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Abstract

The aim of this study was to determine the effect of unilateral acute inflammation

of craniofacial deep tissues on the ipsilateral and confralateral jaw-opening reflex (JOR).

The effects of Mustard oil (MO), injected into the temporomandibular joint region, were

tested on the JOR recorded in the digastric muscle and evoked by low-intensity electrical

stimulation of the ipsilateral and contralateral inferior alveolar nerve in anesthetized rats.

The MO injection induced a long-lasting suppression of the amplitude of both

ipsilaterally and contralaterally evoked JOR" although the latency and duration of the

JOR were unaffected. The suppressive effect was more prominent for the confialaterally

evoked JO& and observed even when background activity in the digastric muscle was

increased by the MO injection. The results indicate that changes in the JOR amplitude

following MO injection do not simply reflect alterations in motoneuronal excitability,

and suggest that inflammation of deep craniofacial tissues modulates low-threshold

sensory transmission to the motoneurons.
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Introduction

Damage or inflammation of deep craniofacial tissues such as the

temporomandibular joint (TMJ) or masticatory muscles are often considered important in

the pathophysiology of temporomandibular disorders (TIVD) [ 5]. A number of studies

have shown that jaw motor functions may be altered in TMD patients f6,7,14,22,32,331. A

possible reason for such alterations in jaw movements could be modification of craniofacial

sensory transmission to jaw motoneurons, since the activity ofjaw motoneurons greatly

depends on sensory feedback from craniofacial structures [6].

The jaw-opening reflex (JOR) is a trigeminal brainstem reflex that can be evoked

by either nociceptive or non-nociceptive craniofacial stimulation (e.g., [6] [20]). The

shortest reflex arc involves only two synapses; primary afferents synapse on sensory relay

neurons in the spinal nucleus of the trigeminal brainstem complex, and these neurons

project to and drive digasfric motoneurons bilaterally llTl.The JOR involves a fransient

excitation of the jaw-opening muscles and inhibition of the jaw-closing muscles (e.g., t20l).

Therefore, the JOR is useful for the assessment of sensorimotor procasing in the trigeminal

region [8,9J. Experimental models of deep craniofacial pain have reported that the

inhibitory response of the jaw-closing muscles evoked by noxious stimulation to peri-oral



tissues can be suppressed in the presence of rnasticatory muscle pain in man, and have

suggested that the inhibition occurs at the premotoneuronal level [34,38J. Indeed, a number

of studies have shown that the JOR evoked by noxious stimulation can be suppressed by

activation of pain-modulatory systems in anesthetized animals, wrth a concomitant

suppression of the sensory relay neurons (e.9., 12-4,16,27,31,,35,361').

However, it is still not clear if the JOR evoked by low-intensity stimulation can

be modulated by noxious conditioning stimulation of deep craniofacial tissues. Kurose et al.

have recently shown that the injection of mustard oil (MO), an inflammatory initant and

small-fiber excitant, into the temporalis muscle can induce a significant suppression of the

JOR evoked by low-threshold stimulation of the inferior alveolar nerve (IAIII) [19].

However, the effect of the MO injection was tested only for the reflex response evoked by

stimulation of the IAIrI ipsilateral to the MO injection. Unlike spinal reflexes, stimulation

on one side of the craniofacial region evokes synchronized JOR responses on both sides

(e.g., [ 1,12,18,241). Clarification of the effects of unilateral inflammation of deep

craniofrcial tissues could require testing of the effects of unilateral noxious craniofacial

stimulation on the JOR evoked by stimulation of ipsilateral and contralateral IAN.

Therefore, the present study was undertaken to test the effects of unilateral injection of MO



into the rat TIV{I region on the JOR evoked by low-threshold stimulation of the IAN both

ipsilateral and contralateral to the MO injection.

