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To determine how trigeminal brainstem interneurons pattern
different forms of rhythmical jaw movements, four types of
motor patterns were induced by electrical stimulation within the
cortical masticatory areas of rabbits. After these were recorded,
animals were paralyzed and fictive motor output was recorded
with an extracellular microelectrode in the trigeminal motor
nucleus. A second electrode was used to record from interneu-
rons within the lateral part of the parvocellular reticular forma-
tion (Rpc-a, n = 28) and - subnucleus of the oral nucleus of
the spinal trigeminal tract (NVspo-vy, n = 68). Both of these
areas contain many interneurons projecting to the trigeminal
motor nucleus.

The basic characteristics of the four movement types evoked
before paralysis were similar to those seen after the neuromus-
cular blockade, although cycle duration was significantly de-
creased for all patterns.

Interneurons showed three types of firing pattern: 54% were
inactive, 42% were rhythmically active, and 4% had a tonic
firing pattern. Neurons within the first two categories were
intermingled in Rpc-a and NVspo-y: 48% of rhythmic neurons
were active during one movement type, 35% were active during
two, and 13% were active during three or four patterns.

Most units fired during either the middle of the masseter
burst or interburst phases during fictive movements evoked
from the left caudal cortex. In contrast, there were no tenden-
cies toward a preferred coupling of interneuron activity to any
particular phase of the cycle during stimulation of other cortical
sites. It was concluded that the premotoneurons that form the
final commands to trigeminal motoneurons are organized into
subpopulations according to movement pattern.

Key words: rhythmical movements; pattern generation; mas-
tication; trigeminal system; brainstem; rabbit

To be effective, motor patterns need to be adapted to the needs of
the organism. As a result, the same body parts often participate in
several stereotyped behaviors that differ only in the ordering and
scaling of commands to the same pools of motoneurons (e.g.,
walking vs running and chewing on the right vs chewing on the
left). The way in which neural circuits generate these different
patterns has been investigated in many species, particularly in
invertebrates, and evidence has been found that three basic forms
of architecture exist: dedicated circuitry, distributed circuitry,
and reorganizing circuitry (for review, see Morton and Chiel,
1994). It is probable, however, that most of the circuits controlling
complex movements have features of more than one of the basic
models.

Dedicated circuits can generate only one pattern, and when
they are triggered by a sensory input, they suppress other ongoing
behaviors. The circuit that generates wing retraction in the mol-
lusk Clione limacina seems to be an example of this type (Morton
and Chiel, 1994). Reorganizing circuits generate different pat-
terns when the effectiveness of synaptic connections between
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members of the total population of neurons changes. The key
feature of this form is that some neurons do not take part in the
full repertory of behaviors generated by the whole population.
The spinal cord interneurons that pattern scratching in turtles
(Berkowitz and Stein, 1994a,b) and swimming and struggling in
Xenopus embryos (Soffe, 1993) appear to be examples of this
type. Distributed circuitry uses a single population of neurons to
pattern all the variations in the pattern of movement. The neu-
rons in the motor cortex of primates that control the muscles of
the shoulder seem to perform as a distributed circuit during
reaching. Each fires maximally during movement in a particular
direction, and the population vector determines the trajectory of
the arm (Georgopoulos et al., 1988; Kalaska and Crammond,
1992).

Mastication in mammals is a complex act involving several
groups of muscles on both sides of the jaw. The pattern of
movement differs from one food to another (Thexton et al., 1980;
Weijs and Dantuma, 1981) and from the start of a sequence to the
end (Schwartz et al., 1989). Up to this point, little information is
available concerning the way in which the various forms of mas-
ticatory behaviors are programmed. In this paper, we have exam-
ined the behavior of putative trigeminal premotor interneurons
within the brainstem of rabbits that are rhythmically active during
different types of fictive mastication. We show that approximately
half are active in only one of the four distinct patterns that are
evoked by cortical stimulation, whereas a smaller number partic-
ipate in two, three, or four patterns. These results suggest that
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this part of the masticatory circuitry reorganizes to produce the
different patterns of mastication.

Some of this work has been published previously in preliminary
form (Westberg et al., 1994).

MATERIALS AND METHODS

Anesthesia and surgery. The experiments were performed on 26 adult
male New Zealand white rabbits (2.2-3.5 kg), under a protocol that
respects Canadian Medical Research Council guidelines for animal care
and was approved by the institutional animal care committee. The
animals were first anesthetized with ketamine HCI (40 mg/kg, i.m.).
After the trachea had been intubated, all subsequent surgical procedures
were performed under halothane (1.5-3.5%) in a mixture of O, and N,O
(1:3). Immediately before the recording session, halothane was gradually
replaced by urethane (initial dose, 1 gm/kg, i.v.).

Surgical procedures were similar to those already published (Lund et
al., 1984; Olsson et al., 1986b; Donga and Lund, 1991). Briefly, a pair of
needle electrodes were inserted into the right inferior alveolar nerve (Alv
inf). Pairs of wire electrodes were hooked around the intact digastric
(Dig) and the masseter (Mass) nerves on the same side and shielded from
the surrounding tissue with dental silicone (Julien and Rossignol, 1982).
A small light bulb was attached to the mental symphysis, so that jaw
movements could be recorded in the three dimensions with a photodiode
system (see Fig. 14). The animal’s head was fixed in a stereotaxic
retention frame. A craniotomy was performed over the brainstem, and
the dura was reflected. Exposed brain tissues were kept moist with
isotonic saline or Eliot’s solution. Finally, four small openings were
drilled in the skull above the ipsilateral and contralateral masticatory
areas of the cerebral cortex (see Fig. 1B) (Lund et al., 1984).

