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Abstract Retrograde transport and intra-axonal labeling
studies provide convincing evidence that jaw-muscle
spindle afferents project to the caudal medulla by way of
Probst’s tract. However, functional properties of this cau-
dal projection are not well understood. Extracellular re-
cordings were made in cats at the level of the subnucleus
interpolaris (Vi) to identify single units that showed con-
sistent responses to ramp-and-hold stretches of the jaw.
In this report, we present data from 20 central units with
properties indicating that they received input from tri-
geminal muscle spindle afferents. All units were activat-
"ed by gentle palpation of jaw muscles, and none had su-
perficial receptive fields. Two groups of neurons could
be defined based on their responses to passive jaw move-
ments. One group (#=12) showed an obvious dynamic
response (i.e., a higher level of activity at the onset of
stretch than during the hold period). Activity was main-
tained during the hold phase, and the units stopped firing
(unloaded) for a brief period upon jaw closure. The other
group (n=8) lacked a dynamic response. Instead, they
showed an increase in firing with onset of stretch that
was maintained during the hold phase. Thirteen units,
which were tested with more than three different jaw
stretch speeds and/or amplitudes, were further character-
ized by analyzing dynamic index (DI) and mean firing
rate (MFR) during each phase of the ramp-and-hold
movement as well as interspike interval (ISI) variability.
All but one unit with a dynamic response showed a
speed-sensitivity: In all cases, the MFR was a more sen-
sitive indicator of changes in jaw speed than DI. Neurons
in the other group (5/5 tested) showed a high position-
sensitivity, i.e., their firing rates varied as a function of
amplitude of jaw opening. The percent change in ISI
variability for all neurons ranged from 37-84%. The re-
sponse characteristics of these central neurons were
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compared to known physiological properties of muscle
spindle afferents. The results provided compelling evi-
dence for jaw-muscle-spindle afferent projection onto
these neurons. Reconstruction of recording sites showed
that medial Vi, and the adjacent reticular formation, are
likely recipients for the caudal projections from jaw-
muscle-spindle afferents. We suggest that muscle spindle
input to this region is well suited for influencing the co-
ordination of motor behavior during feeding and for the
integration and processing of kinesthetic information.
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Introduction

The perikaraya of jaw muscle spindles are located in the
trigeminal mesencephalic nucleus (Vmes). Studies on
the anatomical organization and functional properties of
central connections of these neurons have demonstrated
that they are intricately involved in the reflex control of
a variety of oral and facial movements (Appenteng et al.
1978; Cody et al. 1975; Dessem and Taylor 1989; Kishi-
moto et al. 1998; Kolta et al. 1995; Larson et al. 1983;
Luo 1991; Shigenaga et al. 1990; Taylor and Cody
1974). Most of these studies elucidated the role of cen-
tral connections of jaw-muscle-spindle afferents onto the
rostral trigeminal areas, such as trigeminal motor nucle-
us (Vmot), supratrigeminal nucleus (Vsup), intertrigemi-
nal nucleus (Vint), and subnucleus oralis (Vo). However,
our knowledge on the more caudal projections of these
neurons is limited.

Vmes neurons have a relatively long descending pro-
cesses, which collectively form Probst’s tract (Corbin
1942). Anatomical studies have shown that this tract pro-
jects caudally to the spinal trigeminal nucleus and cervi-
cal spinal cord motor neurons (Matsushita et al. 1981;
Mizuno and Sauerland 1970; Walberg 1984). Since Vmes
innervates functionally different types of spindle afferents
and also contains neurons innervating the periodontium,
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the precise type of input from Vmes to caudal brainstem
requires further study. Capra and Wax (1989) have found
that Vmes cells innervating the masseter muscle project
as far caudally as the trigeminal subnucleus caudalis
(Vc). Although recent intra-axonal labeling studies have
revealed more detailed topographic distributions of cen-
tral axons from physiologically identified jaw-muscle-
spindle afferents (Dessem et al. 1997), physiological
properties of the caudal brainstem neurons that receive
the muscle spindle inputs are still largely unknown.