Materials and Methods

Surgical prccedures

The experiments were carried out in 27 male rats (Wistar albino,25O-270 g) in

accordance with the "Principles of Laboratory Animal Care" (NIH publication#86-23,

revised 1996). The animal protocols were approved by the Intamural Animal Carc and

Veterinary Science Committee of Niigata University. Animals were initially anesthetized

with 2-3Yo halothane. Two percent lidocaine was injected into the skin to minimize surgical

pain before incisions were made. Cannulae were inserted into the trachea and the femoral

vein for respiration and for drug administration, respectively; and anesthesia was then

maintained with a mixture of cr-chloralose (50 mg/kg) and urethane (500 mg/kg) injected

via the femoral vein. The adequacy of anesthesia was checked repeatedly throughout the

experiment by pinching the paws; if a withdrawal reflex was elicited, a supplementary dose

of chloralose-urethane mixture was given. Rectal temperature was measured and

maintained around 37.5 oC by a servo-controlled heating pad (BWT-100, BRC, Nagoya,



Japan).

Paired copper wire electrodes (0.12 mm in diameter, 3 mm interpolar distance)

with an exposed tip (l mm) were implanted into the left masseter (I\{as; a jaw-closing

muscle) and the left digastric (Dig; ajaw-opening muscle) to record their

electromyographic (EMG) activity. To stimulate the IAN, a pair of Teflon-coated

stainless-steel wire elecfrodes (0.1 mm in diameter, tip exposure 0.5 mm) was inserted into

each of the right and left mental foramina (l mm deep for the anode and 3 mm deep for the

cathode), and were fixed on the adjacent mandibular bone with adhesive dental acrylic

(SLJPERBOND C&B, SUN MEDICAL, Shiga, Japan). The animal's head was then placed

in a stereotaxic frame, and the skin over the dorsal surface ofthe skull was reflected and

four screws were implanted into the frontal and parietal bone. To facilitate access to the

TMI region without any interference, the screws were attached to a vertical support bar

with dental acrylic (IINIFAST II, GC, Tokyo, Japan) and then the ear and incisor bars were

removed.

Stimulations and rccordings

To evoke the JOR, the right and left IAN were altemately stimulated (single pulse,

0.2 ms duration) at an interval of 5 s (test stimuli). The threshold of the JOR was



determined as the minimum IAN stimulus current that consistently evoked detectable EMG

reflex responses. During data recording, the stimulus current was set at 1.5 times the reflex

threshold (T). EMGactivity was amplified with custom-builtAC amplifiers (band pass:

0.1-3 l<Ilz), and the signals were fed into a computer equipped with a CED Power l40l

board and analysis software (Spike2; Cambridge Electronic Design Ltd., Cambridge, UK).

The sampling rate for the EMG activity was 5000/s. Recorded EMG activity was stored

electronically and analyzed offline. The stimulus pulses for the IAN test stimuli were also

fed into a computer with a CED Power l40l board as event signals.

The27 animals were divided into two groups; one (n-17) consisted of animals in

which MO (Wako Pure Chemical Industries Ltd, Osaka, Japan, Ztr/o in mineral oil, a0 pl)

was injected into the left TMI region, and the other (n-10) consisted of animals in which

the same amount of mineral oil (the vehicle for MO, a0 pl). In each animal group, a

30-gauge needle connected to a 50 pl Hamilton syringe with a polyethylene hrbe was

passed through the TMJ capsule into the left TMJ and fixed in place. After an interval of at

least 30 min, repetitive IAN test stimuli were started; baseline EMG activity and evoked

JOR responses were recorded for l0 min (confrol period), and then the MO (or vehicle) was

injected into the TMI region over l0-20 s. After the MO (or vehicle) injection, EMG



recordings were continuously made for 120 min. Preliminary experimenb had revealed that

consecutive test stimuli of the right and left IANs in an alternating fashion lasting more

than 2 hours did not induce any detectable effects on the JOR.

At the completion of the experimeng brilliant blue dye (40 pl) was injected into

the TMJ region through the same needle used for the MO or vehicle injection. Next, the

animal was administated a lethal dose of sodium pentobarbital, and the injection site and

EMG electrode locations were confirmed by post-mortem dissection. The posterior part of

the TMJ capsule usually was most densely stained by brilliant blue dye, but the dye also

spread to adjacent connective tissues. If the TMJ capsule was not stained densely, the data

was excluded from the analyses.

