Archives Ttaliennes de Biologie, 131: 137-146, 1993.

RESPONSES OF VESTIBULAR NEURONS TO STIMULATION
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INTRODUCTION

The execution of voluntary limb movements involves a precise interaction between
anticipatory postural adjustments and the primary movement (2, 3, 15). The an-
ticipatory postural adjustments which provide the means of minimizing the equilibrium
disturbances (1), are reported to be preprogrammed together with the focal move-
ment (16, 17) and, as far as the involved structures are concerned, a prominent
role has been attributed to the vestibular system (7, 9, 13, 14, 16, 19). In particular,
the lateral vestibular nucleus (LVN) neurons with axons projecting to all segments
of the spinal cord, not only exert a static and dynamic control of posture (4,
12, 19) but also receive direct bilateral influences from the sensorimotor cortex (22).

The present experiments have been performed to further extend the analysis
of the relation between cortical motor areas and the LVN neurons, by studying
the effects on single LVN neurons produced by stimulation of given motor cortex
sites yielding specific movements and associated postural adjustments. The experi-
ments have been carried out in cats, where a fine somatotopically organized motor
system exists (18). The types of movement and postural adjustment were first
analyzed in the implanted awake cat and, in a second experimental session, the
LVN neural activity was recorded in the same anesthetized cat without ablating
the cerebellum. Evidence of a strict.relationship between neck and shoulder areas
of the motor cortex and vestibulospinal neurons which respond with characteristic
nervous activity is presented.

A brief communication of the preliminary data has been published (5).

METHODS

The experiments were carried out on 16 adult cats weighing 2.8-3.2 kg. A group of 5
animals were used for semichronic experiments and the remaining 11 for acute experiments.

Animal preparation. — Acute and semichronic experiments were performed in cats anesthe-
tized with ketamine hydrochloride (5 mg/kg, preanesthesia) and Nembutal (20 mg/kg sodi-
um pentobarbital) during the surgical preparation and with Nembutal (30 mg/kg) or chlora-
lose (50 mg/kg) during the recording session (additional doses of 5 mg Nembutal or 25
mg/kg of chloralose were given later). Artificial respiration and at times pneumotorax
were performed, the animals being tracheotomized and immobilized with d-tubocurarine.
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Rectal temperature was monitored and maintained at 36°-38°C and expiratory CO, was
monitored.

The cortical stimulating electrodes were implanted according to a technique used in
previous works (18, 20). In particular, 10-16 nickel chrome electrodes (sharpened and insu-
lated except at the tip 250 pm, 50-80 KQ) were implanted, by the aid of a micromanipulator,
through tiny trephine holes (0.5-1 mm) drilled bilaterally in the skull, into the pericruciate
area (area 4, area 6 and area 3). The electrodes were placed perpendicular to the cortical
surface (Fig. 1 A) and penetrated through the dura mater at a depth of 1.5 mm and
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Fig. 1 - Experimental arrangement and vestibular explored regions.

Schematic diagram summarizing in A the distribution of cortical electrodes, in B the position of the
electrodes and related cortical control areas of different parts of musculature. C and D illustrate respectively
the spinal cord stimulation and the vestibular complex registration procedure.

Diagram E shows, in a series of transverse sections extending from P 6.5 to P 9, the anatomical localization
of the recorded LVN neurons identified by electrolytic lesion and dye marks.

Abbreviations: nVL, nVM, nVS, nVD, nucleus vestibularis lateralis, medialis, superior, inferior; n.tr.sp.V,
nucleus tractus spinalis n. trigeminus; n.VII, nucleus n. facialis; g.f., genu n. facialis; O.I., n. olivaris
inferior; n.RL, nucleus reticularis lateralis.
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2 mm apart; they were then sealed to the bone by dental cement and soldered to an
electrical plug connector (20). An indifferent silver wire electrode was placed in the frontal
sinus cemented to the bone and used at times as anode during monopolar stimulation.

A laminectomy was performed to expose spinal segments C1-C5 (Fig. 1 C) while two
stainless steel electrodes (diameter 150 um) sharpened, aligned sagittally with an interpolar
distance of 1,5 mm and insulated except for 500 um at the tip, were inserted at a depth
of 4-5 mm from surface into the ventromedial funiculus, ipsilaterally to the recording
site. A posterior craniotomy was performed to expose the caudal brain stem and the cerebel-
lum which were protected in a pool of warm mineral oil.

In the semichronic experiments, a preliminary operation was conducted under sterile
conditions in order to implant the cortical electrodes. The animals were left to recover
from anesthesia and tested during the following days to verify the movements and postural
adjustments induced by intracortical stimulation (bipolar and monopolar stimulations) and
to evaluate the threshold parameters for each movement.

