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The purpose of the present study was to further elucidate 
with the use of microstimulation techniques the influences 
of rostra1 pons and midbrain loci on the neuronal networks 
responsible for cortically induced rhythmical jaw movement 
(RJM) activity in the anesthetized guinea pig and to estab- 
lish if these rostra1 brain-stem loci are capable of modulat- 
ing the timing as well as the amplitude of rhythmical digas- 
tric (DIG) EMG activity. It was found that repetitive electrical 
stimulation of widespread areas of the rostra1 pons and mid- 
brain produced suppression of ongoing cortically induced 
rhythmical EMG activity. Prior to complete EMG suppression 
there was a reduction in amplitude of the DIG EMG and an 
increase in cycle duration. Repetitive stimulation of these 
suppressive loci also produced a reduction in the amplitude 
of the short-latency DIG EMG response produced by short 
pulse train stimulation of the masticatory cortex. This indi- 
cates that part of the suppression of cortically induced 
rhythmical EMG activity was due to a reduction in excitabil- 
ity of the polysynaptic short-latency pathway from cortex to 
DIG motoneurons. Short pulse train stimulation of these 
brain-stem suppressive loci during various phases of the 
rhythmical DIG cycle produced a phase-dependent increase 
in duration of the ongoing perturbed cycle. The cycles fol- 
lowing the stimulus perturbation did not show any compen- 
satory shortening in their durations suggesting that the 
stimulus produced a true resetting of the cycle. These data 
suggest that the brain-stem loci that produce suppression 
of RJMs evoked by repetitive cortical stimulation can affect 
the excitability of the central circuits responsible for cycle 
oscillation and timing as well as the excitability of the poly- 
synaptic short-latency corticotrigeminal pathway to DIG mo- 
toneurons. 

The reticular formation of the brain stem has been implicated 
in the control of motor behaviors such as locomotion (Grillner, 
198 1, for review), eye movements (Robinson, 198 1, for review), 
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respiration (Wyman, 1977; Von Euler, 1983; Feldman, 1986, 
for reviews), and jaw movements (Dubner et al., 1978; Naka- 
mura et al., 1979; Luschei and Goldberg, 198 1, for reviews) 
among others (reviewed in Siegal, 1979). Furthermore, partic- 
ular reticular loci of the brain stem were shown to be involved 
with the control of pain suppression (Basbaum and Fields, 1978, 
for review) and muscular activity during sleep (Steriade and 
Hobson, 1976, for review). 

With respect to the control of jaw muscle activity, numerous 
studies have investigated the role of supraspinal brain-stem 
mechanisms controlling jaw movements evoked by reflex ac- 
tivation (Dubner et al., 1978; Luschei and Goldberg, 198 1, for 
review). In particular, widespread areas of the brain stem were 
shown to produce suppression of the jaw opening reflex (JOR) 
evoked by noxious and non-noxious oral facial receptor acti- 
vation (Oliveras et al., 1974; Sessle and Hu, 198 1; Sessle et al., 
198 la, b; Dostrovsky et al., 1982; Hayashi et al., 1984). There 
are also a number of studies that focused on determining the 
elements within the bulbar reticular formation that comprise 
the particular components of the central neuronal networks re- 
sponsible for rhythmical jaw movements resembling mastica- 
tion and other rhythmical oral motor behaviors in various an- 
imal species (Nakamura et al., 1975, 1979, 1980 Takatori et al., 
1981;Nozakiet al., 1983,1986; MariniandSotgiu, 1985;Chan 
dler and Tal, 1986). Electrophysiological (Nakamura et al., 1975; 
Nozaki et al., 1983) and anatomical (Mizuno et al., 1983; Tra- 
vers and Norgren, 1983; Vornov and Sutin, 1983) studies have 
identified trigeminal pre-motoneurons within the lower brain- 
stem reticular formation. Furthermore, neurons within this re- 
gion were shown to be rhythmically active during food ingestion 
(Nakamura et al., 1982, 1984). 

There are few studies, however, that examined the ability of 
brain-stem loci to modulate ongoing RJM activity. Sumi (197 1) 
showed that electrical stimulation of widespread areas of the 
brain-stem reticular formation produced suppression ofongoing 
EMG activity and RJMs. An important question that has not 
been addressed is whether these loci are capable of modulating 
the frequency and timing of jaw muscle activity as well as the 
amplitude and duration of EMG activity. In the early studies 
on the supraspinal control of locomotion, it was proposed that 
brain-stem loci control only the level of motoneuron excitabil- 
ity, while central timing of muscle synergy was controlled by 
higher centers (Orlovsky, 1972). Subsequently, it was shown 
that brain-stem loci were capable of modulating the central 
neuronal circuits responsible for oscillation and timing (Russell 
and Zajac, 1979; Drew and Rossignol, 1984). Furthermore, we 
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have shown that pontomedullary reticular formation sites are 
capable of controlling the central networks responsible for os- 
cillation during RIMS in the guinea pig (Chandler and Goldberg, 

pm), interelectrode distance 100 pm) was inserted into the brain stem 
at an angle of 16” from the vertical in the caudal to rostral direction. 
This produced electrode penetrations that were perpendicular to the 
brain-stem surface. Histological sections were cut in the plane of the 

techniques that brain-stem loci rostra1 to the motor nucleus of 

1986). 

