 1989; Schellhas et al., 1989; Quinn and
Bazan 1990). The long lasting knee joint inflammation following carrageenan injection
sensitizes small diameter nerve fibers in the capsule, resulting in an increase in primary afferent
activity (Cairns et al., 1998). It has been reported that the 3rd branch of the trigeminal nerve
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projects directly from the TMJ to Pa5 neurons (Lapa and Watanabe 2005). This result strongly
suggests that the afferent fibers innervating the TMJ capsule send sensory information from
the TMJ capsule to Pa5 neurons. We observed a significant increase in Fos-L1I cells in the Pa5
ipsilateral to CFA injection side at 3 days after its injection. This may be the result of a direct
activation of primary afferent neurons innervating the TMJ capsule by CFA. We also observed
Fos-L1 cells in the contralateral Pa5 after CFA injection. The mechanism of an effect of TMJ
inflammation at the contralateral side of CFA injection is unknown. Many studies have revealed
that TMJ CFA injection induces a strong bilateral expression of Fos-LI cells in the Vi/Vc
transition zone (Sato et al., 2005; Zhou et al., 1999). It has been reported that some primary
afferent fibers cross the mid-line and reach the contralateral side (Jacquin et al., 1990). These
findings suggest that the contralateral Fos expression is likely to be result of direct and indirect
inputs from the TMJ capsule. Some researchers have also speculated that the neurotrophic
factors released from the injured nerves are involved in the contralateral Fos expression after
the inflammation (Imbe et al., 2001; Ogawa et al., 2003).

It has been reported that glial cells in the spinal dorsal horn are activated after peripheral
inflammation or peripheral nerve injury (Hains and Waxman 2006). Glial activation in the V¢
has also been reported to extend into more than half of the V¢ (Xie et al., 2007). A similar glial
mechanism may be involved in the bilateral Fos expression in the Pa5 after a unilateral TMJ
inflammation. It has also been suggested that activation of the autonomic system contributes
to an enhancement of bilateral neuronal activity in the Vi/Vc transition zone of the TMJ-
inflamed rats (Bereiter et al., 2002, 2005). However, the exact neural mechanism underlying
the contralateral effect of peripheral inflammation is not known.

In the present study, FG was injected into the PBN and the population of FG/Fos double labeled
cells was analyzed in TMJ-CFA-injected, TMJ-saline and TMJ-untreated control rats. The
number of FG/Fos-LI cells was significantly increased after CFA injection into the TMJ. The
present findings suggest that the PBN-projection neurons in Pa5 are also involved in relaying
neuronal hyperexcitability to higher CNS areas.

We also analyzed the electrophysiological properties of Pa5 nociceptive neurons in TMJ-
inflamed and control rats. Pa5 nociceptive neurons could be classified as WDR and NS neurons,
similar to that in the spinal or medullary dorsal horn. The general response properties of these
two types of nociceptive neurons were similar to those of V¢ neurons as reported previously
(Iwataetal., 1999). A particularly interesting difference between Pa5 and V¢ neurons concerns
their thermal responses. We did not encounter any Pa5 nociceptive neurons that responded to
heat stimulation of the receptive fields and all thermal responsive nociceptive neurons we
recorded from Pa5 were classified as cold-sensitive. As reported previously, many nociceptive
neurons in V¢ increased their excitability following TMJ inflammation, as shown by an
increase of background activity and heat response as well as by an enlargement of the receptive
field size (Iwata et al., 1999). In comparison, Pa5 nociceptive neurons increased their
background activity and cold response without an increase in the receptive field size, and they
did not respond to heat. These findings suggest that Pa5 plays a role in processing mechanical
and cold nociceptive information in the rats with TMJ inflammation and also may be involved
in other function such as autonomic regulation.

