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Physiological evidence fior caudal brainstem prciections
of iaw muscle spindle affercnts
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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 fact. 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) eo identit' single units that showed con-
sistent responses to rampand-hold strerches of the jaw.
ln this report, we present data from 20 centnl units with
properties indicating that they received input from tri-
geminal muscle spindle afferents. All units were activat-
ed by gentle palpation ofjaw muscles, and none had su*
perficial receptive frelds" TWo goups of neurons could
be defined based on their responses to passive jaw move-
meils. One Sroup (rl2\ showed an obvious dynamic
responff (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 slopped firing
(unloaded) for a brief period upon jaw closure.'The other
grorry (r8) lacked a dynamic response. Instead, they
showed an increase in firing with onset of stretch that
was maintained during the hold phase. Thir0een units,
which were tesfed with more than three different jaw
stretch speeds and/or amplitudes, were further character-
ized by arnlyzing dynamic index @I) and mean firing
rate (MFR) during each phase of the rampand-hold
movement as well as interspike interval (ISI) variabilif.
All bui one unit with a dynamic response showed a
speed-smsitivity ID all cases, the MFR was a tnore ssn-
sitive indieator of changes in jaw speed ttran DI. Neurons
in the other group (5/5 tested) showed a high position-
sensitivity, i.e., their firing rates varied as a frrnction of
amplitude of jaw opening. The percent change in ISI
vaiablhty for all neurons ranged from 37-MYo. The re-
sponse characferistics 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-rmrscle-spindle afferert 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
iryut 0o this region is well suited for influencing the co-
ordination of motor behavior during feeding and for the
integration and processing of kinesthetic information.

Key words Trigeminal'Jaw movements '
Muscle spindle' Vi' Reticular formation

Intmductim

The perikaraya ofjaw muscle spindles are located in the
rigeminal mesencephalic nucleus (Vmes). Studies on
the anatomical organization and functional properties of
central connections of these neurons have demmstrat€d
that they are intricarely involved in the reflex contrrol of
a vali*y of oral and facial movements (Appenteng et al.
1978; Cody etal. 1975; Dessem and Taylor 1989; Kishi-
moto et al. 1998; Kolta et al. 1995; Larson et al. 1983;
Luo l99l; Shigenaga et al. 1990; Taylor and Cody
1974). Most of these studies elucidated the role of cen-
tral connections ofjaw-muscle-spindle afferents onto the
rostral areas, such as trigeminal rnotor 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-
cssses, which collectively fonn Probst's fact (Corbin
1942\. Atrn;tnmical studies have shown that this tract pro-
jects caudally to the spinnl trigeminal nucleus and cervi-
cal spinal cord motor neurons (lvlatsushita et al. l98l1'
L4izuno and Sauerland 1970; Walbere 1984). Since Vmes
innervaes fimctionalty dlfferent flpes of spindle aferents
and also contains neurons the periodotttftm,
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lhe prccise tlpe of inp* fnm Vmes to catdal bmfustem
reqrdr€s firther sfidy- Cryra and Wax (1989) have found
that Vmes cells innenrating the masseter muscle proiwa
as far caudally as tlre rigerninal subnucleus caudalis
(Vc)- Although recent intna-axonal labeling sndies have
rwealed more detaild topographic di$ributions of cen-
hal axons from physiologically identifted jaw-muscle-
spindle afrsrents (Dessem et aL 1997), physiological

of the caudal brainstern neurons that rwelre
the muscle spindle inprss are still largelyunknown

We have previously describd a group of neurons in Vi
in lhe cat that respond to passively imposd jaw nwvu
ments (Capra eta|. l94: Ro and Capra995). Jawmove-
ment-related neurons received s€nsory ilgtts from the
muscles of mastication, hair, and skin arsmd the mouth,
oral mucosa, and some combination ofthese suucfur€s. ln
additioru a few neurons were isolated that responded to
lorv-threshold elwrical stimulation of the masseter nerve
and showed muscle spindle-like respoo,ses to irw sfretcll.
This shrdywas confricted to det€Nntine whefrerftese ceir-
tnal neinoms, which rcrymded to passive jaw mov€m€ffi,
mry rweive iryil ftom mrscle spindle with mre rigor-
ols malytical q*ena- Our examination inctuded qnntit*
tive analysis of s@- and poeition-sensitivities by corre-
lating dynamic index (DI) ard mean firing rates to varying
speeds and amplitudes of the jaw opening ISI variability
percent changes were also calcrrlared and comparcd with
those reported for muscle spindle afferents dtd the central
neunrns in Vsrp (Miyaz*i and l",rrschei 1987). Prelimi-
nary results from this shrdy have been reported in an ab-
stract form (Ro andCapra lD8)"