We have previously described a group of neurons in Vi
in the cat that respond to passively imposed jaw move-
ments (Capra et al. 1994; Ro and Capra 1995). Jaw move-
ment-related neurons received sensory inputs from the
muscles of mastication, hair, and skin around the mouth,
oral mucosa, and some combination of these structures. In
addition, a few neurons were isolated that responded to
low-threshold electrical stimulation of the masseter nerve
and showed muscle spindle-like responses to jaw stretch.
This study was conducted to determine whether these cen-
tral neurons, which responded to passive jaw movements,
may receive input from muscle spindles with more rigor-
ous analytical criteria. Our examination included quantita-
tive analysis of speed- and position-sensitivities by corre-
lating dynamic index (DI) and mean firing rates to varying
speeds and amplitudes of the jaw opening. ISI variability
percent changes were also calculated and compared with
those reported for muscle spindle afferents and the central
neurons in Vsup (Miyazaki and Luschei 1987). Prelimi-
nary results from this study have been reported in an ab-
stract form (Ro and Capra 1998).

Materials and methods

The experiments were performed on adult cats weighing 2.5-4 kg
anesthetized with a combination of ketamine (15 mg/kg) and xyla-
zine (1 ) and maintained with sodium pentobarbital
(38 mg/kg; 1.v.). Arterial blood pressure, end tidal CO,, and rectal
temperature were monitored continuously during the experimental
procedure. Body temperature was maintained between 37-39°C
with a warming blanket. The animals were checked regularly to
monitor the level of anesthesia. Additional anesthetic was adminis-
tered when a firm pinch applied between the toe pads resulted in
increased respiration and heart rate. For nerve stimulation, animals
were paralyzed with Flaxedil (gallamine triethiodide 20 mg, i.v.;
supplemented with 10 mg i.v. as needed) and artificially ventilated.
Occasionally, gallamine effects were allowed to wear off and the
depth of anesthesia was tested. All procedures were conducted
within the NIH Guide for the Care and Use of Laboratory Animals.
An electrodynamic vibrator (Lab Works, Model 132; maximum
displacement 8 mm) was attached to animal’s mandible, contralat-
eral to the side of the extracellular recording. The vibrator was con-
trolled by a function generator to produce ramp displacements of
the jaw with varying speeds and amplitudes. The resting interincis-
al distance was adjusted to 20-23 mm for all experiments.
Single-unit activity was recorded extracellularly with glass
electrodes filled with 2 M NaCl. Electrodes were directed rostro-
ventrally at 30° to the vertical axis and advanced into the caudal
brainstem. The caudal brainstem was explored systematically with
stereotaxic coordinates derived from our previous studies (Capra et
al. 1994; Ro and Capra 1995). Once a unit responsive to passive
jaw movements was isolated, the receptive field was determined by
mechanical stimulation of hair, skin, oral mucosa, teeth, and palpa-

tion of deep structures such as jaw muscles and the temporoman-
dibular joint (TMJ). Units were considered to receive input from
muscle or other deep receptors if they responded either to gentle
muscle palpation or to light pressure on individual muscles of mas-
tication. Muscle units were then tested by a series of ramp-and-
hold jaw stretches at varying speeds (8-32 mm/s) and positions
(1-8 mm). A minimum of 20 trials (ramp open, hold, ramp close)
were presented for each speed and position. The jaw opening and
closing speeds were identical for each trial. Units with superficial
and intraoral receptive fields (RFs) were not studied further.

A stainless-steel concentric bipolar stimulating electrode was
stereotaxically implanted in the contralateral ventroposteromedial
nucleus (VPM) of the thalamus to test for antidromic stimulation
of movement-related units. Neurons were considered to be anti-
dromically driven if they exhibited an all-or-nothing response that
consistently followed high frequency pulses (>200 Hz) with a
short and fixed latencies at stimulus intensities <l mA. In a few
experiments, identification of muscle afferent input was comple-
mented by electrical stimulation of the masseter nerve. The masse-
ter nerve was exposed in the infratemporal fossa by reflecting the
temporalis muscle laterally. A bipolar silastic cuff electrode was
placed on the nerve just proximal to its entry into the deep surface
of masseter muscle. Test stimuli consisted of single square-wave
pulses (0.1 ms/1 Hz). Central neurons that were activated by mas-
seter nerve stimulation were differentiated from primary afferent
axons by their initial negative-going spikes and inability to follow
high-frequency orthodromic stimuli (>200 Hz).