Data analysis

In the present experiment, only the JOR evoked in the Dig ipsilateral to the MO

injection was assessed. Parameters of the JOR that were assessed were mean latency,

amplitude (peak to peak) and duration. Peak to peak values were calculated using raw data.

To assess latency and duration, EMG signals were full-wave rectified and smoothed (time

constant 20 ms) with the Spike? analysis software. To define the onset and offset of each

JOR" baseline EMG activity in each muscle was calculated for 2 min during the control
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period, and the onset of the JOR was defined as the point in time when the evoked EMG

activity exceeded 2 SD from baseline EMG activity. Likewise, the offset was defined as the

point in time when the evoked EMG activity fell below 2 SD from the baseline EMG

activity. To elucidate the sequential effect of the injection of MO or vehicle on the JO&

mean values of 60 reflexes during the confrol period were calculated for each parameter

and were considered to be the control values. Then, the mean values of five consecutive

JOR responses at each time point of 0, 1,2,3,4,5,6, 10, 15,20,30,45,60, 90, 120 min

after the initiation of the chemical injection were calculated. The mean values for each time

point were normalized to the confrol value and compared with the contol.

kr addition to the reflex analyses, the effect of the injection of MO or vehicle into

the TMJ on baseline EMG activity was analyzed.Increases in EMG activity after the

injection were regarded as significant if EMGactivity exceeded 2 SD from the baseline

EMG activity before the chemical injection. When a significant increase in EMG activity

was noted, its duration and amplitude (area) were calculated.

Effects of the injection on the JOR were statistically evaluated with a Friedman

one-way repeated measures ANOVA on ranks and post-hoc comparisons (Tukey test). A

Mann-Whitney Rank Sum Test was used to compare the parameters between the JOR



responses evoked by left IAN stimulation (ipsilaterally evoked JOR: the JOR evoked by the

stimulation of the IAI{ ipsilateral to the MO injection and EMG recordings) to those

evoked by right IAII stimulation (contralaterally evoked JOR) at each time point. Also for

comparisons of the parameters between muscles, a Mann-Whitney Rank Sum Test was used.

Values were expressed as mean +/- SD, and P values less than 0.05 were regarded as

significant.

Results

Properties of the jaw-opening rcflex b"ftr" the MO injection

The JOR was evoked by stimulation of the IAI{ either ipsilateral (left) or

contralateral (right) to the EMG recordings. The reflex threshold was 25 .6 +/- 17. I pA

(n:27) for the ipsilaterally evoked JOR and 27 .l +l- 13.3 pA (n:27) for the confialaterally

evoked JOR. When the stimulus current was 1.5T, the reflex latency was 4.7 +/- 0.1 ms

@a7) for the ipsilaterally evoked JOR and 5.0 +l- 0.4 ms (n:27) for the contralaterally

evoked JOR. The latency of the ipsilaterally evoked JOR was significantly shorter than that

of the contralaterally evoked JOR. The amplitude of the reflex was 3.4 +/- 1.2 mY @a7)

for the ipsilaterally evoked JOR and 3.0 +l- 1.3 mV (n:27) for the contralaterally evoked
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JOR. The duration of the reflex was 3.9 +l- O.8 ms (na7) for the ipsilaterally evoked JOR

and 3 .8 +l- 0.8 ms @ l for the contralaterally evoked JOR. No significant difference was

noted for amplitude and duration between the sides.

Effects of the MO injection

The injection of vechicle into the TMJ region did not cause any significant changes

in the baseline EMG activity in each muscle, or in latency, amplitude and duration of the

JOR throughout the recording period (n:10, see Figure 2A for JOR amplitude). On the

other hand, the injection of MO into the TMI region evoked a sustained reflex increase in

EMG activity in both Dig and the Mas muscles (Figure 1A). Such sustained EMG activity

was evoked immediately after the injection of MO in all animals tested (n:17). The

duration of sustained EMG activity was I 36 +l- 92 s for the Dig and I 09 +l- 59 s for the

Mas (n:l 7 ,Frg. zB).The area under the EMG response curve was 772 +l- 653 ND unit for

the Dig and I 060 +l- 987 ND unit for the IMas (n:17). No significant difference was noted

in either duration or amplitude (area) of sustained EMG activity between the muscles

(Mann-Whitney Rank Sum Test).