ilaledabard meilnds

The experiments wer€ pcrfonned on adult cats weighiog 2.H kg
an€sthetized with a combination of ketamine (15 t4g/kg) ad xyla-
zine (l mgftg) ad rnaintained with sodium pentffiital
(38 mg/kg; i.v.). Arterial blood pressure, end tidal CO2, afr rer.t^l
temperafurs were monitored cotinuously during the fiperimenlal
proceerc. Body ternpcrature was maintained betwocn 37-1yC
with a warming blanket The anirnals were checked regulady to
monitor tlre level of anesffresia Additional anesihetic was adminirs-
tered wheir a firm pinch applied betrvecn fte toe pad$ resultod in
increased reepirarion and heart mto. For nerve stimulatiorL animals
werc gnnlyzed with Flaxedil Gallamirc fii€{hiodide ?-O n4, i.v.1
supplemented wift l0 mg i.v. as ned€d) ad utrfi€lallly verililatd-
Occasionally, effects were allowed to wear off ad fte
depth of anesthesia was testod- All procadures were condrrt€d
within the NIH Guide for the Care and LJse of Laborarory Animals.

An elechodynanric vibraror (Iab WoLs, Model 132; maximum
displacement 8 nnn) was afiach€d to animal's maldible cmfralat-
eral to tte side of the extnacellular rccdding; Tb vibratc was csr-
holled by a fimction generalor to poducc ranp displacemenrs of
the jaw wift varying speeds md amplifides. The resting imerincio-
al distance was adjnstrdto2fr-23 mn for all experiments.

Single-unit artivr$ was recor@ extracellularly with glass
electrodes filld wilh 2 Nf NaCL Elechod€s were directed rosho-
ventrally al30' tn the vertical axis and advanced into tlrc caldal
brainstenr- The caudal brain$t€m was explorod systematically with
stereotaxic coordindes derivod frrom ourprevious shdi€s (Cafa €t
aL 1994t Ro ad Capra 1995)- Once a rmit re$pon$iv€ to paseive
jaw movonents was isolate4 the re@ive field was &ermined by
mechanical stimulation of hair, skiru oralmucosa, ter/f,t\amdpa'lpa.-

tion of deep sarrchrres such as jaw muscles aild dre f€r4oroman-
dibuld joint (IMt). {-Inits were considerod to receive iryil frorn
musclc or ofur ep roceptoIs if they responded eitkr to gentle
muscle pa@fior c lo ligfupressre on individual muscles of mas-
ticarion Muscle rmits were lfien tested by a series of rampand-
hold jaw sheilches at varying speds (8-32 mm/s) and poeitions
(1-8 rm). A minimum of 20 trials (tanp opea hold, ramp close)
wcre presentd fc each speed ud position The jaw opening md
ctosing speods were idsntical for each trial. Unie with sqerficial
andintraoral roceptive trelds (RFs) were notshtdid firtlrcr.

A stainless-stel concenfiic bipolar stimulating elechode was
stereotaxically iqlantod in fire contralateral ventrqosteromedial
nucleus (VPM) of lhe lhalamus to t€st for antidromic stimulation
ofrnovernent-relatod units. Neurons were considered to be anti-
dromically driven if they exhibited an all-or-nothing response lhat
consietently followed high fiequency pulses (>2fi) IIz) with a
short and fixed Luencies at stimulus itrensities <l mA. In a few
expcriments, identification of muscle afferent input was comple-
mcnted by electrical stimulation of the massetcr nerve. The rnasse-
isr nerve was exposed in tfoe infrateryoral foesa by reflecting the
temporalir muscle laterally. A bipolar silastic cuff electrcde was
placed on the nervejust proximal to its 6nfy inlo the deep surface
of massetgr muscle. Tixt stimuli consisted of single s{uare-wave
pulsee (0.1 ms/l Hz). Central neumtts dret were activated by mas-
$€ter nerve stirnulation wer€ diffeltntiarod from primary affsr€nt
axons by drcir initial regative-goiog spikes and inability to follow
higlrfreqnency orthodromic stimuli (>2W IIzl.