At the end of each experiment, animals were deeply anesthe-
tized with a lethal dose of pentobarbital (100 mg/kg) and perfused
with heparinized saline followed by a 4% paraformaldehyde in
0.2 M phosphate buffer (pH 7.2). One-centimeter thick blocks
from the brainstem and thalamus that contained the record-
ing/stimulation sites were made in situ. Serial sections (50 pm
thick) were taken from each block with a vibratome. Recording
sites were reconstructed from records of stereotaxic coordinates
referenced to the location of the identified electrode tracks.

Data analysis

Initial evaluations regarding movement res were made
based on peri-stimulus time histograms (PSTHs). Further analysis
was performed on units recorded successfully during testing at
least three different speeds and/or amplitudes. For units showing
initial bursts of response at the onset of stretch, the dynamic index
(DI) was assessed to examine speed-sensitivity. DI was calculated
as the difference between the peak instantaneous frequency during
the ramp stretch and the firing frequency taken 0.5 s later (Crowe
and Matthews 1964). Units lacking initial dynamic response were
excluded from this analysis. In addition, mean firing rate (MFR)
was calculated during each stage of the ramp-and-hold trial. For
each unit, a simple linear regression analysis was separately per-
formed on mean DI and MFR from 15-20 trials. A linear regres-
sion line was obtained for each analysis; the slope of the line and
correlation coefficients were calculated. The significance level of
the statistical analysis was set as P<0.01.

Variations in interspike intervals (ISI) were examined by ana-
lyzing “ISI % change”. This method, introduced by Miyazaki and
Luschei (1987), was used to compare ISI variability between jaw
movement-modulated primary afferents and second-order neurons
in the trigeminal system.

Results

Extracellular unit recordings were made from neurons
that showed consistent jaw movement-related responses.
Data were collected from six adult cats. We present here
the results obtained from 20 jaw movement-related neu-
rons that responded to light palpation of the masseter
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Fig. 1A, B Jaw-movement related responses. Examples of two
types of stretch-related responses elicited by passive ramp-and-
hold movements of the jaw. The unit illustrated in (A) showed a
dynamic response at the onset of the jaw opening, whereas the

unit shown in (B) lacked a dynamic response. Upper deflections of
the ramp wave indicate jaw opening. The duration for ramp-and-
hold displacement was 4 and 2 s for the units shown in A and B,
respectively

Table 1 Summary of physio-

logical properties of move- Cell ID RF Dynamic Speed sensitivity Length sensitivity ~Mean ISI
5 ; ter response
gl)eilr(l; ﬁiiﬁf%o;ieﬁ{\}: . DI (r) MFR (r) MEFR (r) % Change
i) ﬁﬁiggi?;‘c(;)”fjg;e’g(ﬁl SMI11-8  Masseter  Yes 0.580*  0.796*  0.778* 70.2
Socthoientiny m’)t fastedvwith SMI 3-1 Masseter Wes 0.623* 0.923* 0.490 37.4
S e ampli- SMI 3-2 Masseter Yes 0.636*  0.790* 0.814* 40.6
tudes/speeds. * denotes statisti- SMI 7-1 MasseterA Yes 0.620* 0.670* 0.180 S3
cally significant relationship DST 4-7 Temporalis  Yes 0.370 0.850* nt 84.2
DST 4-5 Masseter Yes 0.326 0.372 nt 44.6
DST 44 Masseter Yes 0.303 0.790* nt 62.0
SMI 5-3 Masseter No - 0.406 0.816* 44.4
SMI 64 Temporalis  No - 0.488 0.917* 74.6
SMI 6-3 Masseter No - 0.050 0.816* 41.6
SMI 6-2 Temporalis  No - 0.230 nt 37.7
SMI 6-1 Masseter No - 0.310 0.904* 34.5
DST 9-8 Masseter No - nt 0.961* 371

(16/20) or temporalis muscle (4/20). Unlike movement-
related neurons reported in our earlier work (Ro and
Capra 1995), none of these neurons could be activated
by mechanical stimulation of orofacial hair and skin, in-
traoral mucosa, or the teeth. Therefore, these neurons
formed a distinct subpopulation of all jaw movement-
related neurons recorded from Vi. Electrical nerve stimu-
lation confirmed that six units received input from the
masseter muscle. Stimulus intensity as low as 200 pA
(range: 200 pA—900 pA) reliably activated these neurons
with a mean latency of 3.7+2.2 ms (SD). One unit also

responded to antidromic stimulation of VPM of the thal-
amus.

