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Abstract. Cutaneous facial inputs influencing head move- 
ment were examined in the conscious and anaesthetised 
cat. EMG recordings were made in neck muscles of con- 
scious, unrestrained cats in which an unexpected light 
cutaneous stimulus was applied to the glabrous skin of 
the planum nasale (PN). These observations established 
that head aversion movements were associated with syn- 
chronised activation of both deep and superficial dorsal 
neck muscles. In anaesthetised cats in which activity in 
the motoneurons of the large dorsal neck muscles was 
examined, mechanical stimulation of the PN or electrical 
stimulation of the infraorbital nerve (ION) produced a 
short latency, reflex activation. The reflex could be elicit- 
ed by excitation of low threshold, rapidly conducting fi- 
bres in the ION. Intracellular recording from neck mo- 
toneurons showed that there is a short latency, probably 
disynaptic, excitatory pathway from low threshold 
nerves in the ION to neck motoneurons, but discharge of 
neck motoneurons occurred several milliseconds later, 
presumably as a result of activity in a longer multisynap- 
tic pathway. 
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Introduction 

Most neurophysiological studies which have dealt with 
the control of head movement in the cat have been pri- 
marily concerned with those head movements that occur 
during gaze-shifting behaviours (e.g. Dutia 1991). How- 
ever, most species exhibit a wide range of head move- 
ments which are not primarily gaze related and, even in 
gaze, head and eye movements can be de-coupled, at least 
in humans (Ron and Berthoz 1991). Thus, the neurophys- 
iological substrate for head movement must incorporate 
mechanisms to allow for non-gaze-dependent move- 
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ments such as those of aversion, grooming, feeding, tac- 
tile and olfactory exploration and social interaction. 
Many of these movements are strongly influenced or ini- 
tiated by input from facial and oral structures. In groom- 
ing, for example, the cat moves the head so that oral 
structures can be brought into contact with limbs or 
trunk. Olfactory exploration also requires careful control 
of head orientation with respect to the object under study 
and it is a matter of common observation that head aver- 
sion is readily initiated by unexpected contact with an 
object by the face. 

Stimulation of branches of the trigeminal nerves or 
mechanical stimulation of facial skin readily excites neck 
motoneurons (Manni et al. 1975; Abrahams and Rich- 
mond 1977; Sumino and Nozaki 1977; Sumino et al. 
1981; Alstermark et al. 1992), a response which has been 
called the trigemino-neck reflex (Sumino and Nozaki 
1977; Sumino et al. 1981). The synaptic potentials that 
could be elicited in neck motoneurons by stimulation of 
the Gasserian ganglion were found to involve a minimum 
disynaptic trigeminoreticular pathway by Alstermark et 
al. (1992). A linkage between facial input and head move- 
ment had been postulated even prior to such observa- 
tions, because of the anatomical organisation of the de- 
scending tract of the trigeminal nerve which, in the cat, 
penetrates into the upper cervical cord at least as far as 
C2 (Kerr 1972). By inference, this pathway has been con- 
sidered of potential importance in head aversion and ori- 
entation movements (Wall and Taub 1962). 

In the present experiments, head aversion to a tactile 
stimulus was examined, as perhaps the simplest non- 
gaze-dependent movement. The trigemino-cervical reflex 
(TCR) has been investigated further to determine if it can 
serve as a model for the neural substrate of head aversion. 
This substrate may be of some complexity, as head motor 
control involves more than 20 muscle pairs which can be 
directly involved in the control of head position (Rich- 
mond and Vidal 1988) and many other muscles can be 
involved indirectly. EMG recordings were used in the 
chronically instrumented, alert cat to establish which ma- 
jor neck muscles participate in head aversion and to 



identify the nature of a tactile stimulus necessary to pro- 
voke head aversion reproducibly. Aspects of the TCR 
were also examined in the anaesthetised cat using extra- 
cellular electrophysiological methods. Finally, intracellu- 
lar recording from neck motoneurons was used in an 
attempt to shed light on the neural substrate involved in 
the TCR, and, by inference, on head aversion. 