V (excluding pyramidal fibers) are not essential for RIM activity 
induced by cortical stimulation (Chandler and Goldberg, 1984; 

In recent studies. it was shown with lesion and transection 

Chandler and Tal, 1986; Nozaki et al., 1986). This, of course, 
does not exclude these regions from functioning as initiators or 
modulators of RJM behavior. In fact, we recently showed that 
RIMS induced by dopaminergic activation are dependent on 
the integrity of the superior colliculus and surrounding reticular 
formation (Chandler and Goldberg, 1984). 

t&y and extending to the rostral boundary of the trigeminaimotor 
nucleus caudally. The medial-lateral plane extended from midline to 

electrode. From 10 animals-the total brain-stem area examined was a 

2.5 mm lateral to midline. In any particular experiment only a small 
defined region of brain stem was explored in increments of 0.5 mm in 

reaion bounded in the rostral*udal plane bv the substantia niara ros- 

the rostral-caudal (maximum of 2 mm), medial-lateral, and dorsal- 
ventral directions. A maximum of 10 electrode penetrations was made 
in an experiment. 

To determine the effects of electrical stimulation of different loci on 
RDA, the stimulus to the brain stem consisted of a continuous train of 
stimuli at 50 Hz (0.15 msec pulse duration) for 8-l 2 set during cortically 
induced RDA. The maximum stimulus intensity examined for quan- 
tification of brain-stem effects was 50 PIA. Intensities greater than this 
produced other body movements such as rhythmical fore and hindlimb 
movements, escapelike responses, and whole-body jerks. The threshold 
for complete cessation of RDA activity within 1 set of the onset of the 
brain-stem stimulus most often ranged between 20 and 50 PA but some- 
times was as low as 15 PA. In the ketamine-anesthetized preparation 
these values would vary depending on the level of anesthesia during the 
course of the experiment. Therefore, it was not possible to construct 
accurate isothreshold curves for the various brain-stem regions. Loci 
were considered effective if upon activation they consistently produced 
complete cessation of RDA within 1 set of onset of the brain-stem 
stimulus at less than 50 PA. With the variability observed using these 
methods it was not possible to differentiate the effects on RDA between 
closely adjacent reticular formation loci. Nevertheless, using these cri- 
teria, the general trend (facilitation, suppression, or no effect) of effects 
of brain-stem activation on RDA were obtained. In addition, the effects 
of the brain-stem stimulus on the short-latency DIG response to SPT 
stimulation of the cortex were determined. The cortex was stimulated 
with a short pulse train at l/set (500 Hz, 3-4 pulses, 0.5 msec) and the 
subsequent DIG EMG activity was averaged with a 4 channel Dagan 
signal averager. The mean peak amplitudes prior to and during repetitive 
brain-stem stimulation were compared. A minimum of 16 consecutive 
responses for test and control conditions was obtained. At the termi- 
nation of an experiment, 3 small electrolytic lesions were placed in the 
brain stem. One lesion corresponded to a site that produced the lowest 
threshold effects; another lesion was placed either 1 or 2 mm above or 
below that lesion in the same anterior-posterior plane, while a third 
was placed at the same depth of one of the previous lesions either 1 
mm rostra1 or caudal to those lesions. The effective sites were then 
reconstructed histologically with reference to the electrolytic lesions and 
related to the stereotaxic atlas of the guinea pig by Rossner (1965) and 
nomenclature used by Petrovicky (1966). 

The purpose of the present study was to further elucidate with 
the use of microstimulation techniques the influences of rostra1 
pons and midbrain suppressive loci on the neuronal networks 
responsible for cortically induced RJM activity in the anesthe- 
tized guinea pig and to establish if these rostra1 brain-stem loci 
are capable of modulating the timing of rhythmical EMG ac- 
tivity as well as its amplitude and duration. 

Materials and Methods 
The following experiments were performed on 15 male, albino guinea 
pigs weighing 400-600 gm. Thirty minutes before administration of the 
anesthetic agent, the animals were given Thorazine (chlorpromazine 
hydrochloride, 12.5 mg/kg, i.m.) and atropine sulfate (0.1 mg/kg, i.p.). 
The animals then were anesthetized with ketamine HCl (110 mg/kg, 
i.m.). A midline incision was made from the mental symphysis on the 
inferior surface of the mandible to the sternum. The trachea and external 
jugular vein were cannulated and the anterior belly of the digastric (DIG) 
muscle on both sides of the mandible was exposed for insertion of 
bipolar electromyographic (EMG) recording electrodes (0.13 mm O.D., 
tip exposure 2.0 mm). In addition, EMG recording electrodes were 
inserted into the superficial and deep masseter muscles bilaterally. This 
procedure was not carried out in all experiments since these muscles 
are seldom active during cortically evoked RIMS, and in the initial 
experiments of this study it was found that brain-stem stimulation of 
loci which suppressed RIMS did not affect the background activity of 
these muscles. The animals were placed in a Kopf stereotaxic device 
and a circular piece of skull (8 mm in diameter, 2 mm anterior to bregma 
and 3 mm lateral to the midline) overlying the right masticatory cortex 
was removed. A bipolar strut stimulating electrode was inserted into 
the cortex to induce rhythmical digastric activity (RDA) and the cor- 
responding RIMS. Previous experiments from our laboratory have shown 
an excellent correspondence between rhythmical DIG EMG activity 
and jaw opening movements (Goldberg et al., 1982). Therefore, in these 
experiments jaw movements were not monitored. Cortical stimulation 
consisted of continuous repetitive pulses at 40 Hz, 0.5 msec/pulse, at 
1 S-2 times threshold for inducing RDA (thresholds ranged from 50 to 
200 PA). In some cases, the cortex was stimulated with short pulse trains 
(SPT; l/set, 500 Hz, 3-4 pulses, 0.5 msec/pulse) to initiate a short- 
latency DIG EMG response without RIMS. The intensity of stimulation 
was adjusted to approximately twice threshold for the visible initiation 
of the response in the contralateral DIG EMG (thresholds ranged from 
80 to 300 NA). The amplitude produced by this stimulation was between 
50 and 80% of the maximum peak amplitude that could be obtained. 
The identification of the masticatory cortex in the guinea pig was de- 
scribed in detail elsewhere (Goldberg et al., 1982). Supplemental doses 
of ketamine (25-50 mg, i.v.) were given every 2 hr or if any signs of 
spontaneous limb movements were present. Under these conditions the 
animal was not responsive to pinching of the pad of either foot or pinna 
and would lie motionless during interstimulus trials. 