Medication and animal care. At the end of surgery, a single dose of 3—-4
ml of NaHCO; (0.6 M) was injected via a catheter placed in the right
femoral vein to counteract acidosis. Fluid (glucose 5%, NaCl 0.4%, KC1
0.1%) was thereafter supplied continuously at a rate of 3-4 ml/hr
throughout the experiment to preserve hydration. Gallamine triethiodide
(induction, 10 mg/kg; maintenance, 5 mg-kg ' -hr~!) was used to
paralyze the animal during the main part of the recording period. An
adequate level of anesthesia was verified by observation of the electro-
encephalogram, by heart rate, and by testing withdrawal reflexes when
the level of paralysis declined during the course of the experiment.
Additional doses of urethane (200-300 mg) were given when required,
usually every hour. Body temperature was kept close to 38°C, using a
feedback-controlled heating pad, and the circulatory condition of
the animal was monitored by electrocardiography. End-tidal P, was
kept between 3.5 and 4.5% by artificial ventilation (15 cm?/stroke; rate,
40-50 min).

Data collection. Concentric bipolar electrodes were inserted through
each opening in the skull over the sensorimotor cortex. The positions of
these electrodes were adjusted until four different rhythmical jaw move-
ment patterns could be evoked by repetitive electrical stimulation (depth
below the cortical surface, 1.7-2.5 mm; stimulus parameters, 5-30 V, 0.5
msec pulse duration, 20-50 Hz). Examples of typical electrode locations
and associated movement patterns produced from each of these sites are
given in Figure 1B. The electrodes were fixed with a glass-ionomer
cement (Chem fil, Dentsply). The animal was thereafter paralyzed, and
two separate glass micropipettes filled with 2 M NaCl (tip, 1-4 um; 1-2.5
MQ) were inserted into the right side of the brainstem to record neuronal
activity extracellularly. The first was placed within the center of the
masseter motoneuron pool (N Vmt-mass) to monitor multiunit motoneu-
ron activity during fictive motor patterns. The second was used to record
from single interneurons in the rostral part of the oral subnucleus of the
spinal trigeminal tract (N Vspo-vy) and the adjacent parvocellular reticu-
lar formation (Rpc-a). The placement of these electrodes was guided by
field potential landmarks generated by electrical stimulation of the Alv
inf and Mass nerves (Landgren and Olsson, 1976; Westberg and Olsson,
1991). All recording sites were later confirmed in histological sections
and defined in relation to the rostral end of the trigeminal motor nucleus
(Meessen and Olszewski, 1949). Reference electrodes were attached to
skin or neck muscles. Single interneurons were sought, and their re-
sponses to low-threshold mechanical stimulation of the face, to single-
pulse stimulation of peripheral nerves (pulse duration, 0.2 msec; 0.5 Hz;
1-10 times threshold (T) for evoking monosynaptic responses in the
trigeminal tract), and to short pulse trains (three pulses; pulse duration,
0.2 msec; 300-500 Hz) applied through each of the cortical electrodes
were recorded. The behavior of the recorded interneuron during various
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forms of fictive mastication was investigated thereafter. Neuronal signals
were amplified, filtered (30 Hz to 3 kHz), viewed on a storage oscillo-
scope, and recorded on tape (Honeywell 101) for offline analysis (see
below).

Data analysis. Selected data from the tape were digitized at 10 kHz. In
the first stage of the analysis, interneuron spikes were distinguished and
time-stamped in the data set using previously described triggering algo-
rithms (Edin et al., 1988). The onset and offset of masseter motoneuron
bursts were marked in a full wave rectified [root mean square (RMS),
time window 10 msec]| transformation of the raw signal (see Fig. 54a)
(Westberg et al., 1997). A fictive movement cycle was defined from the
onset of one motoneuron burst to the beginning of the next one. Cycles
5-25 from each movement sequence were used for further analysis to
obtain comparable data sets. Early and late cycles were omitted because
these differ systematically from those seen during the middle of the
masticatory sequence (Schwartz et al., 1989).

In the second part of the analysis, the method of circular statistics
(Batschelet, 1981; Drew and Doucet, 1991; Berkowitz and Stein, 1994a,b;
Zar, 1996) was used to portray the pattern of interneuronal activity
during the cycle. Each cycle was divided into two equal parts, the
masseter active (0-180°) and the masseter inactive periods (180-360°).
This method of analysis has the advantage that the phase of interneuro-
nal firing in relation to the motor output is clearly represented even when
the relative lengths of the phases change during different forms of
movements (Berkowitz and Stein, 1994a,b). Each cycle was divided into
80 bins of 4.5° binwidth. Mean firing frequency of the interneuron within
each bin was determined, and phase histograms were constructed on data
sets generated during 20 cycles for each movement type. Each bin was
then treated as a vector, and a resultant vector was calculated trigono-
metrically. Firing patterns were represented by the mean vector angle (¢)
and its angular deviation (s) and by the concentration (r = mean vector
length) of the activity within the normalized cycle. A value of r = 0
indicates that the unit is tonically firing, whereas r = 1.0 indicates that all
spikes fall into one bin (Drew and Doucet, 1991).

The degree of temporal coupling between cortical pulses used to evoke
fictive mastication and interneuronal spikes was evaluated by construct-
ing post-stimulus time histograms based on data from selected sequences
of fictive mastication (cycles 5-25). These were then converted into
circular representations and treated mathematically in the same way as
described above.