Materials and methods 

Neck muscle EMG activity in head aversion 
in conscious cats 

Experiments were conducted on three conscious cats instrumented 
as described by Richmond et al. (1992). The animals used were cats 
4, 5 and 7 in the latter study. EMG signals were recorded simulta- 
neously from up to 16 dorsal neck muscles or muscle compartments 
implanted with "patch" recording electrodes (Loeb and Gans 1986; 
Richmond et al. 1992). These muscles participate in movements of 
head elevation and turning (Fig. 1). The wires from the electrodes 
were passed subcutaneously to the lower back, brought out via a 
percutaneous incision over the lumbosacral vertebrae and soldered 
to a 40 pin connector carried on a saddle attached to the cat's back 
(Hoffer and Loeb 1983). During recording sessions, a plug attached 
to the connector enabled the EMG signals to be fed to a bank of 
amplifiers whose outputs were recorded on a multi-channel tape 
recorder. For analysis, the EMG records were full-wave rectified 
and integrated over 2 ms intervals using a pulsed sample and hold 
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SSC-L 2 mV 
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BC3-R 2 r n ~  
- 
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Fig. 1. EMG patterns following a tap on the nose of an unanaes- 
thetized cat. Left, line drawing shows the backward head aversion 
movement. Right, rectified integrated EMGs recorded prior to, dur- 
ing and after the tap from BC2-R (C2 compartment of right BC 
muscle), BC2-L (C2 compartment of left BC muscle), CM1-R (C1 
compartment of right CM muscle), CM1-L (C1 compartment of left 
CM muscle), SP2-R (C2 compartment of right SP muscle), SP2-L 
(C2 compartment of left SP muscle), SSC-R (right semispinalis cer- 
vicis), SSC-L (left semispinalis cervicis), SD-R (right spinalis dorsi), 
RCM-R (right rectus capitis major), OCD-R (right obliquus capitis 
caudalis), OCD-L (left obliquus capitis caudalis), BC3-R (C3 com- 
partment of right BC muscle). Arrow indicates time of tap 

integrator (Loeb et al. 1987). During the recording sessions, the 
animal was placed unrestrained on a table and movements were 
monitored with two orthogonally placed video cameras. A timer fed 
to both the video system and the EMG recording system allowed 
movements and EMG signals to be matched. A light tap on the 
glabrous skin of the nose (planum nasale, PN) proved to be the 
most effective way of eliciting head aversion from a facial so- 
matosensory stimulus. EMG and movement responses of the ani- 
mals were recorded before, during and after a tap delivered either by 
a cotton swab at the end of a long stick or a small metal weight 
suspended by a flexible wire. The videotaped records of the move- 
ment were then analysed frame by frame and correlated to changes 
in the EMG patterns of the different neck muscles. 

Trigemino-cervical reflex 

Responses to stimulation of branches of the trigeminal nerve were 
examined in neck muscle nerves in 42 anaesthetised cats. Experi- 
ments were conducted after approval by the Animal Care Commit- 
tee using the guidelines prepared by the Canadian Council on Ani- 
mal Care. Six animals were anaesthetised with pentobarbitone 
(MTC Pharmaceuticals, 35 mg/kg i.p.), 10 with chloralose (70 mg/ 
kg) after induction with ethyl chloride and ether, and 26 with chlo- 
ralose (30 mg/kg) after the induction of anaesthesia with ketamine 
(33 mg/kg i.m.). To prevent movement during electrical recording, 
cats were immobilised with gallamine triethodide (Flaxedil, Pou- 
lenc) i.v. and artificially ventilated. Initially, Flaxedil was given in 
divided doses of 10 mg with several minutes between doses until 
stimulation no longer produced reflex movements. These doses of 
Flaxedil provided complete immobilization for 30-40 min. The an- 
imal was allowed to recover from the Flaxedil between each dose. 
As the Flaxedil wore off, additional standard veterinary tests of 
reflexes of flexion, palpebral, and pedal reflexes were made. The 
presence of any of these reflexes or of pupil reflexes while the animal 
was immobilized led to the administration of supplementary doses 
of sodium pentobarbitone (5 mg/kg i.v.) or chloralose (10 mg/kg 
i.v.). The need for anaesthetic supplementation was highly variable 
between animals but, in general, chloralose anaesthetised animals 
needed only one or two supplements during an experiment. Barbi- 
turate anaesthetised animals needed rather more supplements, par- 
ticularly early in the experiment. End tidal pCO, was monitored 
and maintained close to 4%, and body temperature was held close 
to 38OC using a feedback-controlled heating pad (Haer, Brunswick, 
ME). Both infraorbital nerves (ION) were exposed surgically. Bipo- 
lar platinum stimulating electrodes were placed around the nerves 
and embedded in a low melting point paraffin wax/Vaseline mixture 
and the wound was closed. To record action potentials in neck 
muscle nerves, bipolar platinum recording electrodes were placed 
on C2 and C3 nerve bundles supplying the superficial neck muscles 
splenius (SP), biventer cervicis (BC) and complexus (CM). The 
wound edges were stitched to the frame of the head holder, and the 
nerves and the recording electrodes were immersed in a pool of 
Ringer-equilibrated mineral oil. A threshold value (T) for the excita- 
tion of large myelinated fibres in the infraorbital nerve was estimat- 
ed in one of two ways. In some experiments, prior to the administra- 
tion of the muscle relaxant, the minimum voltage of a single 100 ps 
pulse necessary to produce a just visible contraction of the muscles 
of the face (cathode distal) was found. Since the largest sensory 
fibres in the trigeminal nerve conduct at about 60 m/s (Darian- 
Smith et al. 1965) the threshold for sensory fibres will approximate 
that of the facial nerve motor fibres in the ION. The polarity of the 
stimulating electrodes was reversed when the stimulating electrodes 
were used to elicit the TCR. In the second method, the afferent 
volley following ION stimulation was monitored by a bipolar elec- 
trode (SNE-100, Rhodes) placed stereotaxically in the brain stem 
close to the trigeminal ganglion. 