At tho end of each experiment anirnals were deeply anesthe-
tizdwitha lethal dose of peirtobarbital (100 mg/kg) andperfusod
with heparinizd saline followed by a 4% paraformaldehyde in
0.2 M phoophate buffer (pII 7.2). One-cotimeter thick blools
from the brainstsm and thalamus tbat contained the record-
ing/stimulation sites were made in situ Serial sections (50 pnt
thick) were taken from each block with a vibratome- R€cording
sites were reconsfructod from records of stereotaxic coordinates
referenced to the location ofthe idenfified elechode hacks.

Dara analysis

lnitial svaluafions regarding movenreld rcspotrs€$ were made
based on peri-stimulus tinre histograms (PSTlIs). Further analysis
was perfonned on rmi8 recordod successfulty during testing at
least tfuee different speeds and/or For units showing
initial bust$ of lcsponse at the onset of stnetch, the dynamic index
(DI) was as$€ssed to examine spee&sensitivity. DI was calculated
as the diffsrcnc€ behreen the peak instantaneous frcgency &ning
the rarnp stretch md the firing frequency taken 0.5 s laler (Crowe
and Matdrcws 19641" Units lacking initial dynarnic rcsporne were
exchdod from this analysis. In additioa mean firing rate (N{FR)
was calculated during each $age of the ran+ard-hold trial. For
each rmit, a simple linear regreesion anatysis was separately per-
fonnod on rnean DI ad I\{FR from 15-20 trials- A linear regres-
sion line was obtainod for each analysis; the slope ofthe line and
oorrelation coefficients were calculated The significance level of
the statistical analysis was set as P<0-01.

Variations in intcrspike intervals (ISI) were examirrcd by ana-
tyzing'I$ %o change". This rnethod, introduced by Miyazaki and
Lusclpi (1987), was us€d to cornpar€ ISI variabitity betrveenjaw
movernmt-modulatod primary afferents and secod-order n€urons
in tlre trigeminal systonr-

Resrl!3

Exaaceltulr rmit recordings werc made from neurcns
ft* showed eonsistent jaw movement-relded rcsponse.s.
Dala werc collected from six adult cats. We present here
the results obtained from 20 jaw movement-reliated nen-
rons that responded to tight palpation of the mass€ter
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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 indicatejaw opening. The duration for ramp-and-
hold displacement was 4 and 2 s for the units shown in A and B,
respectively

Table I Summary of physio-
logical properties of move-
ment-related neurons. 1Sl Inter-
spike interval, RF receptive
field, D/dynamic index, MFR
mean firing rate, (r) regression
coefficient. r,t not tested with
more than three ampli-
tudes/speeds. * denotes statisti-
cally significant relationship

Cell ID RF Dynamic
response

Speed sensitivity Length sensitivity Mean ISI

DI (r) MFR (r) %oChangeMFR(r)

SMI l l_8
sMI3-l
SMI3-2
SMI T_I
DST,+-7
DST 4-5
DST 4--4
SMI5-3
SMI g
SMI G3
SMI6-2
SMI6-I
DST 9-8

Masseter
Masseter
Masseter
Masseter
Ternporalis
Masseter
Masseter
Masseter
Temporalis
Masseter
Temporalis
Masseter
Masseter

0.580* 0.796*
0.623* 0.923*
0,636* 0.790*
0.620,t 0.670*
0.370 0.850*
0.326 0.372
0.303 0.790*
- 0.406
- 0.488
- 0.050
- 0.230
-  0.310
- n t

Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
No
No
No

0.778*
0.490
0.814*
0.1 80
nt
nt
nt
0.816*
0.9t7*
0.8 16*
nt
0.904*
0.961*

70.2
37.4
40.6
57.3
84.2
44.6
62.0
44.4
74.6
41.6
37.7
34.5
J I . L

(t6/20\ or temporalis muscle (4/2q. Unlike movernent-
related neurons reported in our earlier work (Ro and
Capra 1995), none of these n€rrrons could be aclivat&d'
by mechmical stimulation of orofacial hair and skin, in-
fdoral muoosa, or fhe teeth. Therefore, these neurons
fonned a distinct subpopulation of all jaw movement-
relaled neurons recorded from Vi. Elecfical nerve stimu-
lafion confirmed that six units received input from the
mass€t€r muscle. Stimulus intensity as low as 200 FA
(range; 200 FA-900 pA) reliably rctivatd 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 ofjaw opening and continued to respond to main-
tained opening- Based on the observation of firing pat-
ierns, units were qualitatively categorw*A as one of two
types. One group of,neurons (r:12) exhibited a clear and
consistent dynamic respon$e, i.e., an initial burst of ac-
tiviry coincident with the osset of the ramp shetch fol-
lowed by reduce{ but relatively constant activity during
the hold phase (Fig. lA). The other group (rr8) lacked a
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Fig. 2A-D Speed-sensitive response. A Raster dilplaYs.and.Peri-
stiirulus time histograms of a dynamically sensitive unit aligned
to ramp-and-hold stretches of the jaw Reproducibility and stabili-
w of the unit's response to the iaw movements is evident over
multiple trials and itretch velocities. Upward deflections of ramp
wavdrepresent 6 mm ofjaw opening. B The dishibution of inter-
spike intervals reveals both dynamii and static responses of the
sime unit. C, D Both dynamic index (DI) and mean firing rate
(WR) were linearly related to the speed of jaw- stretch. In all
dpeed-sensitive uniti, UfR during the opening phase yielded a
higher regression coefficient than DI and showed less variations
between trials

dynamic response at the onsst of stretch, but responded
to maintained jaw opening (Fig. lB). A few neurons in
this grorry showed a weak dynamic r€sponse during
some of the trials. For $uch responses, DI ruas not calcu-
latqd

Atl units zuccessfully tested with at least three difler-
enf speeds and./or amplitudes of jaw displacernents

$3nO\ were selected for further analys€s' The results
frorn the quantitativ€ analyses perforrned on these neu-
rons are summarized in Table 1. All but one unit with a
dynamic respons€ could reliably siSnal changes in open-
ing speeds with either DI or MFR" whereas units that
laeked a dynamic response wer€ highly sensitive to
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Fig.3A-D Responses to elec-
trical stimulation. A Examples
of a stretch-sensitive unit re-
sponding to electrical stimula-
tion of the masseter nerve. Sa-
perimposed traces show the
unitary response to five consec-
utive stimuli (l Hz; dura-
tion:O.1 ms; stimulus intensi-
ty:800 pA; latenc52-3 ms).
B Peristimulus time histogram
(PSTTI) ofthe unit's response
to nerve stimulation (r:50).
C Examoles of the same unit
responding to antidromic stim-
ulation of the contralateral
ventroposteromedial nucleus
(VPM) of the thalamus (10 Hz;
duration:0.I ms; stimulus in-
tensity:900 pA; latenc54 ms),
The responses to five consecu-
tive stimuli are superimPosed.
D PSTH from 50 consecutive
antidromic stimulation
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changes in jaw opening amplitude. Based on these re-
sults, we classifiedthese rmits as s@-sensitive andpo-
sition-sensitive units, respectively. Two of the speed-
sensitive units also showed position-sensitivity-

Figrne 2 illusrdt€s examples of a speed-sensitive neu-
mn to three differ€nt speeds of jaw stretches- This unit
was activated by gentle palpation on the antsior partof
the masseter muscle. As illushated in the rasters and his-
tograms (Fig.2A, B), the unit responded with bursts of
aciivity as the jaw was shetched 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 fuing tate 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 spe€d ofjaw stretch (Fig. 2C, D).

The unit also responded to masset€f nerve stimulation
consisrently without failwe, but the latency varied be-
tween 2 and 3 ms when stimula0ed Lt I Hz (Fig. 3,{' B).
The stimulus intensity required ta activate this neuron
was 900 pA. The unit also responded to antidromic stim-
ulafion of the thalamus with a short and fixed latenvy
(Fig. 3C, D) and followed a high frequency of thalamic
stimulation upta2NHz.

Position-sensitive mits lacked a dynamic response at
the onset ofstretch, The fring rate ofthese neurons var-

ied as a function of amplitude ofjaw 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 fring rate
throughout the hold phase. The sustained stretch-related
responses were consistent over multiple fials- 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. aC). In addi-
tioq a deceleration response following peak ramp sffetch
was not present in these neurons.