To investigate the effects of stimulation of midbrain and rostra1 pon- 
tine loci on cortically induced RDA, the left occipital cortex was re- 
moved by aspiration thereby exposing the surface of the tectum. In 
some experiments the rostra1 third of the cerebellum was removed to 
expose the floor of the 4th ventricle and underlying pontine brain stem. 
A bipolar concentric, semi-microelectrode (Kopf MCE- 100, tip expo- 
sure 25 pm, indifferent surface exposure 100 pm (shaft diameter 150 

In another series of experiments (n = 5), the effects of short pulse 
train stimulation of brain-stem sites on the cortically induced RDA 
cycle characteristics [cycle duration (CD), burst duration (BD), inte- 
grated EMG (I-EMG)/BD] were examined. The sites chosen were those 
producing complete suppression of RDA during repetitive stimulation 
at less than 50 PA. In any particular experiment usually data from 1 or 
2 sites were recorded on tape for subsequent quantitative analyses. To 
quantify changes in EMG amplitude, the value of the mean I-EMG 
divided by mean BD was determined (I-EMG/BD). This normalization 
procedure allows one to quantify mean changes in amplitude irrespec- 
tive of changes in duration of the bursts. A short pulse train stimulus 
(SO-100 Hz, 50-400 msec, 25-50 PA, 0.15 msec) was elicited at various 
phases of the RDA cycle. The phase of the cycle the stimulus was elicited 
was defined as the time from DIG burst onset to the onset of the stimulus 
train divided by the duration of the preceding RDA cycle (P - 1 cycle). 
The phase of the cycle the stimulus was delivered is expressed as a 
percentage of the mean control CD and has a range from 0 to 1. The 
onset of a DIG EMG burst determined the onset of an RDA cycle (Fig. 
5A), while the cycle the stimulus was elicited is termed the perturbed 
cycle (Fig. 5A, P cycle). The subsequent cycle after the perturbed cycle 
is termed the P + 1 cycle, the cycle alter that is termed the P + 2 cycle, 
etc. (Fig. 5A). The cycle immediately prior to the perturbed cycle is 
termed the P - 1 cycle (Fig. 5A). This cycle served as the control cycle 
with respect to the subsequent cycles. The effect of the stimulus on the 
duration of the perturbed cycle and subsequent cycle characteristics were 
examined. Such analyses allowed us to determine if these loci, when 
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LAT. 0.5 mm 

1.5 mm 2.0 mm 

activated, produced a permanent phase resetting of the ongoing RDA 
rhythm and, therefore, whether they are capable of controlling the neu- 
ronal networks responsible for cycle timing (Lennard, 1985). 

The EMG was full-wave-rectified and filtered (80 Hz low-frequency 
cutoff). For each experiment the data from 2-4 of the lowest threshold 
sites for suppression of RDA were recorded on an 8 channel Vetter FM 
tape recorder for subsequent quantitative analysis. Threshold for com- 
plete RDA suppression within 1 set of brain-stem stimulus onset for 
each loci within a given electrode tract was determined by initially 
adjusting the brain-stem stimulus to 50 PA. If  complete suppression 
occurred, then the stimulus intensity was reduced to 25 PA and a new 
trial initiated. Subsequent trials were repeated with intensity increments 
of 5-l 0 FA until the threshold for complete suppression of RDA within 
1 set of the onset of the brain-stem stimulus was obtained. Intertrial 
intervals were 30 set to 1 min. After the threshold was determined the 
electrode was lowered 0.5 mm and the threshold for that site determined. 
For a determination of the effects of continuous brain-stem stimulation 
on cycle characteristics, data analysis consisted of cycle-by-cycle mea- 
surements of CD. BD. and I-EMGs for at least 15 consecutive RDA 
cycles by an IBMLXT ‘computer with software developed by RC Elec- 
tronics (Santa Barbara, Calif.). Data were sampled at 1 KHz. Means 
and SD were calculated. To determine the effects of short pulse trains 
on the RDA cycle characteristics at least 10 consecutive stimulus per- 
turbations at a given phase of the cycle were measured and means and 
SD were calculated. Each perturbed cycle was separated by 4-6 non- 
perturbed cycles. Statistical analyses consisted of block design analyses 
of variance tests with post hoc tests for determination of significant 
differences between means utilizing the method of Newman-Keuls (Kirk, 
1982). In all cases the level of significance was chosen at p 5 0.05. 