A significant alteration also occurred to the amplitude of the JOR after the MO
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itteCtiOn,although its iatency and duration were not signittcantly arected(Figure lB‐E).

Figure 2 shows■e time course ofthe amplitude ofthe JOR a■erthe MOれ jectiOn.The

amplitude ofboぬthe ipsilaterally evoked JOR and the contralaterally evoked JOR was

sign面cantly decreased immediately a■erthe MO iゴectiOn(76.3+た29。7%ofcontrol for

the ipsilaterally evoked JOL 53.7イ‐34.6%forthe conml誠erally evoked JOR n=17,see

Figure lC).ThiS immediate suppression Ⅵos observed even dudng the susttined incr“se in

the Dig EMG act市iサ(see Figures lへC).The suppressive erect on the JOR was

interrupted betteen 2 to 6 min anerthe MO珂∝tiOn,and then reapp∽redo Thus,two

peaks were noted forthe suppress市e erect;。ne appearingjust anerthe MO itteC饉On and

the o■er at 30 min aterthe MO ittectiOn fOrthe ipsilaterally evoked JOR(83。14/‐18。2%

ofcon甘ol,n=17)orat10 min aRerthe MOれ lectiOn fOrthe contralatemlly evoked JOR

(53.5+/‐32.2%ofthe contЮ l,n=17)(Figure 2B).The Suppression then gradually declined

宙th time,with activiサretuming to 93,0+/‐10.4%ofthe contЮ Hevel for the ipsilaterally

evoked JOR(F17)orto 103.7+/‐23。1%for the cOntralaterally evoked JOR(n=17)at 120

min anerthe MO itteCtiOn(sce Figure 2B,also see Figure lE)。A signiicant decrease in dle

JORamplitude was noted from immediately anerthe MO itteCtiOn and up to 30 min a■ er

the MO ttectiOn fOrthe contralaterally evoked JOR or at O,15 and 30 min tte
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injection for the ipsilaterally evoked JOR (p<0.05, Friedman one-way repeated measures

AI.{OVA on ranks followed by Tukey post-hoc test)(Figure 2). While the time course of the

MO-induced suppressive effect on the JOR was generally the same between sides, the

effect was more prominent for the contralaterally evoked JOR than that for the ipsilaterally

evoked JOR. A significant difference in the strength of the suppressive effect between the

ipsilaterally evoked JOR and contralaterally evoked JOR was noted at the time points of 4,

5 and l0 min after the MO injection (p<0.05, Mann-Whitney Rank Sum Tes$.

I)iscussion

The present study has shown that noxious stimulation of deep craniofacial tissues

by the injection of MO into the TMJ region modulates the JOR evoked by low-intensity

stimulation of the IAN either ipsilateral or contralateral to the MO injection. The JOR is

known to be evoked by either nociceptive or non-nociceptive craniofacial stimulation (e.9.,

16,201). The afferent fibers mediating the non-nociceptive JOR are large myelinated fibers,

since the reflex can be evoked by a stimulus slightly higher, or even equal to, the threshold

of the trigeminal afferent fibers (e.9., 16l). In this study, we cannot entirely reject the

possibility that afferent fibers other than large myelinated fibers were activated. However,
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the intensity of the IAN stimulus (<80 pA) was lower than that used in awake animals (at

most 130 pA) and could be considered "not painful" from a behavioral basis (see [3,39J).

This suggests that the majority of the afferent fiben mediating the lAN-evoked JOR in the

present sfudy were those innervating peri- or intra-oral mechanoreceptors (i.e., large

myelinated fibers).