All neurons had increased discharge rates during the
onset of jaw opening and continued to respond to main-
tained opening. Based on the observation of firing pat-
terns, units were qualitatively categorized as one of two
types. One group of neurons (#=12) exhibited a clear and
consistent dynamic response, i.e., an initial burst of ac-
tivity coincident with the onset of the ramp stretch fol-
lowed by reduced, but relatively constant activity during
the hold phase (Fig. 1A). The other group (»=8) lacked a
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Fig. 2A-D Speed-sensitive response. A Raster displays and peri-
stimulus time histograms of a dynamically sensitive unit aligned
to ramp-and-hold stretches of the jaw. Reproducibility and stabili-
ty of the unit’s response to the jaw movements is evident over
multiple trials and stretch velocities. Upward deflections of ramp
wave represent 6 mm of jaw opening. B The distribution of inter-
spike intervals reveals both dynamic and static responses of the
same unit. C, D Both dynamic index (D) and mean firing rate
(MFR) were linearly related to the speed of jaw stretch. In all
speed-sensitive units, MFR during the opening phase yielded a
higher regression coefficient than DI and showed less variations
between trials

dynamic response at the onset of stretch, but responded
to maintained jaw opening (Fig. 1B). A few neurons in
this group showed a weak dynamic response during
some of the trials. For such responses, DI was not calcu-
lated.

All units successfully tested with at least three differ-
ent speeds and/or amplitudes of jaw displacements
(13/20) were selected for further analyses. The results
from the quantitative analyses performed on these neu-
rons are summarized in Table 1. All but one unit with a
dynamic response could reliably signal changes in open-
ing speeds with either DI or MFR, whereas units that
lacked a dynamic response were highly sensitive to
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changes in jaw opening amplitude. Based on these re-
sults, we classified these units as speed-sensitive and po-
sition-sensitive units, respectively. Two of the speed-
sensitive units also showed position-sensitivity.

Figure 2 illustrates examples of a speed-sensitive neu-
ron to three different speeds of jaw stretches. This unit
was activated by gentle palpation on the anterior part of
the masseter muscle. As illustrated in the rasters and his-
tograms (Fig. 2A, B), the unit responded with bursts of
activity as the jaw was stretched open and leveled off to
a lower firing rate as the jaw reached the hold position.
The duration of high activity corresponded with the du-
ration of the dynamic open phase of a ramp-and-hold tri-
al. Conversely, this neuron became completely silent
during imposed closing of the jaw. Also evident was the
presence of a deceleration response at the beginning of
holding phase. The high firing rate of this unit halted
transiently for a brief period as the stretch was complet-
ed and the hold phase began, then the unit resumed firing
at a lower rate. Dynamic index of this neuron as well as
MFR during opening phase were significantly correlated
with the speed of jaw stretch (Fig. 2C, D).

The unit also responded to masseter nerve stimulation
consistently without failure, but the latency varied be-
tween 2 and 3 ms when stimulated at 1 Hz (Fig. 3A, B).
The stimulus intensity required to activate this neuron
was 900 pA. The unit also responded to antidromic stim-
ulation of the thalamus with a short and fixed latency
(Fig. 3C, D) and followed a high frequency of thalamic
stimulation up to 200 Hz.

Position-sensitive units lacked a dynamic response at
the onset of stretch. The firing rate of these neurons var-

6 "l 8 9 1 2 3 4 5 6
msec (0.1 msec / bin)

ied as a function of amplitude of jaw opening. Figure 4A
shows an example of a position-sensitive unit. The unit
increased its firing rate from the basal level at the onset
of jaw opening and maintained an elevated firing rate
throughout the hold phase. The sustained stretch-related
responses were consistent over multiple trials. However,
the magnitude of firing changed as the opening ampli-
tude was varied. The ISI distribution at each amplitude
tested showed a slightly skewed, but regular pattern (Fig.
4B), which differed qualitatively from the ISI distribu-
tion of the speed-sensitive units (Fig. 2C). The mean fir-
ing rates during maintained hold were significantly cor-
related with the amplitude changes (Fig. 4C). In addi-
tion, a deceleration response following peak ramp stretch
was not present in these neurons.