Upon completion of each experiment the animal was sacrificed with 
an overdose of urethane and the brain perfused with saline followed by 
10% formalin. The brain was fixed subsequently in 10% formalin for a 
week. Frozen celloidin sections were cut at 80 pm sections and stained 
for Nissl substance with carbol fuchsin for subsequent verification of 
electrode positions. 

Results 
The distribution of low-threshold suppressive brain-stem sites 
on RDA is shown in the sag&al sections of Figure 1. The pre- 

Figure I. Location of brain-stem loci 
that produced complete suppression of 
RDA at low-intensity stimulation. Sag- 
ittal sections of brain stem are shown 
at 0.5, 1.0, 1.5, 2.0 mm from midline. 
Pooled data from 4 representative an- 
imals. Filled circles represent sites that 
produced complete suppression of RDA 
at intensities less than 50 PA within 1 
set of onset of the brain-stem stimulus; 
open circles represent sites that evoked 
RDA activity. Although widespread 
areas of brain stem produced suppres- 
sion of RDA, the predominate loca- 
tions of these suppressive sites were in 
the rostral pontine and mesencephalic 
reticular formation. 

dominate effects of continuous low-intensity trains at 50 Hz to 
brain-stem loci within the rostra1 pons and midbrain were to 
suppress ongoing cortically induced RDA and the accompa- 
nying RIMS. Complete suppression of ongoing RDA within 1 
set of the onset of brain-stem stimulation was produced at low- 
intensity stimulation (< 50 PA, filled circles) by sites ventral and 
lateral to the periaqueductal gray of the midbrain. The lowest 
threshold sites were consistently found to be localized to the 
reticular formation of the midbrain and continuous with retic- 
ular nuclei of the pons. Adjacent sites produced similar effects 
but at higher stimulus intensities and were generally accom- 
panied by gross body movements. Stimulation of any of these 
suppressive sites at stimulus intensities less than 50 PA, in the 
absence of cortically induced RDA, did not produce any move- 
ment ofthe animal or EMG activity in jaw closer muscles. Visual 
inspection of the mandible in the absence of cortical stimulation 
showed no change in position during the brain-stem stimulus. 
In some animals stimulation of sites within the lateral borders 
of the superior colliculus suppressed ongoing RDA. In some 
trials, brain-stem stimulation produced rhythmical activity in 
the hindlimbs resembling locomotion. These sites were usually 
located in the midbrain 1.5-2.5 mm lateral to the midline and 
3-5 mm deep from the brain-stem surface. Interestingly, no 
sites produced facilitation (increase in amplitude of the EMG 
or decrease in CD) of the ongoing RDA at the intensities studied. 
In fact, the only sites that produced activation of RDA were in 
the vicinity of the cerebral peduncle (Fig. 1, open circles). Pre- 
sumably this effect was due to direct activation of corticobulbar 
fibers (Nozaki et al., 1986). 

The effects of varying stimulus current intensity to a repre- 
sentative suppressive brain-stem site on the EMG and RDA 
cycle parameters are shown in Figures 2 and 3. Figure 2 shows 
the effects of varying current intensity on the EMG activity. In 
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CONTROL stimulus intensity. These relationships between cycle parame- 
ters and current intensity were observed in all animals tested 
(n = 5). 

BS 40uA 

BS 35uA 

BS 30uA 

We have previously argued that cortically induced RIMS are 
produced by the simultaneous activation of a series of polysyn- 
aptic corticotrigeminal pathways and a central pattern gener- 
ating network that directly modulates the excitability of these 
corticotrigeminal pathways (Chandler and Goldberg, 1982; 
Chandler et al., 1985a). To determine if activation of these same 
suppressive brain-stem sites produced a decrease in excitability 
of the short-latency polysynaptic corticotrigeminal pathways to 
DIG motoneurons, the effects of repetitive stimulation of these 
suppressive brain-stem sites on the short-latency DIG response 
induced by SPT stimulation of the cortex were examined. Figure 
4B shows the effects on the averaged EMG evoked by SPT 
cortical stimulation of a continuous 50 Hz stimulation to a 
representative suppressive brain-stem site that produced 
suppression of RDA activity at less than 50 MA. The effects of 
varying the intensity of the continuous brain-stem stimulation 
on the SPT evoked averaged peak amplitude EMG are shown 
in Figure 4A. In this example the averaged peak amplitude is 
expressed as a percentage of the control value. In all animals 
examined (n = lo), a decrease in the averaged amplitude of the 
short-latency DIG EMG was observed from stimulation of any 
of the sites that produced a suppression of the RDA at less than 
50 /LA. 

Figure 2. Effects of varying stimulus intensity to a representative sup- 
pressive brain-stem site on cortically evoked RDA. A, Control RDA 
evoked by cortical stimulation. B, Stimulation of brain stem during 
cortically evoked RDA. Arrow indicates onset of repetitive stimulation 
of the brain stem at 40 @A. C, Effects of 35 PA brain-stem stimulation 
on RDA. Trace taken approximately 1 set after onset of brain-stem 
stimulus. D, Effects of 30 PA brain-stem stimulation on RDA. Trace 
taken approximately 1 set after onset of brain-stem stimulus. For B- 
D, brain-stem stimulation parameters were repetitive pulses of 50 Hz 
with a pulse duration of 0.15 msec. Time calibration (D), 100 msec. 