Statistical analysis. Numerical values are expressed as mean + SD.
Differences between mean values were evaluated statistically using Stu-
dent’s ¢ test or one-way ANOVA and Tukey’s honesty significant differ-
ence (HSD) tests. The x* and Fisher’s exact probability tests were used
to evaluate simple interactions. Mardia—Watson—Wheeler and Rayleigh
tests were used for comparisons of vector data (Batschelet, 1981; Zar,
1996). Circular representations that had diametrically bimodal distribu-
tions were statistically analyzed after a procedure involving doubling of
vector angles according to the method described by Zar (1996). Differ-
ences were considered to be significant when probabilities of « type
errors were <0.05. When multiple ¢ tests were applied to the same
variable, overall « error probabilities were kept <0.05 by reducing the
individual 7 test significance level according to the Bonferroni procedure
(a' = a/n).

Histology. At the end of the experiment, the animals were killed with
an overdose of the anesthetic and perfused with isotonic saline, followed
by 4% buffered formalin, pH 7.4. Each brain was blocked parallel to the
recording tracks, removed, and stored in 10% sucrose fixative for 4-7 d.
The brain tissue was then cryosectioned at 20 wm. Recording sites were
marked on drawings of the brainstem made with a camera lucida and
named according to the atlas of Meessen and Olszewski (1949).

RESULTS

Effects of paralysis on motor patterns

The effects of paralysis on the motor output were studied in 19
animals. The four movement types evoked in these animals
before paralysis were all similar in shape to the ones illustrated in
Figure 1B, although the absolute amplitudes of the jaw displace-
ments in the vertical and lateral dimensions varied between the
animals. Movement produced by stimulation of the left (LC-cx)
and right (RC-cx) caudal areas of the masticatory cortex were
characterized by a swing away from the side of stimulation during
closing (Fig. 1B). Movements evoked from the rostral cortex
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Illustration of the experimental setup. 4, Drawing showing stimulation and recording sites. Different types of jaw movement patterns were

evoked by stimulation of four separate zones within the masticatory area of the cerebral cortex and recorded with a photoelectric movement transducer
system. After paralysis, one microelectrode placed within the masseter motoneuron pool (Motoneurons) was used to monitor the fictive jaw movement.
The interneuron activity (Interneurons) was simultaneously recorded with a second electrode placed within the trigeminal subnuclei caudal to the
trigeminal motor nucleus. B, Diagram of the dorsal surface of the cerebral cortex showing stimulation sites and superimposed plots of evoked jaw
movements (n = 6), projected onto a frontal plane. Arrows indicate the direction of movement. Note the vertical movement types evoked by repetitive
stimulation of the rostral cortical sites (LR-cx and RR-cx) and the lateral displacements of the jaw (right and left) during movements evoked from the

left (LC-cx) and right (RC-cx) caudal cortex.

Table 1. Cycle durations recorded before and after paralysis during cortically evoked mastication in 19 rabbits

Before paralysis mean

After paralysis mean

Movement type n cycle duration (SD)* cycle duration (SD) Mean difference (SD) P’
All types 47 307.8 (57.0) 274.9 (32.9) —32.9 (47.1) <0.001
LC-cx 19 324.5(71.8) 284.7 (25.5) —39.7 (58.4) <0.01
RC-cx 17 306.9 (44.8) 286.2 (32.9) —20.0 (39.1) <0.05
LR-cx/RR-cx 11 280.3 (32.6) 240.3 (19.5) —39.9 (35.0) <0.01
¢ Cycle duration in milliseconds.

® Paired  test.

Table 2. Differences in motor output characteristics between various forms of fictive mastication

Parameter n LC-cx—RC-cx n LC-cx—Rost-cx n RC-cx-Rost-cx
Cycle duration (msec) 15 0.5(32.2) 11 33.7 (34.9)* 10 38.5 (34.7)*

Burst duration (msec) 15 —13.6 (33.1) 11 13.6 (14.5)* 10 37.8 (37.1)*
Interburst duration (msec) 15 14.2 (34.6) 11 20.2(37.1) 10 0.6 (24.0)

Burst area (uV/sec) 15 0.26 (1.1) 11 1.8 (1.6)* 10 1.8 (1.4)*

Paired ¢ test; *indicates significance.

(LR-cx/RR-cx) were made mainly in the vertical plane and
showed little dependence on the side of stimulation. Motor out-
put data from these two movement types were therefore pooled
together during the analysis described below.

After paralysis there was a general decrease in mean cycle
duration (Table 1). This effect was significant during all three
forms of fictive movements. Some of the differences in the pat-
terns of mastication were preserved in the fictive movements.
Each of the LC-cx and RC-cx patterns after paralysis had longer
cycles and burst phases, and greater burst areas, than the pooled

rostral patterns (Table 2). Although there were no significant
differences between LC-cx and RC-cx fictive movements in the
overall analyses, these were seen within individual animals (see
Figs. 5, 6).

Properties of interneurons

Location

Extracellular recordings were made from 96 interneurons that
had inputs from the trigeminal nerve and/or fired during cortical
stimulation. Figure 2 shows the location of cells that were inactive
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I1lustration of distribution, location, and receptive fields of the recorded interneurons. A, Histogram showing the number of cells that were

inactive, rhythmical, or tonic during fictive mastication (see key in figure). B—-D, Composite maps showing the neuron distribution. Each diagram has
been drawn from histological sections obtained in one of the animals. The number above each section indicates its position relative to the rostral end
of the trigeminal motor nucleus (see 4). The property of each neuron is indicated (key in A). E, Intraoral views of the mandible and the tongue showing
three examples of locations and sizes of receptive fields (shaded areas indicated by arrows). Most neurons had small receptive fields located in the anterior
part of the oral cavity, either on the tip of the tongue (@) or on the mucosa lingual and lateral to the right incisor tooth (b). A minority had larger
receptive fields that extended toward the molar region (c). D, Dorsal; N Vimt-dig, digastric subnucleus of the trigeminal motor nucleus; N Vsnpr, main
sensory trigeminal nucleus; N Vspo- 3, subnucleus-f of the oral nucleus of the trigeminal tract; M, medial; V, trigeminal tract; 1’11, facial nerve. See Results

for other abbreviations.