To record compound action potentials from motor nerves, elec- 
trodes were placed on up to eight bilaterally matched neck muscle 
nerves. Nerve potentials were amplified by two four-channel A.C. 
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amplifiers (A.M. Systems Inc) and displayed on multi-channel oscil- 
loscopes. Signals were recorded on magnetic tape (Store 14, Racal) 
for off-line analysis in most experiments. In some experiments, 16 
consecutive responses were digitised and averaged on line using 
either a computerised data analysis system (ISC-67 or EGAA, RC 
Electronics, Santa Barbara, Calif.) or a digital oscilloscope system 
(Gould, Model 1604). To facilitate the comparison of responses, a 
qantitative estimate of the strength of the reflex was obtained by 
integrating the full-wave rectified and averaged reflex signal using 
the EGAA system. Where latency measurements are given, these 
are the elapsed time from the first stimulus pulse in the train to the 
initiation of the compound action potential. In two experiments, the 
reflex response of neck motoneurons to controlled mechanical dis- 
placement of the facial skin was examined using a vibrator-based 
probe system described previously (Abrahams et al. 1988). 

Intracellular recordings were made from motoneurons in the 
surgically exposed, upper cervical cord using glass micropipettes 
filled with 2.5 M potassium acetate (impedances 3.G8.0 MQ) in 23 
chloralose anaesthetised cats. Records were obtained mainly from 
C2 and C3 biventer cervicis/complexus (BC/CM) and splenius (SP) 
motoneurons, although some clavotrapezius (CT) motoneurons 
were also sampled. Resting and synaptic potentials were amplified 
separately and recorded on magnetic tape (Store 4, Racal). Averages 
of eight successive synaptic potentials were then computed off line 
using an RC Electronics EGAA system. Only data from motoneu- 
rons with a resting membrane potential of greater than - 50 mV are 
reported. 

Results 

Muscle actions in aversion movements to facial 
stimulation in conscious cats 

The behavioural response of a cat to a potential or actual 
tactile stimulus to the PN depends on a number of fac- 
tors, including the previous experience of the animal, the 
activity of the animal at the time of the tap (e.g. eating, 
exploring) and the initial position of the head. In both 
naive cats and cats which had been tested previously, an 
unexpected tap to the PN with a cotton swab leads to a 
rapid dorso-caudally directed withdrawal of the head. 
The naive animal will then foveate the cotton swab for 
many seconds, unless otherwise distracted. In experi- 
enced animals, less attention was paid to the stimulating 
device and the PN could be tapped three or four times in 
succession without distracting the animal from its on-go- 
ing behaviour. Initially, each time the PN was tapped, 
there was a sharp, small aversive elevation of the head 
(Fig. I), but this movement was reduced as the animal 
habituated to the stimulus. Muscle EMG associated with 
head aversion movements consisted of a brief (30-50 ms) 
bilateral burst of synchronous activity in almost all deep 
and superficial dorsal neck muscles from which record- 
ings were made. The EMG burst was followed in most 
muscles by a period of enhanced EMG activity (Fig. 1). 
The activity was prominent both in the more superficial 
extensor muscles BC, CM, and SP and the deep muscles 
including semispinalis cervicis (SSC), spinalis dorsi (SD), 
and obliquus capitis caudalis (OCD). The large dorsal 
neck muscles, BC, SP, and CM, are compartmentalised 
(Richmond and Abrahams 1975; Brink et al. 1981; Rich- 
mond and Armstrong 1988) and EMG activity occurred 
simultaneously in all compartments from which record- 
ings were made. 