After 10 days from the initial operation, the semichronic animals were reanesthetized
for the recording session. Posterior craniotomy for recording and laminectomy for the
antidromic stimulation were performed as above described.

Recording electrodes characteristics. — In order to record the activity of vestibular neu-
rons (Fig. 1 D), glass microelectrodes with diameter of 2-8 um and resistance of 1500-2500
KQ, filled with saturated Na citrate solution, were introduced according to stereotaxic
parameters into the vestibular nuclear complex, at an angle of 33° from the horizontal
plane, to avoid tentorium bone. Parallel tracks were repeated mediolaterally between L
1-L 6, rostrocaudally between P 4.5-P 10 and dorsoventrally between H-1- H-7.

Stimulation parameters. — In the semichronic experiments, the movements and postural
adjustments evoked by cortical stimulation were analyzed by videocamera recording; the
threshold parameters for each movement were marked and both threshold values and move-
ment were checked during several testing sessions in the awake animal. Motor responses
evoked by a given electrode and its threshold value remained constant during successive
trials and different testing sessions.

In all animals cathodal stimulation of the cerebral cortex (1/sec trains with the following
characteristics: duration 10 msec, frequency 300 Hz, pulse width 0.5 msec, 20-200 upA,
delivered by a constant current stimulator) was performed by connecting the implanted
electrodes in pairs, being each electrode alternatively cathode and anode; at times, the
silver indifferent electrode was used as anode and monopolar stimulation was performed.

The antidromic bipolar stimulation of the vestibulospinal tract was obtained by applying
single shocks (0.2 msec, 1 Hz). The neurons were identified as being antidromically driven
when they responded at fixed latencies and followed high-frequency stimulation (200 Hz)
and, when neurons fired spontaneously, by collision of the antidromic response with the
orthodromic spike.

Hystological control. — In order to check the track location, the tip of the glass micro-
electrode was cut in its last track at the depth H O. Two additional reference tracks
were performed with stainless steel electrodes and an anodal current (30 pA, 20 sec) was
passed for tip visualization (symmetrical tracks at P 5, L 3 and depth H O). The location
of the cortical stimulating electrodes was checked by applying a steady anodal current
(30 wA for 20 sec) through each electrode.

At the end of each experiment, the animal was sacrificed with a lethal dose of anesthetic,
the brain was removed, firstly photographed frontally after marking the stimulation sites
on the surface of the pericruciate area with India ink, fixed in formalin and then cut
in serial sections, which were stained by means of the Nissl method. The exact position
of the cortical electrodes was ascertained from the sagittal hystological sections and by
referring to the Hassler and Mush-Clement maps (8).

The position of the recording sites was constructed on the basis of the glass microelec-
trode track and of the location of the reference electrolytic lesions.
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Data analysis. — All recordings were stored on magnetic tape and digitalyzed for subse-
quent latency and frequency analysis.

RESULTS

The cortical stimulating electrodes were placed in the pericruciate area according
to the cartography established by Nieoullon and Rispal-Padel (18). Forelimb (wrist-
elbow and shoulder areas), neck, back and hindlimb regions were implanted bilater-
ally. The exact position of the stimulating electrodes into the corresponding motor
fields (Fig. 1 B) was evaluated in the semichronic experiments: neck and distal
forelimb muscle contractions (wrist-elbow) were achieved in the awake animal with
threshold (T) values of 40-60 wA, whereas back, shoulder and hindlimb movements
required 80-100 wA. These T values remained constant both during the successive
trials and the different testing sessions. Furthermore, T values and electrode loca-
tion for each motor response did not vary significantly in different animals. During
the recording session, the effect of cortical stimulation was tested by using the
standardized T values and multiples of T.

1. Analysis of vestibular neuronal activity. — The activity of 113 units was
recorded. A total of 90 units were located in the vestibular complex, while the
remaining 23 units in the pontine reticular formation; the latter units will not
be considered in the present study. The location of 32 units was identified by
electrolytic lesion and dye marks, while that of the remaining units was reconstruct-
ed on the basis of the corresponding tracks. The 32 units, shown in Fig. 1 E,
were histologically identified as LVN (Deiters) neurons, other 29 units were also
found after reconstruction to be located in the Deiters’ nucleus (mainly in the
rostral portion), 8 units in medial vestibular nucleus neurons, while the remaining
were located in the descending vestibular nucleus. The identification of the vestibu-
lar units as projecting to the spinal cord was obtained by stimulating the ves-
tibulospinal tract at C2-C3 segmental levels. In particular, 25 of the 90 vestibular
complex units (28%) were identified as vestibulospinal neurons. The conduction
velocity of the corresponding axons, calculated on the basis of the antidromic
activation latency of vestibular (mainly Deiters) neurons (between 0.5 and 1.1
msec), ranged from 50 to 70 m/sec.