(n = 52) or had a firing that was modulated (i.e., thythmical; n =
40) or tonic (n = 4) during fictive mastication. Both modulated
and inactive interneurons were found scattered throughout the
entire dorsoventral and mediolateral extent of the lateral brain-
stem from the caudal region of NVmt to the level of the rostral
limit of the facial nucleus. Those found closest to NVmt (n = 28)
were all recorded in the lateral part of the parvocellular reticular
formation (Fig. 2B, Rpc-a). The remaining 68 were all located
within the N'Vspo-v (Fig. 2C,D). Modulated and inactive neurons
were intermingled and appeared in approximately equal propor-
tions within Rpc-a (modulated = 11/28, 41%) and NVspo-vy
(modulated = 29/68, 43%). Three cells with a tonic firing pattern
during fictive mastication were found in Rpc-« and one was found
in N'Vspo-vy. Note that one cell in Figure 2B fired tonically during
one fictive pattern and phasically in another. This cell is illus-
trated in Figure 4.

Receptive fields

We were able to find peripheral receptive fields for about half of
the interneurons, and all of these responded to light mechanical
stimulation. Seventy-eight percent (36/46) had exclusively in-
traoral fields, all limited to the mucosa of the mandible, the floor
of the mouth, or the anterior part of the tongue. Among these,

nine were also activated by pressure applied to the ipsilateral
incisor tooth. Six neurons with periodontal inputs were recorded
in NVspo-y and three in Rpc-a. Fifteen percent (7/46) had
intraoral and perioral receptive fields, and 6% (3/46) had exclu-
sively extraoral fields. All of the latter were found to be in
NVspo-y. Interneurons recorded in Rpc-a had only intraoral
fields. Typical examples of locations and sizes of intraoral recep-
tive fields are illustrated in Figure 2FE (also see Fig. 4B).

Responses to primary afferent nerve and cortical stimulation
Thresholds and latencies after electrical stimulation of peripheral
nerves are given in Table 3. There was a significantly higher
proportion of Rpc-a neurons (100%) that received Alv inf inputs
than in N Vspo-y (84%) (Fisher’s test, p < 0.05). However, there
were no significant differences in Alv inf threshold or latencies
between neurons in the two subnuclei (¢ test, p = 0.6).
Electrical stimulation of muscle nerves gave responses only in
NVspo-vy. An input from the masseter nerve was observed in 9%
(n = 3/35) of the neurons tested, and two of five cells responded
to stimulation of the digastric nerve. The relative threshold was
higher for the masseter nerve than for Alv inf, and the mean
latency was longer (¢ test, p < 0.001). Electrical stimulation of the
cortical sites with short pulse trains activated 84% of the Rpc-a
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Table 3. Interneuron thresholds and latencies to single-pulse electrical stimulation of primary afferent nerves

Alv inf Mass Dig
Latency, Latency, Latency,
Response Threshold msec Response Threshold msec Response Threshold msec
Location Unit type® n” + %  Mean (SD) Mean (SD) n” + % Mean (SD) Mean (SD) n® + % Mean (SD) Mean (SD)
Roc-o Modulated 13 13 100 1.9 (0.7) 42(2.2) 2 0 0 0
P Inactive 15 15 100 1.6(0.5) 3.0(1.1) 8§ 0 0 0
NV Modulated 30 24 80 1.9(0.8) 3.8 (2.6) 15 2 13 7.3 (2.5) 8.5 (1.5) 2 1 50 29 9.0
PO nactive 36 32 88 1.7(0.6) 3.5(2.6) 20 1 5 100 30.0 3 1 33 13 12.0

“ Modulated, Units that were rhythmically or tonically active during fictive mastication; inactive, units that did not fire during fictive mastication.

® Number of tested neurons.
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Figure 3. Example of a tonically active interneuron recorded in Rpc-a, ~800 wm caudal to N Vmt. Aa, Masseter motoneuron activity (N Vimt-mass) and
interneuron (Neuron) firing during fictive mastication evoked by train stimulation (Cx-stim; 0.5 msec, 40 Hz) of the left caudal masticatory area. Ab,
Record to show the robust time-coupling between the cortical stimulus pulses and interneuron action potentials. B, Post-stimulus latency histogram of
unit action potentials during the cortical stimulus period. The cortical stimulus pulse occurred at time 0 (binwidth, 1 msec). Each dot in the circular plot
shows the latency of the first spike relative to the start of the stimulus. The trigonometrically calculated preferred latency of the spikes (mean vector angle,
¢) and their concentration (mean vector length, r) are indicated by the arrow. These values are also shown above the diagram together with the
probability of a response without directionality (i.e., that the spikes are not time-coupled to the preceding cortical pulse). In the analysis, the first
millisecond has been discarded because of post-stimulus blanking of the amplifier.

(n = 16/19) and 55% (n = 32/58) of the N'Vspo-v interneurons.
This difference was statistically significant (Fisher’s test, p < 0.05).

Activity patterns during fictive mastication

Among the population of modulated neurons, approximately half
(n = 19/40) were active during one movement type, one-third
(35%; n = 14/40) were active during two, and six (15%) were
active during three forms of fictive movement patterns. One
neuron showed rhythmical bursting during all motor patterns, and
as already mentioned above, four neurons fired tonically. Exam-
ples of activity patterns observed in three of these interneuron
categories are given below.