The video tape of motor responses was examined in 
real time. Those movements believed to be initiated when 
the cat did not see the approach of the stimulus and 
which appeared to respond to the cutaneous stimulation 
alone were selected for detailed frame-by-frame analysis. 
Even so, in some instances the real-time viewing may 
have been misleading, as frame-by-frame analysis of the 
videotape suggested that the EMG burst associated with 
head retraction preceded contact of the stimulating 
device with the nose. Thus some aversion movements 
may have been partly or wholly visual in origin. Howev- 
er, the muscle responses that occurred immediately prior 
to the movement of aversion were always the same. The 
relatively low sampling rates of the video recording (30 
frames/s, 33 ms between frames, 16.5 ms between fields) 
precluded precise measurement of the latency of the 
EMG, and the best estimates of EMG latencies suggested 
that they were in the range of 15-20 ms. 

The electrically elicited K R  in the anaesthetised cat 

The tactile stimuli found to elicit head aversion in the 
present experiments on the conscious cat were sufficient- 
ly light to have activated only low threshold mechanore- 
ceptors, which are normally supplied by the larger myeli- 
nated axons (Brown and Iggo 1967; Iggo and Ogawa 
1977). For a parallel to be drawn between head aversion 
and the TCR, the electrical stimulation of trigeminal 
nerve branches necessary to elicit a substantial TCR 
should thus be close to threshold. This was tested in the 
present experiments under chloralose anaesthesia using 
single 50- to 100-ps pulse stimulation of the ION to ini- 
tiate responses recorded from BC and SP muscle nerves. 
Confirming the results of Sumino and Nozaki (1977) and 
Sumino et al. (1981), the TCR was first detected between 
T (threshold) and 2T (determined by nerve stimulation) 
and the TCR reached its peak amplitude and shortest 
latency at about 10T. When stimulus trains of three im- 
pulses at between 300 and 400 Hz were substituted for 
single pulse stimulation, a strong TCR could be elicited 
at stimulus strengths close to threshold (Fig. 2). Only 
these brief stimulus trains were needed to elicit a maximal 
TCR, and increasing the duration of the stimulus train 
had little effect on the reflex. Increasing the stimulus 
strength beyond threshold reduced the latency and dura- 
tion of the reflex and increased the peak amplitude of the 
reflex increased without significantly influencing the size 
of the integrated reflex. Latencies of the TCR at stimulus 
strengths close to threshold often exceeded 10 ms. In- 
creasing stimulus strength to 10T reduced the average 
latency of the TCR recorded from BC and SP nerves to 
7.8 ms (SEM f 0.17 ms). The reflex at 10T had an average 
duration of 4.3 ms (SEMf 0.5 ms) and an average peak 
amplitude of 145 pV (SEMf 24). Sumino and Nozaki 
(1977) reported that the TCR has both an early and a late 
component. Late neuronal discharges were observed in 
about half the present experiments when the stimulus 
strength was increased to 10T (Figs. 2, 4). The late re- 
sponses appeared 10-19 ms after the stimulus, were of 
small amplitude, and consisted of a number of small 
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Fig. 2. Trigemino-cervical reflex recorded from a C3 SP nerve in the 
chloralose anaesthetised cat showing responses (left) to single pulse 
stimulation of the contralateral ION at a range of stimulus 
strengths from 1-10T and (right) trains of three impulses to the 
same nerve at about 300 Hz at the same range of stimulus strengths. 
Times of stimuli indicated by arrows 

peaks lasting for 5 ms or more. Consistent with the obser- 
vations on the conscious cat, the TCR was present in all 
compartments of the BC or SP muscles from which 
recordings were made, and responses in the different 
compartments had latencies that varied by no more than 
1 ms. 