The mean percent changes in ISI, which was calculat-
ed for 13 units, was 51.3£16.7% (£SD) (Table 1). None
of these units had a percent ISI percent change less than
25%, which is the value assumed to be associated with
the recordings of muscle spindle afferents, but, instead,
the observed range of ISI percent changes in this report
was quite comparable to that recorded from a group of
second-order neurons that received muscle spindle affer-
ent inputs in the supratrigeminal nucleus (40+18.5%)
(Miyazaki and Luschei 1987). Although interspike inter-
val variabilities were high, these units could still reliably
signal speed- and position-related information. In addi-
tion to DI, we also calculated MFR during the opening
phase to examine the effect of speed changes in overall
firing rates on all units with a dynamic response. All
units that showed a significant relationship between DI
and/or MFR, and the speed of jaw opening are illustrated
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Fig. 4A-C Position-sensitive response. A Raster displays and peri- of MFR and the length of jaw opening for all position-
stimulus time histograms showing responses of an amplitude-sensi-  gengitive units are shown in Fig. 5C. All length-sensitive

tive unit to three different amplitudes. Upward deflections of each . 5 .

ramp wave denote jaw opening at 13 mm/s. Interspike interval his- units Sh‘?w‘?d 2 hlg‘_l correlation between MFR and the
tograms for different amplitudes tested are shown in B. C Mean fir- changes in JaW'POSItIOIl-

ing rate during the holding phase of the ramp-and-hold movements Reconstructions of electrode penetrations revealed

was highly correlated with the amplitude of jaw opening that these cells were concentrated 2—3 mm rostral to the
obex, in the medial edge of Vi and in the adjacent reticu-
lar formation (Fig. 6). These cells were rostral and medi-

in Fig. 5. It is interesting to note that, in all cases, MFR al to the movement-related Vi neurons that receive low-

yielded a higher regression coefficient than DI (Table 1). threshold cutaneous inputs (Ro and Capra 1995) and dor-

In some units, MFR alone showed a significant relation- sal to neurons that process nociceptive inputs from cra-

ship to the speed changes. This result is presumably niofacial muscles (Hayashi et al. 1984).

strongly influenced by high variability in the instanta-

neous firing rate among these neurons. The relationships



431

A Speed Sensitivity (DI) B  Speed Sensitivity (MFR) C  Length Sensitivity (MFR)
1000 80
T 150
70
800 - ‘/"// 60
— A s 2
§ - //% A ©50+
8 %07 - e ]
a 400 //&/ — i /"/ T ,/»”// 7 Eaﬂ
//,r/”/t/ =20
’/’ifi 1
" j//// L f 10 -
/Q/ 'i/# 0 - a
0 y y ‘ ; : ! s [ . ; - . -10 B i . y .
8 10 12 14 16 18 20 22 5 10 15 20 25 30 35 1 2 3 4 5 6 7
Speed (m/sec) Speed (m/sec) Length (mm)

Fig. 5A-C Regression plots for all units. Speed-sensitivity of all
units that showed the dynamic response. A, B Linear regression
lines obtained with both dynamic index (DI) and mean firing rate
(MFR) are plotted to compare the sensitivity of these measures.
Similarly, amplitude sensitivity of all units that showed a signifi-
cant relationship between MFR and the amplitude of jaw opening
is evaluated (C)

Fig. 6 Histological reconstruction of recording sites for all 20
neurons. The neurons receiving jaw muscle-spindle afferent inputs
were concentrated at the dorsal medial border of Vi and the adja-
cent reticular formation, between 1.5 and 2.5 mm rostral to the
obex. XII Hypoglossal nucleus, CE external cuneate nucleus, X
dorsal motor nucleus of the vagus, N4 nucleus ambiguus, /O infe-
rior olive nucleus, Py pyramidal tract