Tonic firing patterns
The four neurons that were categorized as tonic were all active
during the LC-cx motor pattern and showed two basic forms of

firing: regular (n = 3) and irregular (n = 1). Regular firing began
when the cortical stimulation was turned on, and the discharge
persisted throughout most of the cortical stimulation period, with
no sign of modulation coupled to movement phase. After stimu-
lation, two of these neurons fell silent. One continued to fire
spontaneously (Fig. 3A4). This neuron, which showed no
movement-related coupling according to the Rayleigh test (p >
0.05), tended to fire twice to every pulse during the cortical
stimulation (Fig. 34b). Both the first and second spike were
clearly time-locked to the cortical stimulus, with the earliest
response at ~5 msec and with most spikes occurring from 9-16
msec (Fig. 3B) (r = 0.94; ¢ = 10.4 msec). The one neuron that
fired irregularly did so during stimulation of LC-cx (Fig. 4Cb).
Spikes were infrequent and loosely time-locked to the cortical
pulses (Fig. 4F).
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Figure 4. Example of a rhythmically active neuron during fictive mastication. 4, Drawings of sections showing positions at which the interneuron ()
recording was performed. B, Intraoral receptive field of the recorded interneuron at the tip of the tongue (arrow). C, Top traces show masseter
motoneuron activity and interneuron firing evoked by train stimulation (Cx-stim; 0.5 msec, 33 Hz) of the left rostral and left caudal masticatory areas.
Phase histogram and descriptive circular representation of the mean interneuron firing frequency averaged over 20 cycles during the LR-cx movement.
The gray-shaded bar and sector mark the length of the masseter burst normalized to half of the cycle (0-180°). The arrow represents the trigonometrically
calculated preferred direction (mean vector angle, ¢; s = angular deviation) and concentration (vector length, ) of the interneuron activity. The radius
of the circle represents both a spike frequency of 100 Hz and a vector length of 1.0. E, Circular plot of corticoneuronal post-stimulus spike latencies

during fictive mastication evoked from the LC-cx.

Modulated firing patterns

The same neuron (Fig. 4) fired rhythmically when another corti-
cal site was stimulated, and this response is used to illustrate the
data drawn from the 19 interneurons that were rhythmically
active during only one type of fictive mastication. The neuron was
recorded in the rostral part of Rpc-a and the motor pattern from
the center of the masseter motoneuron pool (Fig. 44). Its low-
threshold mechanoreceptive field was located on the tip of the
tongue and on the adjacent mucosa (Fig. 4B). It responded to
low-threshold (1.5 T) stimulation of Alv inf with a minimum
latency of 3.9 msec. During fictive mastication evoked from the
LR-cx, only a few masseter motoneurons were active, and the
neuron fired short bursts composed of three to four spikes during

every cycle (Fig. 4Ca). The neuron was silent during RC-cx and
RR-cx movements (data not shown).

A quantitative display of the activity in relation to the two
phases of the LR-cx fictive movement cycle is given in Figure 4D.
Firing occurred from the last part of the interburst phase and
throughout the masseter burst (shaded bar and sector). The con-
centration was relatively high (r = 0.57, s = 52.8°), and the mean
spike vector angle (¢) was 48.2°. Figure 4E shows latencies of
cortically evoked spikes during the LC-cx movement. These were
loosely time-locked to the preceding cortical pulse.

Figure 5 illustrates the activity of an interneuron recorded in
N Vspo-vy that represents the population of cells (n = 14) that was
rhythmically active during two motor patterns. It belonged to the
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see Figure 4.

small group of modulated neurons (n = 5/40) in our sample for
which no receptive field was found and that also failed to respond
when tested with electrical stimulation of trigeminal nerve
branches. Figure 54 illustrates activity recorded during fictive
movements evoked by stimulation of LC-cx (Fig. 54a) and RC-cx
(Fig. 54b). The first three cycles were chosen from the middle of
the sequence, and three were chosen from near the end. The two
motor patterns differed significantly. During the RC-cx pattern,
the cycle, burst, and interburst durations were shorter and the
masseter burst area was smaller than in the LC-cx motor pattern
(¢ tests, p < 0.001).

Once fictive mastication began, the interneuron started to fire
rhythmically in phase with the masseter motoneuron bursts. An
important observation was that its activity continued also after
the end of the cortical stimulation (four to five cycles). The
neuron continued to fire during the masseter burst in both pat-
terns, although the spike frequency declined in parallel with the
gradual fading of the motor activity. These changes are clearly
seen in Figure 54 (right panel). Bursting after stimulation in
conjunction with fictive mastication was observed in 11 of 17
interneurons (65%). In all cases, the bursts appeared in the same

phase as during stimulation. However, detailed data could not be
obtained because fictive movements usually stopped three to five
cycles after the end of the cortical stimulation.

Averaged data from 20 cycles/movement type is summarized in
Figure 5B. During the LC-cx pattern (Fig. 5Ba), the mean firing
of the interneuron was high and strongly concentrated (r = 0.74)
to the middle half of the masseter burst phase. Both frequency
and mean number of spikes per cycle decreased substantially in
the switch to the RC-cx pattern. The burst was shorter, which is
reflected in the greater concentration of firing (r = 0.83 vs 0.74),
and in the significant difference (Mardia—Watson—Wheeler test,
p < 0.001) in mean vector angles (¢ = 87.8 vs 66.8°).