In just over half the animals that were examined using 
single pulse stimulation, a bilateral TCR was recorded in 
response to stimulation of one ION (Fig. 3). In the re- 
maining animals only contralateral TCRs were recorded. 
However, as Fig. 4 shows, ipsilateral sub-threshold exci- 
tation was still present, because stimuli which produced 
weak responses when applied separately to each ION in 
turn produced a substantial TCR when applied simulta- 
neously to both IONS (Fig. 4). Stimuli which produced a 
strong TCR from stimulation of a single ION produced 

enhanced responses when both nerves were stimulated 
simultaneously. 

When pentobarbital was used as an anaesthetic, only 
the early TCR was present and it was much reduced in 
amplitude, so that averaging was sometimes essential for 
the reflex to be distinguished. However, the latency and 
duration of the reflex was similar to that recorded in the 
chloralose- and ketamine/chloralose-anaesthetised cat. 
In general, the stimulus strength necessary to elicit a 
TCR in the pentobarbitone-anaesthetised cat was higher 
(about 2T) than in the chloralose-anaesthetised cat. 

Electrical responses in neck muscles and their nerves 
to mechanical stimulation of the face 
in the anaesthetised cat 

In previous experiments, Sumino et al. (1981) found that 
mechanical stimulation of facial skin led to neck mo- 
toneuronal discharge, which they attributed to input 
from vibrissal and tylotrich hair follicles. In two ke- 
tamine/chloralose-anaesthetised animals, responses in 
SP and BC nerves were examined using controlled me- 
chanical prods to the face with a 1 mm diameter probe. It 
was found that an indentation of glabrous skin of the PN 
of about 300 um at a velocity of about 50 um/ms led to a 
synchronous, small bilateral compound action potential 
(CAP) in all branches of the nerves with a latency of 
about 15 ms. No obvious muscle contraction was seen in 
response to this mechanical stimulus. When the PN dis- 
placement was increased to about 1 mm, visible contrac- 
tions were observed in dorsal neck muscles following PN 
displacement. At the same time, the short latency com- 
pound action potential on the muscle nerve was greatly 
enhanced and a later, much larger potential was record- 
ed. This later potential must have arisen from the EMG 
associated with the contracting neck muscles, because it 
was abolished by i.v. administration of enough Flaxedil 
to block neuromuscular transmission. Mechanical defor- 
mation of the skin of the vibrissal pad and neighbouring 
regions of hairy skin, using the same range of parameters 
as used on the PN, led to neither excitation of neck mus- 
cles nor detectable electrical activity on neck muscle 
nerves. 

infraorbital nerve stimulation and neck motoneuron 
synaptic potentials 

Intracellular recordings made from 30 SP and 31 BC/CM 
motoneurons in C2 and C3 in chloralose-anaesthetised 

Fig. 3. Left, reflex recorded from the left 
C3 splenius nerve following train stimula- 

100 /.LV tion of the ipsilateral ION at 5T. Right, 

I TCR recorded to same stimulation of con- 
tralateral ION. Arrow indicates onset of 
stimulus train 
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Fig. 4. Recordings of TCR made from a C2 
splenius nerve. Left, train and single pulse stim- 
ulation of ipsilateral ION; Middle, train and 
single pulse stimulation of contralateral ION, 
Right, simultaneous train and single pulse stim- SINGLE d' I 

PULSE 4 4 4 ulation of both IONS. Stimuli indicated by 
arrows 10 ms 

cats confirmed and extended the observations made by 
recording from neck muscle nerves. Single stimuli of ei- 
ther the ipsilateral or contralateral ION evoked a charac- 
teristic sequence of EPSPs (Fig. 5) consisting of a small, 
early EPSP (mean 610 uV, SEM $- 82 uV) followed by a 
later and larger EPSP (mean 6.02 mV, SEM & 0.31 mV) 
from which action potentials frequently originated, if the 
stimulus strength was sufficient (Fig. 5). Using a paired 
stimulus paradigm, the average latency of the earliest EP- 
SP to the second stimulus (Fig. 6) was 2.5 ms (SEM t 0.1) 
and the longer latency EPSPs occurred 9-16.0 ms after 
the first stimulus (mean 12.2 & SEM 0.3 ms). The manner 
in which stimulus trains increase their effectiveness in 
eliciting the TCR was readily apparent from intracellular 
recording. As Fig. 5 shows, a single pulse leads to an early 
and late EPSP with a combined duration of about 50 ms. 
When paired pulses are used, the second stimulus gener- 
ates a larger and longer duration early EPSP which 
merges into the late EPSP. The addition of a third pulse 
gives rise to another short latency EPSP which initiates 
an action potential. 