this example, the threshold for complete RDA suppression was 
40 PA (Fig. 2B). The most consistent and significant changes 
observed (10 animals) were an increase in CD and a decrease 
in EMG amplitude (Fig. 2C, D) prior to complete suppression 
(Fig. 2B). Figure 3 shows a graphic analysis of the data presented 
in Figure 2. In Figure 3A the relationship between CD and 
stimulus current intensity is shown. An increase in CD was 
obtained with increasing current intensities. Changes in EMG 
amplitude were determined by plotting the ratio of integrated 
EMG to burst duration (I-EMG/BD) as a function of current 
intensity (Fig. 3C). A decrease in I-EMG/BD was observed prior 
to complete RDA suppression. The relationship between BD 
and stimulus current is shown in Figure 3B. Although the du- 
ration of individual DIG EMG bursts during the RDA cycle 
was generally shorter compared to controls, these changes were 
usually small compared to the changes seen in CD or I-EMG/ 
BD. Interestingly, brain-stem activation also produced an in- 
crease in variability of the rhythmical EMG output, as evidenced 
by an increase in variability of CD and BD with increasing 

In order to determine if these suppressive brain-stem sites 
also produced direct effects on the neuronal networks respon- 
sible for RDA oscillation, stimulus-perturbation experiments 
were performed in an additional 5 animals. Trains (SO-100 Hz) 
of 50-100 msec stimuli were delivered to the brain stem at 
different phases of the RDA cycle, and their effects on the du- 
ration of the perturbed cycle (P cycle) and the subsequent cycles 
(P + 1, P + 2, etc.) were compared to the preceding control 
cycles (P - 1 cycle). In Figure 5A the P - 1, P, and P + 1 cycles 
are defined in relation to the onset of the stimulus perturbation 
(upper trace). For each phase, at least 10 perturbing stimuli were 
given during a given RDA trial. A trial consisted of at least 15 
set of continuous cortical stimulation at 40 Hz. In some cases 
the data from 2 consecutive trials were pooled. Figure 5, A and 
B, illustrates the effects on the EMG cycle characteristics of a 
90 msec stimulus train delivered at 2 different phases of the 
RDA cycle from a representative animal. Regardless of the phase 
of the cycle in which the stimulus occurred, the onset of the 
subsequent DIG EMG burst was delayed as compared to the 
preceding control cycle. This was consistently observed in all 5 
animals tested. In Figure 6A the relationship between CD and 
cycle phase in which the stimulus occurred is plotted. The du- 
rations of the mean P cycle and the P + 1 cycle are expressed 
as a percentage of the mean preceding P - 1 cycle (control). A 
value of 100 indicates that no change in the duration of the 
cycle occurred. A value less than 100 indicates that the CD was 
less than the control, while a value greater than 100 indicates 
that the CD was longer than control. When the stimulus was 
applied early in the RDA cycle, during an ongoing DIG EMG 
burst, the burst was reduced in amplitude and duration (Fig. 
5A). Interestingly, when the stimulus was applied at these early 
phases the subsequent burst onset did not come earlier than 
expected. In fact, it was generally the case that the burst following 
the perturbing stimulus train came later than expected, thus 
increasing the duration of the overall CD of the perturbed cycle 
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(Fig. 6A, dark squares). When the perturbing stimulus was de- 
livered at progressively later phases of the cycle, the subsequent 
onset of the next cycle was significantly delayed. A maximum 
delay was usually obtained when the stimuli were given at phases 
between 0.7 and 1 .O of the cycle. These results were consistently 
observed in all animals tested (n = 5). 

In order to determine if a phase resetting of the oscillator 
occurred as a result of the increase in duration of the P cycle as 
opposed to changes in excitability of the motoneurons or output 
neurons of the central oscillator network, the durations of the 
subsequent P + 1 and P + 2 cycles were examined. A com- 
pensatory decrease in duration of those cycles would suggest 
that a phase resetting had not occurred (Lennard, 1985). Figure 
6A (open squares) shows graphically the effects of the perturbing 
stimulus on the subsequent P + 1 cycle duration as expressed 
as a percentage change from control. As observed, compared to 
the control cycle, the P + 1 cycle duration was not changed 
significantly regardless of the phase of the cycle the stimulus 
was administered. This is shown more clearly in Figure 6, B 
and C, where the mean CD is plotted as a function of cycle 
number for a given phase of the cycle the stimulus was applied. 
In Figure 6B the phase the stimulus was applied was 0.1 while 
in Figure 6C it was 0.7. Regardless of the phase the stimulus 
was applied, the stimulus significantly increased the duration of 
the perturbed cycle (P cycle) but produced no statistical change 
in duration of the subsequent P + 1 or P + 2 cycles, as compared 
to the control (P - 1) cycles. These effects were observed in all 
animals tested (n = 5). These data indicate that the perturbing 
stimulus produced a permanent resetting of the RDA cycle (Len- 
nard, 1985). 