Figure 6 illustrates recordings from one of the seven cells that
were rhythmically active during three or four motor patterns.
This neuron was recorded in the N'Vspo-vy. It had no discernible
receptive field, but it did respond to Alv inf stimulation (2.9 T) at
a latency of 14 msec. Stimulation of LC-cx, RC-cx, and LR-cx
caused this neuron to fire rhythmically (Fig. 64a-Ac). The mas-
seter bursts were robust during the LC-cx and RC-cx motor
patterns (Fig. 6A4a,A4b), but only a few spikes were picked up
during LR-cx stimulation (Fig. 64c). The site of stimulation had
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a significant effect on cycle (p < 0.001), on burst duration (p <
0.001), and on burst area (one-way ANOVA, p < 0.005). Post hoc
analysis (Tukey’s HSD test) revealed that all three groups dif-
fered with respect to cycle and burst duration (p < 0.001).
However, the burst area showed significant differences only when
the LR-cx pattern was compared with LC-cx and RC-cx patterns
(p < 0.001).

The changes in motor outputs were reflected in the firing of the
interneuron (Fig. 6 Ba—Bc). The mean number of spikes/cycle was
low during RC-cx stimulation but increased significantly during
LC-cx and LR-cx fictive movements (mean = SD = 4.5 = 1.4 vs
10.9 = 1.0, vs 18.5 * 2.4 spikes/cycle). Firing was concentrated in
the second half of the masseter burst phase and in the first third
of the interburst phase. The mean vector angles during both the
LC-cx and LR-cx movement types were significantly different
from the RC-cx pattern (Mardia—Watson—Wheeler test, p < 0.05)
but not from one another.

Population characteristics

Phase coupling and burst characteristics: relationships to

motor patterns

Figure 7 gives a summary of the activity of the whole population
during three motor patterns. During the LC-cx motor pattern
(Fig. 74a), a slightly larger number of neurons were active during
the masseter burst (shaded sector, n = 20) than during the
interburst phase (n = 16), and vectors had a tendency to be

concentrated during the middle of these phases (Rayleigh test,
p < 0.001). During other forms of movement, approximately
equal numbers of neurons were active during the burst and
interburst phases (Fig. 74b,Ac), and there was no sign that inter-
neuron activity was concentrated in any particular phase of the
cycle (Fig. 74b,Ac). This was also confirmed by Rayleigh tests
(p > 0.4); however, the number of samples for LR-cx and RR-cx
was small. The histograms in Figure 7B illustrate the distribution
of mean vector lengths (), which varied from 0.1 to 0.98. There
was no correlation between mean vector length and mean vector
angle, but it is of interest to note that the mean vectors were
generally longer for RC-cx and LR-cx/RR-cx patterns than for
LC-cx, indicating that firing tended to be more concentrated
during RC-cx and LR-cx/RR-cx patterns than during LC-cx
stimulation.

The correlation between interneuron mean vector angle values
obtained during different movement types is displayed in Figure
8. There was a strong positive correlation (r = 0.91, p < 0.001),
indicating that most shifts in vector angle that accompanied
changes in the motor program were minor. In fact, all except two
neurons (Fig. 8, arrows) maintained their preferred direction of
firing in the same phase of the motor activity (framed areas),
despite the fact that the absolute time of the burst and interburst
periods was different between fictive patterns (Fig. 54). One of
these outliers had a response that hovered around the transition
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from the burst to the interburst phase (angle = 0°). In this case it
is probable that the shift from one phase to the other occurred by
chance. However, this explanation does not hold for the other
neuron, which showed a more dramatic change of its firing. The
vector angle coincided with the late part of the burst phase during
LC-cx fictive movements and shifted to the end of the interburst
phase during the RC-cx-evoked pattern. Both motor patterns
were equally robust. Although most units showed relatively small
changes in vector angles, more than half of these changes were
significant (Mardia—Watson—-Wheeler test, p < 0.05). There was
no consistent pattern; angles both increased and decreased with
changes from LC-cx to the others. However, there was a consis-
tent tendency for interneurons to be more active during LC-cx-
type fictive movements than in the others. During LC-cx move-
ments, the number of spikes/cycle varied between 1 and 23. With
the change to another pattern, 12 neurons decreased firing by
more than two spikes/cycle (vs two that increased), and 10
stopped firing (Fig. 8B).

Contribution of cortical inputs to interneuron bursts

The influence of direct cortical drive on rhythmical activity was
investigated by an analysis of the temporal relationships between
spikes and the preceding cortical pulses. It was found that the
neurons could be divided into three categories, each of which will
be described below.

Figure 9 gives an example of rhythmic activity in which almost
all action potentials occurred at a fixed latency after the cortical
stimulus (Fig. 94a,4b). As a result, the post-spike distribution was
unimodal (¢ = 13.5 msec) and highly directional (» = 0.96). This

b RC-cx C LR-cxRR-cx
819 n=22 89 n=10
4 4

; 1 Tl

[ e e S e e s e |

| S e e S B S B B e |

1.0 0 0.5 1.0 0 0.5 1.0
Mean vector length

Mean vector length Mean vector length

is clearly seen in Figure 9, Ab and Ac. In other cases, the spikes
were randomly distributed throughout the post-stimulus period
(Fig. 9Bc, histogram), and the lack of time-locking was confirmed
by the circular statistical analysis (Rayleigh test, p = 0.85).

Other neurons showed mixed patterns (Figs. 54a,4b, 10). In
the example, spikes occurred throughout the whole interstimulus
period, but they had a tendency to appear in a bimodal latency
distribution after the stimuli during the LC-cx pattern (Fig.
10A4b-Ac). The Rayleigh test confirmed a significant relationship
to the cortical shock at a latency of 4-5 msec. During the RC-cx
pattern, the interneuron also fired during the first half of the
interburst phase as during the LC-cx movement (Fig. 10B). How-
ever, burst duration was shorter (Fig. 10Bb), and the spike dis-
tribution was completely random in relationship to cortical shocks
(Fig. 10Bb,Bc) (Rayleigh test, r = 0.08, p = 0.47).