The MO injection into the TMJ region induced a sustained increase in baseline

EMG activity both in the Dig (aw-opening muscle) and lVlas fiaw-closing muscle). Such

sustained increase in EMG activity following the MO injection into the TMJ region has

been reported in many studies (e.9., 11,37,451). The trigeminal subnucleus caudalis (Vc) has

been shown to be a critical element in the neural pathways underlying such sustained

activity 1371. The muscle synergies encountered in the sustained response (co-activation of

jaw-opening and jaw-closing muscles induced by noxious stimulation of deep tissues)

differed from those encountered in the JOR (activation ofjaw-opening muscles and

inhibition ofjaw-closing muscles induced by low-intensity stimulation), suggesting that

these two responses may involve different neural pathways, i.e. the former principally

involving Vc [37] and the latter more rostrally located trigeminal sensory nuclei (e.9.,

subnucleus oralis) U7 ,25,401.
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It was notable that the JOR wtts suppressed even during the MO-evoked sustained

increase in baseline EMG activity in the Dig and Mas. This finding indicates that the JOR

was suppressed even when Dig motoneuronal excitability was increased by nociceptive

sensory inputs from the TMJ region, and suggests that changes in the JOR amplitude do not

simply reflect Dig motoneuronal excitability. In addition, a significant difference in the

suppressive effect was noted between the JOR evoked by stimulation of the IAN ipsilateral

to the MO injection and that evoked by stimulation of the IAI'{ contralateral to the MO

injection. Since these evoked reflex responses were recorded from the same muscle (i.e.,

the Dig ipsilateral to the MO injection), we can rule out the possibility that the difference in

the modulatory effects between the stimulation sides was due to differences in

motoneuronal excitability. This suggests that suppression on the JOR was the result of a

decrease in bilateral IAI.I excitatory sensory inputs to Dig motoneurons ipsilateral to the

MO injection.

Inhibition of sensory transmissions at the sensory relay neurons on each side could

explain the changes in the bilateral IAI.{ excitatory inpub to the Dig motoneurons. Previous

sflrdies have shown that stimulation of the periaqueductal gray matter or the nucleus raphe

magnus, major elements of the descending pain-modulatory system, suppresses the JOR [3]
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and the responsiveness of sensory relay neurons in the trigeminal spinal nucleus to both

noxious and non-noxious stimuli 15,27,29], and that the suppressive effect can be reversed

only partially by systemic administration of the opiate antagonistnaloxone [29]. In addition,

we have recently shown that injection of MO into the temporalis muscle, a deep

craniofrcial tissue, suppressed the JOR evoked by non-nociceptive IAI.{ stimulation, and

thatthe effect was naloxone insensitive [9].Furthermore, in the spinal system, local

application of 5-HT invitro increased the incidence of primary afferent-evoked long-term

depression in rat deep dorsal horn neurons where a considerable number of non-nociceptive

as well as nociceptive primary afferent neurons terminate t101. These various findings

suggest that the injection of MO into the TMI region may have activated the descending

pain-modulatory system that caused the suppression of sensory transmission from the IAhI

to sensory relay neuron (i.e., in the trigeminal spinal nucleus), and thereby suppression of

the IAN-evoked JOR" but that an endogenous opioid may not have played a crucial role in

these effects.

Although the suppression was a major Mo-induced effect on the JOR it was

notable that the MO-induced suppressive effect was phasically reduced from 2 to 6 min

after the MO injection for the reflex evoked by either side of the IAN; this suggests that



facilitation of the JOI{ had been also induced by the MO injection. In this respect, Yu et al.

showed that the injection of MO into the tongue muscle [44] or TMJ [46] induced an

expansion of low-threshold as well as high-threshold cutaneous mechanoreceptive fields in

trigeminal sensory relay neurons responding to both nociceptive and non-nociceptive

stimulation of cutaneous and deep tissues. The finding indicates that the MO injection into

deep craniofacial tissues induces an increase in excitability in such neurons. Thus, the

present demonsfiation that the MO-induced suppressive effect was more prominent for the

contralaterally evoked JOR could be interpreted as follows: l) the responsiveness to

low-threshold stimulation in the so-called WDR neurons receiving convergence from

cutaneous (i.e., IAN) and deep (i.e., TMJ) tissues and projecting to the Dig motoneurons

was increased by the MO injection into the TMJ region; 2) the increase in excitability was

more prominent in neurons ipsilateral to the MO injection, but 3) the effect was generally

"masked" by the suppressive effect on the sensory transmission, as discussed above.