The minimum stimulus strength required to evoke the 
early and late EPSPs following triple pulse stimulation 
was similar, ranging from T to 2T (determined from the 
afferent volley). No major differences in threshold were 
detected between responses recorded from ipsilateral and 
contralateral neurons and between responses recorded 
from SP and BC/CM motoneurons. However, there were 
differences in their latencies. The latency for the earliest 
ipsilateral responses recorded in 27 SP and 27 BC/CM 
motoneurons averaged 2.5 ms (A 0.1 ms SEM), whereas 
that of the earliest contralateral response averaged 2.8 ms 
(&  0.1 ms SEM) (Fig. 6). The average latency of the affer- 
ent volley recorded from the trigeminal ganglion follow- 
ing stimulation of the ION in these experiments was 
0.6 ms. Subtracting the average conduction times for the 
ipsilateral and contralateral responses gives central con- 
duction times of 1.9 and 2.2 ms respectively. 

To test if the ipsilateral and contralateral disynaptic 
pathways shared the same interneurons, tests were made 
on six SP and four BC/CM motoneurons. Two stimuli, 
one from the ipsilateral, the other from the contralateral 
ION were delivered 2.5 ms apart. All ten motoneurons 
were excited by both ipsilateral and contralateral ION 
stimulation delivered separately. The effects of sequential 
bilateral stimulation were then examined at several dif- 
ferent stimulus strengths ranging from 1.0 T to 6.0 T. The 

5 rns 

Fig. 5. Top, effect of increasing single pulse stimulus strength to 
ipsilateral ION from 2.2 (B) to 4.1T (A)  on synaptic potentials 
recorded from a BC/CM motoneuron. Resting potential -77 mV. 
Middle, early short-latency EPSP recorded from a BC/CM mo- 
toneuron following single pulse stinlulation of the contralateral 
ION at 2.1T. Commencement of large later EPSP is seen at end of 
record. Resting membrane potential -63 mV. Bottom, synaptic po- 
tentials recorded from an SP motoneuron in response to single 
(lower), twin (middle) and triple (upper) ipsilateral ION stimulation 
at 1.5T. Truncated peak in upper record (at arrow) indicates where 
an action potential originated. Resting membrane potential 
-51 mV 

presence of a shared interneuron would facilitate the re- 
sponse to the second stimulus. For seven of the motoneu- 
rons, pairing ipsilateral and contralateral stimuli did not 
alter the short latency, presumably disynaptic, EPSP 
(Fig. 7). Changes were seen in the presumed disynaptic 
EPSPs in the three remaining motoneurons, but were too 
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- - ,  - 
motoneurons following stin~ulation of 
(left) ipsilateral ION and (right) con- - tralateral ION 

LATENCY (ms) 

5 ms 
Fig. 7. Synaptic potentials recorded from a BC/CM motoneuron in 
resDonse to a single stimulus to the i~silateral infra-orbital nerve 

I (top), the contraLteral infraorbital ierve (middle). The bottom 
record illustrates the minimal effects on the short latency synaptic 
response (at arrow) to contralateral nerve stimulation by preceding 
that stimulus by one to the ipsilateral infraorbital nerve. Resting 
membrane potential -54 mV 

small to be considered of functional significance. It is 
concluded that ipsilateral and contralateral ION exert 
their effects on SP and BC/CM motoneurons by separate 
pathways. 

The responses of 17 CT motoneurons were also 
recorded following stimulation of either the ipsilateral or 
contralateral ION. These motoneurons showed a variety 
of longer latency (3.1-12.4 ms) combinations of depolar- 
ising and hyperpolarising responses which could not be 
related to the number of stimuli in the stimulus train or 

I to the stimulus strength. 