Time-locked firing was most prevalent during the LC-cx motor
pattern (50%, n = 18/36), whereas random (n = 12/22, 55%) or
mixed (n = 7/22, 32%) post-spike distributions dominated the
RC-cx pattern (Fig. 11). This difference was found to be signifi-
cant () test, p < 0.05). When LR-cx motor patterns were ex-
pressed, two neurons had time-locked and three random or mixed
post-spike couplings. During RR-cx, only mixed (n = 2) and
random (n = 3) distributions were seen.

The median latencies of corticotrigeminal inputs were calcu-
lated from the post-stimulus time histograms in which spikes
clearly followed to the preceding cortical pulse (Fig. 12). The
shortest latencies were associated with LC-cx (range, 5.2-13.5
msec) followed by LR-cx (range, 8.7-8.9 msec) and RC-cx (range,
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9.1-14.2 msec). The difference in median latency between LC-cx
and RC-cx was statistically significant (Mann—-Whitney U test,
p = 0.05).

DISCUSSION

Motor patterns

In agreement with earlier studies, stimulation of sites of the
caudal cortical masticatory areas produced movements of rela-
tively large vertical amplitude and a lateral swing during closure,
whereas activation of rostral sites gave movements that were
restricted mainly to the vertical plane (Bremer, 1923; Lund et al.,
1984; Morimoto et al., 1989). The former resemble grinding
movements on the left or right molar teeth and are characterized
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by strong phasic activity in the major jaw closing muscles, includ-
ing the masseters. In contrast, vertical movements are mainly
produced by the digastrics (Schwartz et al., 1989). During paral-
ysis it was shown that there were some significant differences in
mean parameters between the fictive motor patterns recorded
from the masseter motoneuron pool. In individual animals, e.g.,
Figure 6, the differences in motoneuron bursts were very clear.
This suggests that the basic forms of masticatory motor activity
are centrally patterned. Similarly, patterns resembling locomo-
tion, scratching, and paw shaking can be generated in the spinal
cord in the absence of feedback (Rossignol, 1996). However, we
did observe a general increase in masticatory frequency after
paralysis, indicating that the rhythm generator was working with
a higher repetition rate when completely isolated from
movement-related sensory feedback. Similar results were re-
ported before by Jiich and collaborators (1985), although Naka-
mura et al. (1976) reported a small but unmeasured decrease in
the cat.

Location and identity of recorded neurons

The sampled neurons were all found in Rpc-a and NVspo-y.
Most neurons in these nuclei have trigeminal inputs, and many
had small mechanosensitive receptive fields within and around
the mouth, as shown in earlier studies of rabbits and other species
(Eisenman et al., 1963; Olsson et al., 1986a; Shigenaga et al., 1986;
Donga and Lund, 1991).

Many were likely to have been last-order trigeminal interneu-
rons, because previous investigations in the rat, guinea pig, and
cat have demonstrated that large numbers of neurons in these
nuclei project to ipsilateral or contralateral N Vmt (Mizuno et al.,
1978; Landgren et al., 1986; Appenteng et al., 1987, 1990; Donga
and Lund, 1991; Olsson and Westberg, 1991; Yoshida et al., 1994;
Turman and Chandler, 1994a,b; Westberg et al., 1995).

In the rabbit, Donga and Lund (1991) recorded from neurons
in Rpc-a and N Vspo-vy that responded to antidromic stimulation
of the contralateral NVmt. Like us, they found that somewhat
fewer than half (45 vs 42% in our study) were rhythmically
modulated during fictive mastication and that very few fired
tonically (<5%). In both studies, modulated and nonmodulated
neurons were intermingled. In the guinea pig, Inoue et al. (1994)
reported similar results, although they found a larger proportion
of rhythmically active neurons.

Do Rpc-a and NVspo-y neurons play different roles

in mastication?

Our results showed one significant functional difference between
neurons in the two nuclei. Although most neurons in Rpc-a have
cortical inputs, these were less frequent in N Vspo-vy. This sug-
gests that Rpc-a may have a greater role in the control of the
centrally generated components of mastication than NVspo-y.
However, the latter may be more important for the integration of
sensory feedback, particularly from muscles and periodontal re-
ceptors. Muscle inputs are rare in Rpc-a (Olsson et al., 1986a),
but much more common in NVspo-y (Westberg and Olsson,
1991). In our study, all neurons that responded to stimulation of
muscle nerves (5/40 tested) were in N Vspo-vy. Olsson et al. (1988)
also found that periodontal inputs were more common in
NVspo-v than in Rpc-a. In our study, six of the nine periodontal
neurons were found in N'Vspo-vy.

The pattern-generating network

Nozaki and collaborators (1986a,b) were the first to propose that
corticobulbar axons tonically excite a group of neurons in the
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Figure 9. Examples from two rhythmically active interneurons (4, B) illustrating relationships between cortical stimulation pulses and neuronal action
potentials. a, Motor and interneuron activities during three movement cycles. b, Framed sections in 4 and B at a shorter time scale. ¢, Post-stimulus
histograms and corresponding circular representations of interneuronal firing during 20 cycles of fictive mastication. Stimulus frequency in 4, 33 Hz;

B, 40 Hz.

medioventral bulbar reticular formation (RF) that includes the
rostral pole of N reticularis gigantocellularis (Rgc). These
neurons are thought to activate another group lying more
dorsally in the same region. In the original model, the latter
group, which fires rhythmically during fictive mastication, were
the premotoneurons that controlled trigeminal motoneurons
(Nozaki et al., 1986b). However, projections from this area to
NVmt are very sparse (Travers and Norgren, 1983; Landgren
et al., 1986), so a relay in caudal N reticularis parvocellularis
was added (Nozaki et al.,, 1993; Nakamura and Katakura,
1995). Although neurons in these areas do project to NVmt
(Nozaki et al., 1993; Li et al., 1995), this group cannot be
essential, because sectioning the medulla rostral to it does not
abolish the masticatory pattern (Chandler and Tal, 1986;
Nozaki et al., 1986a; Kogo et al., 1996).