The mean percent changes in IS[, which was calculat-
ed for 13 units, was 51"3+l6.7vo (+SD) (?able l). None
ofthese units had a percent ISI percent change less than
25o/o, wbich is the value assumed to be associaled with
the recordings of muscle spindle afferents, buL instead
the observed range of ISI percent changes in this report
was quite comparable ta thut reoorded from a group of
second-order neurons that received muscle spindle affer-
ent rnputs in the supratrigeminal nucleus (40118.5%)
(Mriyazl/ri and Luschei 1987). Although interspike inter-
val variabilities were high, these units could still reliably
signal speed- and position-related infonnation. In addi-
tion to DI, we also calculated MFR during the opening
phase to examine the effect of speed changes in overall
fning rates on all units with a dynamic response- All
units that showed a significant relationship between Dl
and/or MFR, and the speed ofjaw opening are illustrated
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Fie. 4A-{ Position-sensitive response. A Raster displays and peri-
stiirulus time histograms showing responses of an amplitude-sensi-
tive unit to three di=fferent amplitudes. Upward deflections of each
ramp wave denote iaw opening at 13 mm/s' Interspike interval his-
tosrams for differertt amplitudes tested are shown in B. C Mean fir-
in! rate durins the holdine phase of the ramp-and-hold movements
wis highly co-nelated witli-the amplitude ofjaw opening

in Fig" 5" It is interesting to no0e that, in all cases, MFR
yielded a higher regression coeffrcient than DI (Table l).
In some units, MFR alone showed a signifrcant relation-
ship to the speed changes. This result is presumably
strongly influenced by high variability in the instanta-
neous firing rate among these neurons. The relationships

1.5nunWn
13,nn/#

1.5mm
filbst lSl = 7.3

' ' 
l*ritol rtitl 

' 7

of MFR and the length of jaw opening for all position-
sensitive units are shown in Fig. 5C. Atl length-sensitive
units showed a high correlation betrveen MFR and the
changes in jaw position.

Reconstnrctions of elecbode penetrations revealed
that these cells were concentrated 21 mm rostral to the
obex, in the medial edge of Vi and in the adjacent reticu-
lar fonnation (Fig- 6). These cells were rostral and medi-
al to the movement-related Vi neurons that receive low-
threshold culaneous inputs (Ro and Capra 1995) and dor-
sal to neurons that process nociceptive inputs frorn cra-
niofacial muscla (Ilayashi et al. 1984)-
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Fis. 5A-{ Resression plots for all units. Speed-sensitivity of all
unlts that showed the dynamic response' A, B Linear regression
lines obtained with bottrdynamic index (DI) and mean firing rate
(MFR) are plotted to compare the sensitivity of these measures'
Slmitirty, ainplitude sensitivity of all units that showed a signifi-
cant relitionsirip between MFit and the amplitude of jaw opening
is evaluated (C)

Fig. 6 Histological reconstruction of recording sites for all 20
neirons. The neurons receivingjaw muscle-spindle afferent inputs
were concentrated at the dorsal medial border ofVi and the adja-
cent reticular formation, between 1.5 and 2.5 mm roshal to the
obex. )ill Hypoglossal nucleus, CE extemal cuneate nucleus,{
dorsal motoi iucleus of the vagts, NA nucleus ambiguus, IO 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-
nerj Previous sfirdies have shovm tltn;t iaur movements

cun acl;ivatr, the receptors embedded in the skin (Ap-
psnteng et al. 1982; Ro and Capn L995), muscles of
mastication (Cody and Thylor 19731' Cody et al- 1975;
Goodwin and Luschei 1975; tarson et al. 1981, 1983;
Taylor and Cody 1974;Taylor and Davey 1968), and in
the temporomandibular joint (TMJ) (Kawamura and
/$e 1974; Klineberg et al. l97l; Lund and Matthews
l98l). Howwer, we believe fhat the most likely origin
of the jaw movem€nt-rel^td acJivrty described in rhis
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 0o those described for
muscle-spindle prirnaries 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 196l; Inoue et al. t98l). Firing pat0erns of these
neurons were highly correlated with the changes in jaw
opening speed- The s€cond group lacked an initial burst
at the onset of shetch and deceleration response at the
onset of static hold. tnseea4 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 1,976; Cody et al. 1975; lnoue et al" 1981; Stein
and Matthews 1965).