Discussion

Origin of the jaw movement-related responses

In this study we identified a group of neurons in the
brainstem at the level of Vi that responded to passive

jaw movements in a consistent and reproducible man-
ner: Previous studies have shown that jaw movements

can activate the receptors embedded in the skin (Ap-
penteng et al. 1982; Ro and Capra 1995), muscles of
mastication (Cody and Taylor 1973; Cody et al. 1975;
Goodwin and Luschei 1975; Larson et al. 1981, 1983;
Taylor and Cody 1974; Taylor and Davey 1968), and in
the temporomandibular joint (TMJ) (Kawamura and
Abe 1974; Klineberg et al. 1971; Lund and Matthews
1981). However, we believe that the most likely origin
of the jaw movement-related activity described in this
report is mechanical activation of jaw-muscle spindles.
All units responded maximally during muscle lengthen-
ing and were even excited with minimal jaw move-
ments, suggestive of muscle-spindle activation. Two ba-
sic response patterns were identified. One group had
physiological properties similar to those described for
muscle-spindle primaries in that they exhibited a clear
dynamic response at the onset of stretch, deceleration
response after the peak ramp stretch, and silence during
closure (Cheney and Preston 1976; Crowe and Mat-
thews 1964; Edin and Vallbo 1990; Harvey and Mat-
thews 1961; Inoue et al. 1981). Firing patterns of these
neurons were highly correlated with the changes in jaw
opening speed. The second group lacked an initial burst
at the onset of stretch and deceleration response at the
onset of static hold. Instead, firing rates of these neu-
rons were highly correlated to the amplitude of jaw
stretch. These properties were comparable to those de-
scribed for muscle-spindle secondaries (Cheney and
Preston 1976; Cody et al. 1975; Inoue et al. 1981; Stein
and Matthews 1965).

Furthermore, all of the units reported in this study
were sensitive to gentle palpation of either the masseter
or temporalis muscle. Some of the neurons that respond-
ed to palpation of the masseter muscle also responded to
electrical stimulation of the masseter nerve (6/6 tested).
Although we did not test all units with electrical nerve
stimulation, no qualitative differences were evident in
the response characteristics to jaw stretch between the
masseter units identified by palpation only and the units
identified by both mechanical and electrical stimuli.
These units were not responsive to light mechanical
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stimulation of the hair or skin overlying the muscle, or to
mechanical stimulation of other oral and perioral tissues
or of the region surrounding TMJ. Therefore, it is unlike-
ly that the movement-related responses described in this
report originated from cutaneous or joint receptors. The
possibility that the stretch-evoked responses may have
been generated from Golgi tendon organ was also con-
sidered unlikely since none of the units showed in-
creased activity during muscle shortening (jaw closing)
(Edin and Vallbo 1990). Admittedly, the identification of
tendon-organ responses in jaw muscles is clearly a prob-
lematic issue (Taylor 1990).

Caudal projections of jaw muscle spindles

The results of the present study provide the first physio-
logical evidence that jaw muscle-spindle afferents pro-
ject at least to the levels of Vi, where the recordings of
these units were made. It is important to consider, how-
ever, whether the unitary responses described in this re-
port were obtained from second-order brainstem neurons
that process muscle-spindle inputs or from the axon col-
lateral of Vmes muscle-spindle afferents that project
more caudally. We believe that the responses described
in this report were obtained from central neurons based
on the following observations.

First, our analysis on ISI variability yielded values
that are comparable to those obtained from second-order
neurons in Vsup that received muscle-spindle inputs
(Miyazaki and Luschei 1987). Miyazaki and Luschei
showed that the Vsup neurons faithfully process first-
order muscle afferent inputs and provide meaningful in-
formation about jaw movements. However, on a more
quantitative basis, the second-order neurons in Vsup
showed much higher interspike-interval variabilities
when compared with the first-order muscle-spindle affer-
ents. Similar results were obtained from the cells in
Clarke’s column that receive muscle-spindle inputs from
the limb (Kroller and Griisser 1982). The high ISI vari-
ability seen in central units may reflect convergence of
multiple muscle-spindle afferents onto a single central
neuron (Kroller and Griisser 1982; Mann 1983). This
may account for high DI variability of speed-sensitive
units described in this report. The irregular firing pat-
terns of these units resulted in unusually high DI values,
even with a suppressed fusimotor activity by anesthetic
and muscle relaxant. This may also explain the higher re-
gression coefficients obtained using MFR in assessing
speed-sensitivity. Although the information about jaw-
speed changes was still preserved in DI, averaging firing
rates, regardless of the temporal pattern of responses,
provided a better measurement of speed changes.