In the original model (Nozaki et al., 1986a,b) and its derivative
(Nakamura and Katakura, 1995), it was assumed that cortical
inputs activate only the ventral midline RF group. However, we
showed that many neurons in Rpc-« and N Vspo-vy received direct

inputs from one or more cortical stimulation sites. Stimulus-
bound activation was most apparent when movements were
evoked from the caudal site in the contralateral cortex. This is
clearly in agreement with earlier reports that the sensorimotor
cortex projects with a contralateral predominance to the lateral
brainstem, including the regions surrounding NVmt (Torvik,
1956; Haartsen, 1962; Yasui et al., 1985; Donga and Lund, 1991;
Inoue et al., 1992; Enomoto et al., 1995). However, the presence
of cortical inputs is not essential for participation in burst gener-
ation, as was once suggested (Chandler and Goldberg, 1982),
because ~50% of the rhythmical neurons in our sample had no
short-latency cortical inputs. Furthermore, some neurons that
were directly excited by cortical shocks during one pattern of
mastication did not respond at short latency during another,
although they fired rhythmically. An almost identical proportion
(45%) of short-latency cortical inputs was reported by Donga and
Lund (1991). However, in the guinea pig, Inoue et al. (1994)
found that most cells (84%) were time-locked to the cortical
stimulus. This difference is probably related to the fact that only
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Figure 10. Examples of two different post-stimulus coupling patterns recorded in an interneuron during fictive mastication evoked by repetitive

stimulation of LC-cx (A) and RC-cx (B). For additional details see Figure 9.

inputs from the contralateral cortex were examined in the latter
study (see above).

Obviously, the fact that neurons in all parts of the cental
pattern generator (CPG) have direct inputs from the sensorimo-
tor cortex is not compatible with a model in which a tonic input
from the cortex to a group of neurons in Rgc is transformed into
the burst pattern observed in the present study (Lund, 1991;
Nakamura and Katakura, 1995; Scott et al., 1997). Instead it
appears that tonic drive from masticatory cortex is activating all
levels of the CPG.

How many burst generators does the masticatory

CPG need?

Jaw closing motoneurons undergo hyperpolarization during jaw
opening, but opener motoneurons are not inhibited during jaw
closure (Goldberg and Chandler, 1981; Kubo et al., 1981). There-
fore, to produce rhythmical opening and closing of the jaw with
no lateral movements, only three types of command are neces-

B Time-locked
E Mixed
[0 Random

Number of observations

BN
R RR
Cortical site

Figure 11. Histogram showing the number of interneurons activated
with a time-locked, mixed, or random coupling of the spike to the
preceding pulse in the cortical stimulus train. See key on figure.
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sary. These are (1) inhibition of jaw closer motoneurons during
opening, (2) excitation of jaw opener motoneurons concurrently,
and (3) excitation of jaw closer motoneurons. The simplest model
of the burst-generating stage of the CPG therefore requires two
groups of premotoneurons (inhibitory and excitatory) to fire
during jaw opening and another group of excitatory interneurons
to fire during jaw closure. This is probably the reason that Inoue
et al. (1994) grouped rhythmically active neurons into only jaw
opener-related and closer-related types.

Clearly, the simple opening—closing pattern of mastication
requires a modification to produce movements to the left or right
during jaw closure. This could be brought about by changes in the
coupling between left and right side-burst generators, along the
lines suggested by Grillner (1981) for locomotion. In the case of
mastication, lateral movements of the jaw during closure could be
achieved simply by varying the phase relationship between jaw
closing burst generators on the left and right. However, it is very
unlikely that the masticatory system has so few burst generators.

The major jaw closing muscles do not function as a single
group; even individual muscles appear to need more than one
burst generator. For instance, masseter muscle motor units tend
to be small and may be confined within one of many anatomically
distinct compartments (Stalberg and Eriksson, 1987; Herring et
al., 1989; McMillan and Hannam, 1992; Weijs et al., 1993; Kwa et
al., 1995). Furthermore, individual anatomical compartments can
be controlled independently. For example, when food is being
crushed on the left, EMG activity begins in the deep posterior
parts of the left muscle and spreads progressively to the superfi-
cial layers. On the right side, the pattern is reversed (Weijs and
Dantuma, 1981). This suggests that premotoneurons are not
grouped into a few burst generators that are distinguishable by
the phase in which they are active, and this is clearly in line with
our finding that mean vector angles were distributed throughout
the cycle. This being said, there did appear to be a tendency for
vectors to be concentrated in the middle of the opening and
closing phases, when the drive potentials to opener and closer
motoneurons peak (Gurahian et al., 1989).

Conclusions

Our results suggest that premotoneurons in Rpc-a and N'Vspo-y
form a population that reorganizes to bring about changes in
motoneuron firing. Reorganization includes the addition and
subtraction of members of the population, as well as changes in
firing frequency and shifts in the phase of maximal activity of
individual members. It is clear from our results that the patterns
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that we were studying were not produced by four dedicated
circuits. On the other hand, very few participated in more than
two patterns, so at least this part of the CPG is not organized as
a classic distributed circuit.
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