Discussion 

I Tvle head aversion rejlex 

The neural mechanisms underlying non-gaze-dependent 
movements have rarely been considered in the study of 
head motor control, as recent reviews demonstrate (Pe- 

Fig. 6. Histograms to show latencies of 
early EPSPs recorded in SP and BCICM 

terson and Richmond 1988; Berthoz.et al. 1992). Non- 
gaze-dependent movements have been examined in be- 
haviours such as grooming, but the main focus of that 
work was to determine strategies of muscle action in such 
tasks (Richmond et al. 1992). The present experiments 
have begun the analysis of neural mechanisms that un- 
derlie one non-gaze dependent movement; head aversion 
elicited by tactile stimulation to the face. Observations 
made on the three alert cats show that such aversion 
movements can be complete on their own, or can be an 
early stage in a series of motor acts which result in a gaze 
shift for object fixation. The early stage of an aversion 
movement moves the head away from the tactile stimu- 
lus, and is similar and requires the same neck muscle 
actions whether or not there is a later motor component. 
Even when an animal is distracted by other concerns, 
light touch to the face and to the PN in particular can still 
initiate an aversion movement. The EMG data obtained 
in the conscious animal experiments shows that the typi- 
cal backward and upward movement results from wide- 
spread neck muscle activation in both deep and superfi- 
cial dorsal neck muscles about 15 ms after the stimulus. 
Given the nature of the adequate tactile stimulus and the 
relatively consistent nature of the movement, the pre- 
sumption must be that head aversion is the result of 
strong reflex activation of neck motoneurons initiated, at 
least in part, by low threshold facial mechanoreceptors. 

Can the TCR be considered as a model 
of the head aversion reflex? 

The TCR, described by Sumino and Nozaki (1977) in 
both barbiturate- and chloralose-anaesthetised cats, was 
identified from recordings of compound action potentials 
from both neck and masticatory muscle nerves following 
electrical stimulation of branches of the trigeminal nerve, 
and electrical and mechanical stimulation of the face. 
Stimulation of the ION proved to be particularly effective 
in eliciting the TCR. Sumino and Nozaki (1977) found, 
using single pulse stimulation, that TCRs were best 
evoked by using very strong stimuli of 100 V or 10 mA. 



They reported that the reflexes grew rapidly as the stimu- 
lus strength grew to 4-10T and continued to grow 
plateauing at about 30T. They initially interpreted their 
findings to mean that high threshold afferents supplying 
nociceptors play an important role in eliciting the TCR. 
In a later study (Sumino et al. 1981), they stimulated skin 
electrically and reported that an early component of the 
TCR could be elicited at stimulus strengths close to 
threshold and thereby rejected the belief that nociceptors 
contributed to the TCR. This latter view is consistent 
with the present observations. Strong head aversion in 
the conscious animal does not require nociceptor excita- 
tion. Further, as the present experiments show, the uncer- 
tainty over the contribution of small fibres in the previ- 
ous observations is removed by using stimulus trains 
rather than single pulses. Then, in the chloralose-anaes- 
thetised animal a substantial early TCR is consistently 
produced at stimulus strengths at or barely above 
threshold. Even in the pentobarbitone-anaesthetised ani- 
mal where the reflex is much weaker, the TCR was elicit- 
ed at non-nociceptive stimulus strengths. 

The present experiments show that non-nociceptive, 
mechanical stimulation and low-threshold, electrical 
stimulation in the anaesthetised cat produce excitation of 
neck muscles at a latency consistent with that of head 
aversion in the conscious cat. The TCR observed in the 
anaesthetised cat has a substantial homology with the 
aversion reflex of the conscious cat, and the study of the 
neural substrate of the TCR has the potential to increase 
understanding of the manner in which facial input can 
influence the head motor control system. However, the 
present experiments are incomplete, as the TCR was 
recorded from only a few dorsal neck muscles. These 
muscles are active in head aversion, but it will be neces- 
sary to determine whether the deep neck muscles, which 
also participate in head aversion, are also active in the 
TCR. 

The planum nasale and the TCR 

Tactile stimuli applied to the cat PN were most effective 
in producing aversive head movements and this may re- 
late to a special function for the PN. The PN of most 
fur-bearing animals contains many receptors, including 
large numbers of small encapsulated mechanoreceptors. 
In the cat PN, these mechanoreceptors are located at the 
base and around dermal papillae (Abrahams et al. 1987) 
and such mechanoreceptors are typically supplied by 
large myelinated fibres (Brown and Iggo 1967; Iggo and 
Ogawa 1977). This presumably is why weak electrical 
stimulation of the ION readily produces a TCR. The 
receptors of the cat PN are activated by displacements as 
small as 10 p m (Donevan and Abrahams 1993) and are 
thus ideally suited to serve both as a protective sensor 
and as a tactile analyser. To act as a tactile analyser, the 
PN must be positioned and moved accurately with re- 
spect to the object under study, a task that will require 
precise control of head position and that control, in part, 
will depend on PN input. To function as a protective 
element, the PN must also have a significant degree of 

control over the initiation of head movement. Exercise of 
both these functions may explain the existence of strong 
connections from the infraorbital nerve to neck mo- 
toneurons. 