Secondly, neurons that were activated by electrical
stimulation of the masseter nerve displayed response prop-
erties suggestive of second-order neurons. The latencies to
the masseter nerve stimulation ranged from 2.5-8 ms. This
range was considerably longer than that reported by Shige-
naga and his colleagues (0.7-1.3 ms), who made record-

ings from muscle spindles in the region between the Vmes
tract and Vmot (Shigenaga et al. 1988), even if we consid-
er the longer travel distance to the caudal brainstem. In ad-
dition, none of the six units followed electrical stimulation
of the masseter nerve at a high frequency. In fact, all of
these neurons yielded oscillating latencies even at stimulat-
ing frequency of 1 Hz (Fig. 3D).

Finally, anatomical studies provide further support for
the neurons described in this report as central units.
Vmes cells have been shown to project caudally to medi-
al border of the descending trigeminal nucleus and the
adjacent reticular formation (Luschei 1987; Walberg
1984). These areas were suggested as potential relay
sites of jaw muscle-spindle afferents. Recently, Luo and
Dessem (1996) reported that transneuronally labeled
cells following intracellular injection of biotinamide into
physiologically identified jaw muscle-spindle afferent
axons were most frequently encountered in the dorsal-
medial portion of Vi in the rat. This area is comparable
to the recording site in the present study. Taken together,
these results provide compelling evidence that the units
described in this report are central units that receive jaw
muscle-spindle input.

Functional considerations

A potential role of the caudal projection can be envis-
aged as providing a neural pathway for signaling man-
dibular kinesthesia. While electrophysiological and ana-
tomical studies have characterized the neural pathways
for limb and digit kinesthesia (for reviews, see McClos-
key 1978; Weisendanger and Miles 1982) a comparable
pathway for jaw kinesthesia has not been described.
Electrophysiological studies of the cerebral cortex have
shown that movement-related information from the mus-
cles of mastication and other deep structures reach cere-
bral cortex in subhuman primates (Huang et al. 1988;
Sirisko and Sessle 1983) and in cats (Landgren and
Olsson 1980; Lund and Sessle 1974). Langren and
Olsson (1980) also demonstrated the projections of low
threshold afferents from the oral cavity and the face to
the cerebral cortex in the cat. These studies showed that
area 3a of the cortex is the main cortex of low-threshold
muscle-afferent input, consistent with data from the spi-
nal system. However, it has not been clearly demonstrat-
ed how jaw muscle-spindle afferent information reach
the thalamus and, ultimately, the cerebral cortex.
Miyazaki and Luschei (1987) offered the possibility
that cells in Vsup or dorsal principal sensory nucleus
may relay muscle spindle information to the ipsilateral
thalamus for cranial proprioception in cats. However, we
found little evidence to support a substantial relay of
muscle afferent input from these areas to thalamus (Ro
and Capra 1994). Recently, we reported a group of neu-
rons in Vi that provided reliable information about the
status of the jaw to the thalamus for further processing
(Capra et al. 1994; Ro and Capra 1995). These neurons
received inputs from a variety of peripheral structures in-



cluding muscle. The presence of a small group of jaw
movement-related neurons with muscle spindle-like
properties, located in close proximity to movement-relat-
ed neurons with convergent receptive fields, strongly
suggest that Vi and adjacent reticular formation are po-
tential sites for processing and relaying of proprioceptive
inputs from jaw muscle spindles and other afferents to
the thalamus.

Another important role that this caudal projection
may play is the provision of muscle-spindle inputs to the
cerebellum. The cerebellum performs a delicate coordi-
nation of multiple peripheral structures in order for com-
plex motor behaviors to be performed properly. Such co-
ordination depends on temporally and spatially orga-
nized sensory inputs to the cerebellum (Welsh et al
1995). Numerous studies have demonstrated Vi as a ma-
jor projection site to the cerebellum in the trigeminal
system (Bukowska 1996; Ikeda 1979; Kruger 1979;
Ohya et al. 1993; Somana 1980; Woolston et al. 1982).
Although trigeminocerebellar connections are not exclu-
sive to Vi, they have long been considered to be the cra-
nial homolog of the spinocerebellar system (Kruger
1979). Therefore, the caudal projection from Vmes mus-
cle spindle afferents is well suited to provide relevant in-
formation to the cerebellum after a relay in Vi and adja-
cent reticular-formation neurons (lkeda 1979; Somana
1980) or via olivocerebellar projections (Walberg 1982)
for coordination of complex oral motor behaviors, such
as mastication and swallowing.
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