The present results showed that unilateral MO-induced acute inflammation in the

TMI region induces long-lasting modulatory effects on the JOR evoked by low-intensity

stimulation. The suppression may prevent rapid jaw movements evoked by low-threshold

orofacial sensory inputs, and with a synergistic increase in baseline EMG activity in both

19



jaw-opening and jaw-closing muscles in the presence of deep tissue inflammation may help

"muscle splinting" and thereby protect the masticatory system from excessive damage

126,281, However, such modulatory effects on trigeminal sensorimotor processing might

impair orofrcial movements such as mastication. Unexpected perturbations and changing

environmental conditions (e.g. the consistency of ingested food) frequently occur during

mastication. Anatomical and elestrophysiological studies have shown that a number of

trigeminal premotor neurons receive non-nociceptive craniofacial sensory inputs (e.g., [30,

41,42,43D.The findings suggestthat low-threshold craniofacial sensory inputs play

important roles in reflexly guiding jaw movements during masticatory movements so that

the resultant movements can be adapted for ongoing mastication. In addition, there is

considerable evidence that the JOR is modulated in a phase-dependent manner during

mastication (i.e. opening, fast-closing and slow-closing phases) U3,21,391, and that such a

modulatory system plays an important role in regulating jaw movements during mastication

(see [20,231for review). The modulatory mode of the JOR during mastication in the

presence of deep tissue inflammation may be different from that in normal conditions,

which can result in the impairment of movements. However, further experiments will be

required in functional settings that more closely relate to such pathophysiological
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Figure legends

Figure l.

Example of recordings before and after the injection of MO into the left TMJ region. A

shows the effect of a MO injection on baseline EMG activity. The bar in the uppermost part

indicates the period of the MO injection. Sustained increases in baseline EMG activity were

induced by the injection of MO in both the masseter and digastric muscles. B-E show

examples of the jaw-opening reflex evoked by stimulation of the inferior alveolar nerve

during the control period @), immediately after the MO injection (C: indicated by a dotted

line in A), l0 min after the MO injection (D) and 60 min @) after the MO injection in the

same animal shown in A. Lower traces show the reflex responses at selected time points in

the upper traces (indicated by open or filled circles) with an expanded time base.

Arrowheads in the lower fraces indicate stimulus artifacts. Thresholds of the jaw-opening

reflex evoked were 3l pA for the left (ipsilateral to the EMG recordings and the MO

injection) IAN stimulation and 2l StAfor the right (contralateral to the EMG recordings and

the MO injection). The MO injection induced suppressive effects on the reflex, but the

effect was more prominent for the reflex evoked by the right IAN stimulation than that

evoked by the left IAN stimulation. Note that the magnification of the EMG is much higher

in A than B-E, so most of the reflex responses in the left digastric muscle are out of range in

A. Also note that stimulus artifacts are included in the EMG activity in the left masseter.

R-stim: right inferior alveolar nerve stimulation, L-stim: left inferior alveolar nerve

stimulation, L-Mas: EMG of the left masseter muscle, L-Dig: EMG of the left digastric

muscle.
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Figure 2.

Effect of an injection of mineral oil (A) or MO @) into the TMJ region on the JOR. Time

courses of the amplitude (peak to peak) of the JOR evoked by stimulation of the IAl,l

ipsilateral to the MO injection (Ip IAN) and that by stimulation of the IAN contralateral to

the MO injection (Ct tAU) are shown. Each point represenb the mean + SD for Ip IAN and

mean - SD for Ct IAN. The horizontal dotted line represents the mean reflex amplitude

during the control period. Two horizontal bars on the top of the graph in B indicate the

duration (mean + SD) of the sustained increase in the baseline activities in the Dig and

Mas.

*: A significant difference was noted when the value was compared with the control

(P<0.05, Friedman one-way repeated measures AIIIOVA on ranks and Tukey post-hoc test).

t: Asignificant difference was noted between the Ip-IANI and CI-IAI.I ft)<0.05,

Mann-Whitrey Rank Sum Test). See text for details.
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Figure 2
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