Vagus afferent modulation of Pa5 neurons

To clarify the possible involvement of vagus afferents on modulation of Pa5 nociceptive
neurons we studied the effect of vagus nerve transection on nocifensive behavior and the effect
of electrical stimulation of the vagus nerve on Pa5 neuronal activity. It has been reported that
vagus afferent fibers are involved in modulation of trigeminal nociceptive neurons and opioid-
induced anti-nociception (Bereiter et al., 2002, 2005). In human and animal studies, low
intensity vagus nerve stimulation produced reduction of the thermal pain threshold (Ren et al.,
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1993; Ness et al., 2000). Furthermore, previous single neuron recording studies have noted that
low intensity stimuli or rapid conducting pathways produce nociception, whereas high intensity
stimuli or slow conducting pathways produce anti-nociception (Thurston and Randich 1995;
Bossut and Maixner, 1996). We also observed that mechanical head withdrawal threshold was
significantly decreased and head withdrawal latency to heat stimulation of the face was
significantly longer and face grooming frequency was significantly higher at 10-14 days in
the vagus nerve-transected rats with CFA injection compared with CFA-injected rats. These
data suggest that sensory afferents in the vagus nerve are involved in modulation of the
ascending pain pathways. In the present study, the stimulus intensity used was at a level above
the small diameter A fiber threshold (Hu et al., 1992). We observed strong inhibition of Pa5
nociceptive responses during electrical stimulation of the vagus nerve. These data suggest that
slow conducting sensory fibers in the vagus nerve are activated by electrical stimulation used
in the present study, and that these fibers contribute to depression of Pa5 nociceptive neuronal
activities. The effect of vagus nerve transection on nocifensive behavior was also studied in
TMJ-inflamed rats as illustrated in Fig. 1. We did not observe an acute change in nocifensive
behavior in TMJ-inflamed rats as that seen in the rats with vagus nerve electrical stimulation.
The discrepancy of vagus nerve inputs between single neuronal activity in Pa5 and nocifensive
behavior data may be explained by the existence of multiple ascending pathways from the
vagus nerve. Electrical stimulation of the vagus nerve may activate short ascending pathway
to Pa5 from the vagus nerve, whereas the vagus nerve transection affects a variety of ascending
pathways such as those through the trigeminal spinal subnucleus caudalis and nucleus tractus
solitarii. These may cause different modulation of Pa5 neuronal activity and nocifensive
behavior following vagus nerve stimulation and transection in TMJ-inflamed rats.

Concluding remarks

The present study demonstrated that TMJ-inflamed rats show a decrease of the head withdrawal
threshold to mechanical stimulation of the lateral face, a shortening of the head withdrawal
latency to heat stimulation, and an increase of face grooming after cold stimulation of the lateral
face in the TMJ-inflamed rats, suggesting that mechanical and thermal allodynia occurs in the
rats with TMJ inflammation. The change in nocifensive behavior in TMJ-inflamed rats was
gradually decreased at 10-14 days after CFA injection, whereas noxious escape threshold
lasted longer in CFA-injected rats with vagus nerve transaction than vagus nerve-intact rats.
Pa5 WDR and NS neurons dominantly received inputs from mechanical and cold-sensitive
afferents. Furthermore, the number of Fos-LI cells in Pa5 and Pa5 nociceptive neurons that
received noxious information from the trigeminal region was significantly increased after TMJ
inflammation. In addition, vagus nerve stimulation decreased the activity of Pa5 nociceptive
neurons.

These data strongly suggest that Pa5 nociceptive neurons play an important role in relaying
trigeminal nociceptive information to higher CNS regions, and that their activity is modulated
by vagus afferents.
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Abbreviations

Pa5

paratrigeminal
T™MJ

temporomandibular joint
TMD

temporomandibular disorder
Ve

trigeminal spinal subnucleus caudalis
Vi

trigeminal spinal subnucleus interpolaris
Fos-L1I cells

Fos-like immunoreactive cells
WDR

wide dynamic range
NS

noxious specific
LTM

low threshold mechano-receptive
CFA

complete Freund’s adjuvant
CNS

central nervous system
PBN

parabrachial nucleus
STN

solitary tract nucleus
FG

Fluorogold
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The mechanical head withdrawal threshold, heat head withdrawal latency and the number of
face grooming events after cold stimulation in TMJ-untreated naive rats, TMJ-vehicle (saline)
injected rats, TMJ-CFA-injected rats and TMJ-CFA injected rats with vagus nerve transection
(CFA+vagus nerve cut). Mechanical (A) ipsilateral side to CFA injection and (B) contralateral
side to CFA injection), heat (C) ipsilateral side to CFA injection and (D) contralateral side to
CFA injection) or cold stimulus (E) ipsilateral side to CFA injection and (F) contralateral side
to CFA injection) was applied to the lateral face and head withdrawal threshold to mechanical
stimulation, head withdrawal latency to heat stimulation and face grooming frequency to
acetone application (/min) were measured. *, §, t: p<0.05 (vs. before injection). #: p<0.05
(CFA vs. CFA+vagus nerve cut).
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Fig. 2.