Descending tract of I! head movement 
and the neural substrate of the TCR 

The descending tract has long been viewed as having an 
important role in eliciting head movements (Wall and 
Taub 1962). Such a direct role does not fit with data from 
these experiments, nor with the experiments of Alster- 
mark et al. (1992). The reflex times observed for both the 
TCR and head aversion were found to be relatively long; 
ranging from about 7 to 15 ms. Yet, in the present and 
previous experiments in the anaesthetised animal (Dari- 
an-Smith et al. 1965), the afferent volley from the larger 
myelinated fibres in the ION was shown to arrive at the 
trigeminal ganglion and the brainstem with a brief laten- 
cy, of the order of 0.5-1.75 ms. The early EPSP recorded 
intracellularly in neck motoneurons in the present exper- 
iments is consistent with conduction through a disynap- 
tic pathway from face to neck motoneurons, and that 
could be dependent on conduction in the descending 
tract of V. However, this early EPSP was never of suffi- 
cient magnitude to give rise to an action potential and 
the TCR never had a latency short enough to implicate 
the early EPSP in motoneuron activation. A motor role 
for the descending tract of V acting alone remains to be 
demonstrated. That might have been anticipated from 
the knowledge that, in the cat, the tract does not pene- 
trate much below C2 (Darian-Smith et al. 1965; Kerr 
1972; Marfurt 1981; Shigenaga et al. 1986), although 
many of the motoneurons controlling neck muscles lie as 
far caudal as C5 or C6 (Rose and Keirstead 1988). Fur- 
ther, the termination sites of the axons of the descending 
tract are principally in laminae I, I1 and V (Marfurt 1981). 
It remains to be explained why about one-third of neu- 
rons in the dorsal horn of the upper cervical cord and 
about one-fifth of neurons in the ventral horn of the up- 
per cervical cord activated by ION stimulation have la- 
tencies of 5 ms or less and thus fire early enough to par- 
ticipate in a TCR (Abrahams and Richmond 1977; Abra- 
hams et al. 1979). 

In their recent study of neck motoneuronal responses 
to direct electrical stimulation of the Gasserian ganglion, 
Alstermark et al. (1992) focussed their attention on the 
early EPSP that occurs in BC/CM and SP motoneurons 
with latencies of 1.6-5.8 ms. Their experiments, based on 
the placement of selective lesions, led them to conclude 
that the pathway from the trigeminal system to neck mo- 
toneurons is disynaptic, mediated by trigemino-spinal 
neurons in sub-nucleus oralis of the spinal trigeminal nu- 
cleus. Such a conclusion is consistent with the presence in 
that sub-nucleus of spinally directed axons (Matsushita 
et al. 1981). However, our finding, that the TCR evoked 
from the ION is associated not with the early EPSP but 
with a late EPSP, suggests that this disynaptic pathway, 
like the one observed in the present experiments, has a 
limited motor role, at least as far as the TCR is con- 
cerned. 



Because of the rich facial input to the superior col- 
liculus and the ability of stimulation of the superior col- 
liculus to elicit head movement, there has long been a 
belief that the superior colliculus is critical in elaborating 
head motor responses to somatosensory input in general 

21' and facial input in particular (Clemo and Stein 1991; 
Meredith et al. 1992). However, there does not seem to be 
a role for the superior colliculus in generating the TCR. 
Ablation or reversible cooling of the superior colliculus 
in anaesthetised animals has been found to affect the 
TCR only transiently (Abrahams et al. 1992). The picture 
that has emerged from the present experiments and those 
of Alstermark et al. (1992) suggests that head movement 
responses to facial input may result from function in neu- 
ral networks that are confined within the lower brain- 
stem and perhaps involve only the trigeminal nuclei. 
Such an hypothesis poses interesting questions for those 
concerned with head motor control: that emerging evi- 
dence (Richmond et al. 1992) suggests that the neck mus- 
culature that directly moves the head will require a con- 
trol system at least as complex, if not more complex, than 
the better understood mechanisms of limb motor control. 
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