The conclusion that brief activation of suppressive brain-stem 
sites produced a resetting of the RDA rhythm is further sup- 

Figure 3. Effects of varying brain-stem 
stimulus intensity on RDA cycle char- 
acteristics. A, Plot of mean RDA cycle 
duration (CD) versus brain-stem stim- 
ulus current intensity. B, Plot of DIG 
BD versus stimulus current intensity. 
C, Plot of normalized integrated EMG 
(I-EMG/BD) versus stimulus intensity. 
Data taken from same animal as in Fig- 
ure 2. Each point represents the mean 
and SD of at least 15 consecutive cycles. 
In this example, a 40 PA stimulus to 
the brain stem produced complete 
suppression of RDA. 
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Figure 4. Effect of varying stimulus intensity to the brain stem on 
mean amplitude of short-latency DIG response evoked by short pulse 
train stimulation of the masticatory cortex. Cortical stimulus train: 3 
pulses, 500 Hz, 0.3 msec. A, Plot of mean DIG amplitude (n = 16) 
versus brain-stem stimulus intensity. Amplitude of DIG is expressed 
as a percentage ofcontrol amplitude. A value of 100 represents no change 
from control. B, Example of 50 PA repetitive brain-stem stimulus on 
DIG EMG response evoked by short pulse train stimulus to cortex. 
Arrow indicates onset of cortical stimulus train. Stimulus parameters 
same as in A. Data taken from a brain-stem site that produced suppres- 
sion of RDA at less than 50 PA. 
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Figure 5. Effect of short pulse train 
brain-stem stimulus perturbation at dif- 
ferent phases of cycle on subsequent : . . . . . . . . . . . . . p -,............. i . . . . . . . . . . . . . . . . . . . . . . p . . . . . . . . . . . . . . . . . . . . . i.... . . . . . . . . . p+ ,............ j 

RDA. A, Stimulus perturbation early in 
RDA cycle. The cycle in which the 1 I I I I I I I I I I 
stimulus perturbation occurred is 
termed the-P cycle, while the cycle pre- 
ceding the stimulus perturbation is 
termed the P - 1 cycle and served as 
the control cycle. Cycles that occurred 
after the P cycle are termed the P + 1, 
P + 2, cycles, etc. Upper trace in A, B, 
and the following figures represent oc- 
currence of brain-stem stimulus train. 
B, Same as A except stimulus pertur- 
bation occurred late in RDA cycle. Note 
that for both A and B, regardless of 
whether the stimulus occurred early or 
late in cycle, the subsequent onset of 
the next DIG burst was delayed com- 
pared to the preceding control cycle. 
Brain-stem stimulus train: 9 pulses, 100 
Hz, 0.15 msec, 50 pAA. 
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Scale: 100.0 msec. 

ported by examining the effects on CD of varying stimulus train 
duration, while keeping the phase of stimulus delivery constant. 
Figure 7 presents data from another animal showing the effects 
on rhythmical DIG EMG activity of varying pulse durations. 
The phase of cycle the stimulus was applied was approximately 
0.5 and occurred after the termination of the preceding DIG 
EMG burst. A graphic analysis of the data of Figure 7 is shown 
in Figure 8. A progressive increase in the stimulus train duration 
produced a significant increase in the mean duration of the 
ongoing perturbed cycle (Fig. 8A, P cycle, filled circles) while 
producing no statistical change, as compared to control cycles 
(P - 1, open squares), in the subsequent mean P + 1 cycle 
duration (filled squares). Figure 8B shows the effects of varying 
train duration on the subsequent DIG EMG BD. No statistical 
difference in the subsequent BD from the preceding control BD 
was found regardless of the duration of the stimulus train. 

Discussion 

The major findings of this study were that widespread areas of 
the rostra1 pons and midbrain can suppress activity in both the 
short-latency jaw opening pathways originating in masticatory 
cortex and on the neuronal networks responsible for oscillation 
and muscle timing during RIM activity induced by repetitive 
cortical stimulation. Although with the electrical stimulation 
techniques used in the present study we cannot, and have not 
made any attempt to, precisely attribute these findings to par- 
ticular brain-stem loci, the most consistent sites with the lowest 
thresholds for RIM inhibition were in the regions of the rostra1 
pontine and mesencephalic reticular formation (Fig. 1). There 
is only 1 other report describing the effects of stimulation of 
brain-stem loci on RIM activity in the anesthetized preparation 
(Sumi, 1971). In that study it was also found that widespread 

areas of pons and midbrain produced suppression of cortically 
induced RIMS. In the present study, facilitatory responses (de- 
creases in CD, increases in EMG amplitude) were not observed. 
This could be due to the low-intensity brain-stem stimulation 
used, which might be selectively activating a particular class of 
neuron. It was observed that at intensities greater than 50 PA 
whole-body movements or escapelike responses were elicited 
quite often. These responses could have masked a facilitatory 
effect on the circuits controlling RIMS. 

In previous studies we argued that a central pattern-generating 
(CPG) network(s), activated by masticatory cortex, phasically 
modulates the excitability of DIG premotoneurons, which 
themselves are activated directly by masticatory cortex, to pro- 
duce rhythmical jaw opening during repetitive cortical stimu- 
lation (Chandler and Goldberg, 1982; Chandler et al., 1985a; 
Lambert et al., 1985). Furthermore, it was suggested that these 
premotoneurons are not a component of the CPG network(s) 
but merely output neurons of that network(s) (Chandler and 
Goldberg, 1982; Chandler et al., 1985a). The mechanism un- 
derlying the brain-stem suppression of the short-latency jaw 
opening response and RDA induced by cortical stimulation ob- 
served in the present study could be due to (1) pre- or postsyn- 
aptic inhibition of DIG motoneurons or premotoneurons, or (2) 
inhibition of neurons comprising the brain-stem CPG net- 
work(s), or (3) some combination of both. 