Fos-LI cells in the Pa5 after CFA or saline injection into the TMJ. Fluorogold injection site
(A), retrogradely labeled FG and Fos/FG positive cells (B, C. D, E and F) and the mean number
of Fos-L1 cells (G) ipsilateral side to CFA injection and (I) contralateral side to CFA injection),
Fos/FG-LI cells in the ipsilateral side to CFA injection (H). A: FG injection site indicated by
the arrow. B: Pa5 with Fos-L1I cells and Fos/FG-L1I cells in the ipsilateral side to TMJ CFA
injection. C: Fos-LI cells in the ipsilateral side to TMJ CFA injection as indicated by the arrows.
D: Fos/FG-LI cells in the ipsilateral side to TMJ CFA injection as indicated by the arrows. E:
A FG-LI cell in the ipsilateral side to TMJ CFA injection. F: Fos-LI cells in the contralateral
side to TMJ CFA injection. G: Mean number of Fos-LI cells in the ipsilateral side to TMJ CFA
injection. H: Mean number of FG/Fos-LI cells in the ipsilateral side to TMJ CFA injection. I:
Mean number of Fos-L1I cells in the contralateral side to TMJ CFA injection. PBNL:
parabrachial nucleus lateralis, PSV: trigeminal spinal nucleus principalis. *: p<0.05(vs. TMJ-
untreated or TMJ-vehicle, as indicated).
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Location of the recording sites in Pa5 ipsilateral to the CFA injection side. (A) A
photomicrograph of the Pa5 with a lesion indicated by an arrow, (B) the camera lucida drawings
of recording sites of WDR and NS neurons in Pab5.
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Mechanically evoked responses of WDR (A and B) and NS (C and D) neurons recorded from
control (open circles) and TMJ-inflamed rats (solid circles). A and C: Typical mechanical
stimulus-evoked responses of WDR and NS neurons in control (a) and TMJ-inflamed rats (b).

B and D: Stimulus—-response functions of WDR and NS neurons to graded mechanical

stimulation in naive and TMJ-inflamed rats. Ba and Db: typical examples of RFs of WDR and
NS neurons. *: p<0.05 (control vs. CFA).
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Fig. 5.

Cold-evoked responses of WDR (A and B) and NS (C and D) neurons recorded from control
(open circles) and TMJ-inflamed rats (solid circles). A and C: Typical responses of cold WDR
(A) and NS (B) units following graded cold stimuli. B and D: Stimulus-response functions of
cold WDR (B) and NS (D) units. *: p<0.05 (control vs. CFA).
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Effect of vagus nerve stimulation on mechanically evoked responses. Mechanically evoked
responses of WDR (A and C) and NS (B and D) neurons following graded mechanical
stimulation of the receptive field in control (A and B) and TMJ-inflamed rats (C and D). A and
B: S—-R functions from control rats. C and D: S-R functions from TMJ-inflamed rats. *: p<0.05
(before vs. during vagus nerve stimulation).
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Fig. 7.

Effect of vagus nerve stimulation on cold-evoked responses. Stimulus—response functions of
WDR (A and C) and NS (B and D) neurons following graded cold stimulation of the receptive
field in control (A and B) and TMJ-inflamed rats (C and D). A and B: Stimulus—response
functions from naive rats. C and D: Stimulus—response functions from TMJ-inflamed rats. *:
p<0.05 (before vs. during vagus nerve stimulation).
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Fig. 8.

Effect of vagus nerve stimulation on background activity (A) and receptive field size (B). Note
that the background activity in WDR and NS neurons was significantly depressed after vagus
nerve stimulation in CFA-injected rats but not in control rats (A). *: p<0.05 (before vs. during
vagus nerve stimulation).
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