Furthermore, all of ihe rmits reported in this strtdy
were sensitive to gentle palpation of either the masseter
or temporalis muscle: Some of the neurons that rcspond-
ed to palpation of the masseter muscle also responded to
electrical stimulation of the masseter nuve (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

"0

4-,
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stimulation of the hair or skin ovedying the muscle, or to
mechanical stimulation of other oral and perioral tissues
or of the region surrounding TMJ. Therefore, it is unlike-
ly t}rrt the movement-related responses described in this
report originated from cutaneous orjoint receptors. The
possibility that the streich-evoked responses may have
been generaied from Golgi tendon organ was also con-
sidered unlikely since none of the units showed in-
creased activity during muscle shortening (iaw closing)
(Edin and Vallbo 1990). Admitledly, the identiftsation of
tendon-organ responses in jaw muscles is clearly a prob-
lenratic issue (Thylor 1990).

Caudal projections ofjaw muscle spindles

The results of the present study provide the fnst physio-
togical evidence that iaw muscle-spindle afferents pro-
j*t at least to the levels of Vi, where the recordings of
these rmits were made. It is important to consider, how-
ever, whether the unitary responses described in this re-
port were obtained from second-order brains0em neurons
that process muscle-spindle inputs or from the axon col-
lateril 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
thatare comparable 0o those obtained from second-order
neurons in Vsup that received muscle-spindle inputs
@Iiyamkr and Luschei 19871" Miyanki 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 neurolls 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 (Krdller 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 (Krdller and Griisser 1982; Mann 1983)' This
may account for high DI variability of speed-sensitive
units described in this report. The irregular firing pat-
tems 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 coefticients obtained using MFR in assessing
speed-sensitivity. Although the information about jaw-
speed changes was still preserved in D[, averaging firing
rates, regardless of the ternporal pattam of responses,
provided a better measurement ofspeed changes.

Secondly, neurons fhat were aptivatd by electrical
stimulation of the masseter nerve displayed response prop
erties suggestive ofsecond-order neurons. The latencies lo
the masseter nerve stimulation ranged from 2.5-8 ms. This
r:rnge was considerably longer than that reported by Shige-
nagn and his colleagues (0.7-1,.3 ms), who rnade record-

ings from muscle spindles in the region between the Vmes
tractand Vmot (Shigenaga et al. 1988), even if we consid-
er the longer tavel distance to the caudal brainstern Xn ad-
dition, none of the six units followed electrical stimulation
of the masseter nerve at ahrg$ frequency" In fact, all of
these neurons yieldd oscillating la0encies even at stimulat-
ing frequency af lIIz(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 0o 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. Thken 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 rnan-
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 ofthe cerebral cortex have
shown that movement-related information from the mus-
cles of mastication and other deep strucfires reach cete-
bral cor0ex in subhuman primates (Htrang 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 tn
the cerebral cortex in the cat. These studies showed that
aretr-3aof the cortex is the main coriex of low-threshold
rnuscle-afferent inpu! 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, ultirnately, 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 0o thalamus (Ro
and Capra 1994). Recently, we reported a group ofneu-
rons in Vi that provided reliable information about the
status of the jaw to the thalamus for further processing
(Cryra et al. 1994; Ro and Capra 19951. These neurons
received inputs from a variety of peripheral structures in-



chding muscle. The preseirce of a small grotry of jaw
movement-relatod neurrnls with muscle spindle-like
properties, located in close proximity to movemelrt-reld-
ed nerurons with convergent roceptive fields, strongly
suggest that \n nd adlircefr re/ristls formdion ar€ po-
tential sites forprocessing md relaying of pr;ryiocq4f,we
iry$$ from jarv muscle spindles and olhs afferents to
fte rhalamqs-

Another importad rcle hfr this candal projectioa
ncy"play is the provision of muscle-spindle iryds to lhe
cerebellum. The cerebellum performs a delicate coordi-
nation of multiple peripheral strucfires in order for com-
plex motor behaviors to be performd WWly. Such co-
ordination depends on temporally afr spatnlly orga-
nized sensory inputs to the cerebellum (Welsh et al.
1995). Numerous studies have demonstratod Vi as a ma-
jor projection site to the cerebellum in the trigeminal
system @ukowska 199.6; Ikda 1979; Kruget 1979;
Ohya et aL 1993; Somana 1980; Woolston d aL 1982').
Although trigeminocerebellar connections are not sxclu-
sive to Vi, they have long been considered to be the cra-
nial homolog of the lar system (Kruger
1979).T\eretore, the caudal projection from Vmes mus-
cle spindle afferents is well zuited to provide relevant in-
fomration to the cerebellum after a relay in Vi and adja-
cent reticuliar-fonnation neurons (Ikeda 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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