The present data indicate that these rostal pontine and mid- 
brain sites produce a decrease in excitation of neurons com- 
prising both the short-latency disynaptic corticotrigeminal path- 
ways and the CPG network(s) responsible for oscillation. The 
excitability of the short-latency jaw opening pathways, when 
activated in the absence of RIMS, was reduced by repetitive 
activation of these brain-stem sites (Fig. 4). This observation 
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Figure 6. Effect of varying the phase of the cycle the stimulus perturbation occurred on mean RDA cycle characteristics. Data taken from same 
animal shown in Figure 5. A, Plot of mean CD of P cycle and P + 1 cycle versus phase of cycle the brain-stem perturbation occurred. P and P + 1 
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compared to the control P - 1 CD. The mean duration of the subsequent P +-l and P q 2 cycles did not differ from control. Each point repiesents 
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could, in part, explain the observed suppression of RJMs by 
repetitive stimulation of these sites (Fig. 2) but would not ac- 
count for the phase-resetting of the cycle that was observed 
during short pulse train stimulation during various phases of 
the RDA cycle. 

The phase-resetting experiments in the present study suggest 
that, in addition to suppression of activity in neurons compris- 
ing the polysynaptic corticotrigeminal pathways from rostra1 
brain-stem sites, a component of the RIM suppression must 
also involve inhibition of neurons within the CPG network(s) 
itself. Short pulse train stimulation of these sites during any 
phase of the RIM cycle was found to produce a delay in onset 
of the next DIG EMG burst without a compensatory shortening 
in the P + 1 or P + 2 CD (Fig. 6). This was observed in all 5 
animals tested. These experiments suggest that rostra1 brain- 
stem nuclei can control both the amplitude of DIG EMG activity 
and the parameters of cycle oscillation. In earlier studies on the 
brain-stem mechanisms controlling locomotion it was suggested 
that the amplitude of EMG activity, as opposed to cycle timing 
parameters, was controlled by activity in brain-stem loci (Or- 
lovsky, 1972). Recent studies, however, showed that pontine 
and medullary reticular formation sites can control the ampli- 
tude and the duration of the step cycle in thalamic cats (Drew 
and Rossignol, 1984) during controlled locomotion induced by 

midbrain stimulation or during fictive locomotion in decorticate 
preparations (Russell and Zajac, 1979). 

There are inherent problems, of course, in the interpretation 
of studies utilizing electrical stimulation of nonhomogeneous 
structures. Current spread to adjacent structures and stimulation 
of ascending and descending fibers of passage or their collaterals 
certainly pose problems to the precise determination of the or- 
igin of the site(s) responsible for the effect. In the present study, 
the effects of current spread were minimized by the use of low- 
intensity stimulation (I 50 PA) through microelectrodes. With 
the type of stimulating electrode used in the present study, this 
type of stimulation, conservatively, should produce effective 
current spread of less than 500 pm (Ranck, 1975; Bagshaw and 
Evans, 1976). It is unlikely that these effects are mediated solely 
through ascending cortical and subcortical pathways since we 
observed these effects in precollicular, decerebrate preparations 
during RJMs evoked by corticobulbar fiber stimulation (un- 
published observations). Furthermore, the fact that widespread 
areas were shown to produce suppression at relatively low 
threshold intensities suggests that these effects are mediated by 
multiple brain-stem loci as opposed to current spread to a single 
suppressive site. 

The precise pathways mediating the suppression from rostra1 
pontine and midbrain sites are not known. As mentioned pre- 
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Figure 7. Effects of varying brain-stem stimulus pulse duration on 
RDA. A, A 100 msec duration stimulus train delivered to the brain 
stem. Stimulus occurred at approximately the termination of the pre- 
vious DIG burst. B-D, Same as A, except stimulus pulse durations were 
200, 250, and 300 msec, respectively. For traces A-D, brain stem stim- 
ulus was 50 Hz, 0.15 msec per pulse. Note progressive delay of occur- 
rence and decrease in EMG amplitude of subsequent DIG burst as pulse 
duration increased. Time calibration in D, 90 msec. 

viously, Sumi (197 1) found that cortical RJMs were suppressed 
by deep layers of the superior colliculus, periaqueductal gray 
(PAG), and surrounding reticular formation. In those experi- 
ments, the suppression was sometimes accompanied by an in- 

Figure 8. Effects of varying brain-stem 
stimulus pulse duration on RDA cycle 
characteristics. Data from animal shown 
in Figure 7. A, Plot of mean CD versus A 
stimulus pulse duration for P - 1, P, 
and P + 1 cycles. A 2-way ANOVA 
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(pulse duration x cycle number) showed 
that pulse duration had significant af- 

&So 
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p < 0.001). Post hoc analyses showed % 550 
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stimulus pulse duration. Varying pulse 
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crease in tonic jaw closer muscle activity. It was proposed that 
the suppression of RIMS by brain-stem sites was due to either 
activation of a nonspecific inhibitory reticular formation path- 
ways or to an indirect reflex activation of inhibitory interneurons 
as a result of an increase in jaw closer muscle activity. In the 
present study, this latter hypothesis is unlikely. Although jaw 
movements were not monitored, visual inspection of the po- 
sition of the mandible showed that the suppression of RIMS 
was accompanied by a return to rest position of the mandible. 
In addition, increased activity in jaw closer muscles was never 
observed at the stimulus intensities used. 

The midbrain PAG and surrounding reticular formation have 
been implicated as systems involved with pain suppression (re- 
viewed in Basbaum and Fields, 1978). The PAG ofthe midbrain 
upon stimulation was shown to inhibit the jaw opening reflex 
induced by intraoral stimulation (Oliveras et al., 1974; Sessle 
and Hu, 198 1; Sessle et al., 198 la, b; Dostrovsky et al., 1982; 
Hayashi et al., 1984). It was shown, subsequently, that adjacent 
regions of midbrain reticular formation were capable of pro- 
ducing suppression of the jaw opening reflex (Dostrovsky et al., 
1982). There is evidence to suggest that these suppressive effects 
are mediated by a relay in either the medullary reticular for- 
mation or the medullary nucleus raphe magnus (Basbaum and 
Fields, 1978; Dubner et al., 1978; Gebhart et al., 1983) and 
directed towards trigeminal sensory nucleus second-order in- 
temeurons (Sumino, 197 l), which mediate the jaw opening re- 
flex. Postsynaptic inhibition of DIG motoneurons also cannot 
be ruled out. It is not likely that the results ofthis study represent 
the effects of trigeminal sensory nuclei inhibition since these 
nuclei are most likely not involved with the genesis of cortical 
RIM activity (Dubner et al., 1978; Luschei and Goldberg, 198 1; 
Chandler and Tal, 1986). In the present study the suppression 
of the short-latency jaw opening response induced by short pulse 
train cortical stimulation is most likely due to postsynaptic in- 
hibition of either DIG motoneurons or premotoneurons, al- 
though a mechanism of presynaptic inhibition cannot be ex- 
cluded. It is unlikely that monosynaptic inhibition from midbrain 
sites is responsible for these effects since there are few direct 
projections to the trigeminal motor nucleus from these regions 
(Mizuno et al., 1983; Travers and Norgren, 1983; Vomov and 
Sutin, 1983). Neurons have been identified within the rostra1 
medullary and caudal pontine reticular formation which were 
orthodromically activated by cortex and antidromically acti- 
vated by trigeminal motor nucleus stimulation (Nozaki et al., 

B 

q P-l 
l P+i 

P + 1 cycle as compared to the control 100 200 300 400 500 100 200 300 400 500 
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1983). It was proposed that those cells mediate the short-latency 
jaw opening response from stimulation of masticatory cortex 
(Nakamura et al., 1980; Nozaki et al., 1983). Furthermore, stim- 
ulation of this area produces excitatory and inhibitory synaptic 
potentials in DIG motoneurons (Nakamura et al., 1975, 1979; 
Takatori et al., 198 1; Nozaki et al., 1983). It is possible that the 
suppression of RDA by rostra1 brain-stem sites observed in the 
present study is mediated by activation of a population of in- 
hibitory premotoneurons within the lower pontine RF that were 
previously identified by Nakamura et al. (1975) to produce a 
long-latency hyperpolarization in DIG motoneurons or to direct 
postsynaptic inhibition of the excitatory DIG premotoneurons 
within this region. Many of these midbrain sites have direct 
projections to pontine and medullary reticular formation sites 
(Edwards, 1975), precisely the regions where these trigeminal 
premotoneurons were identified both anatomically (Mizuno et 
al., 1983; Travers and Norgren, 1983; Vomov and Sutin, 1983) 
and electrophysiologically (Nozaki et al., 1983) and where the 
central networks responsible for jaw oscillation, presumably, 
are located (Chandler and Tal, 1986; Nozaki et al., 1986). It is 
also possible that these inhibitory reticular formation neurons 
receive convergent inputs from pain-modulating systems orig- 
inating in the midbrain and contribute to the suppression of the 
jaw opening reflex induced by intraoral stimulation. 

Previous studies have implicated the mesencephalic reticular 
formation and PAG as being part of an integral system involved 
with suppression of nociceptive input (Basbaum and Fields, 
1978, for review). Recently, it was shown that widespread areas 
of the brain stem can suppress nonnociceptive trigeminal reflex 
pathways as well as nociceptive reflex pathways (Oliveras et al., 
1974; Sessle and Hu, 1981; Sessle et al., 1981a, b; Dostrovsky 
et al., 1982; Hayashi et al., 1984), suggesting a lack of functional 
specificity for these sites. The present data demonstrate that 
these loci can influence other complex oral movement behaviors 
that do not necessarily involve nociceptive systems. 

Although the midbrain reticular formation and PAG are not 
part of the neuronal circuitry responsible for RIMS in the guinea 
pig (Chandler and Goldberg, 1984; Chandler and Tal, 1986; 
Nozaki et al., 1986), the present data demonstrate that these 
sites are capable of modulating, potently, the circuits responsible 
for controlling frequency and timing as well as amplitude of 
DIG EMG activity during cortically induced RIMS in the guinea 
pig. It is not surprising that these areas can influence jaw move- 
ments when one considers that the expression of RIMS evoked 
by systemic dopaminergic activation in the anesthetized (Chan- 
dler and Goldberg, 1984; Chandler et al., 1985b) or unanesthe- 
tized preparation (Redgrave et al., 1980) depends upon the in- 
tegrity of the superior colliculus and/or surrounding reticular 
formation, sites that are targets of substantia nigra outflow 
(Beckstead et al., 1979). It is possible that the control and mod- 
ulation of the central timing circuitry could arise in basal ganglia 
and associated structures since superior colliculus and surround- 
ing reticular formation have been implicated as output stations 
of basal ganglia circuitry via a synapse in substantia nigra (Di 
Chiara et al., 1978). 
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