At rest 71 vestibular units fired spontaneously with a frequency of 5-80 imp/sec
and the average calculated in 10 units was 19.3 imp/sec +8.4, SD; the remaining
19 units were silent and were evoked by the stimulation of the cortical areas.

2. Pericruciate area stimulation . — As shown in Fig. 1 B, the major sites
which, at T stimulation values, modulated the vestibular neuronal activity cor-
responded to the neck-back (squares), shoulder (dots) and elbow-wrist (triangles)
cortical areas, both ipsi- and contralateral. The other areas (hindlimb, forelimb
digit, face) required higher intensity values of stimulation of 4-5 shock trains;
since the resulting responses were not constant, they were excluded from the analysis.

The activity of the vestibular units could be clearly affected by the stimulation
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of neck-back, shoulder and elbow-wrist cortical areas. The units were subdivided
in two main categories: 1) «modulated-response units», which were either activated
or inhibited by cortical stimulation and showed either a variable latency (>10
msec) or a fixed latency (<10 msec); 2) «evoked-response units», which were
driven with a fixed latency. The effects of stimulation of the above reported
cortical areas on the discharge of 90 vestibular complex neurons have been reported
in Fig. 2. |

3. Modulated-response units. — A total of 34 vestibular units (37.8% of the
total population) were modulated by the stimulation. The most efficacious cortical
areas, in a decreasing order, were the elbow-wrist, the shoulder and the neck
areas which respectively affected 41.6%, 37.5% and 31.8% of the 34 vestibular
units (Fig. 2). Among these units, 13 (14.4% of the total 90 units) were identified
as spinal projecting neurons. It can be noted from Fig. 2 that the vestibular
units presented a better responsiveness to elbow-wrist areas, but were only in
a small percentage (8.3%) of cases identified as vestibulospinal neurons. Almost
all (6 out of 7) units responsive to neck area stimulation were identified antidromi-
cally. The modulation presented latencies ranging between 10 and 100 msec, con-
sisted predominantly of an increase of frequency rate up to 60% of control value
and lasted 100-500 msec. Inhibition could produce a large firing depression (about
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Fig. 2 - Summary of data.

The table summarizes the effects of the stimulation of elbow-wrist, shoulder and neck cortical areas.
The analyzed units are divided into modulated, evoked and not responsive units (no response). As regards
to the responsive units the number and percentage of antidromically identified units is reported.

The histograms report the distribution of the responsive (narrow cross-hatch bars) and the identified
(large cross-hatch bars) units, according to the three stimulated cortical areas.
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100%), lasting 50-100 msec after the train. The inhibition was usually followed
by an excitatory rebound (50% increase of resting value), which could last up
to 400 msec.

The stimulation parameters necessary to elicit the unit modulation were, at least
partly, determined by the side of stimulation. Ipsilateral cortical areas induced
more frequently, and at T values, an increase of unitary discharge, whereas inhibi-
tions were more often induced by contralateral stimulations, which required 1.5-2
T stimulation values to clearly modulate the unit discharge. In some instances,
cortical stimulation in the elbow-wrist and shoulder areas needed four shock trains
at T values to obtain a unitary modulation similar to that obtained by the ipsilateral
neck and back areas.

4. Evoked-response units. — This category includes responses evoked by cortical
stimulation with fixed latency values lower than 10 msec. As shown in Fig. 2,
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Fig. 3 — Short-latency vestibular unit responses to cortical stimulation and latency/intensity ratio.

A: two short-latency vestibular units showing a decrease in latency by increasing the stimulus current
intensity applied to neck cortical area (filled dot) and to ipsilateral shoulder area (filled square). The neck
evoked unit (dot) shows a decrease in latency at 2 T stimulation. In the neck-back unit (square) the increase
of stimulus elicits at 2 T a second spike and at 3 T a third spike. Asterisks indicate stimulus artifacts.
Calibration: upper unit, amplitude 1 mV, time 5 msec, lower unit: amplitude 1 mV, time 10 msec.

B: distribution of response latencies of 19 out of 34 tested LVN units, 12 of which were identified
as vestibulospinal neurons.

C: plot of the latencies of three evoked LVN units (square: shoulder unit, triangles and dots: neck
units) versus the stimulus intensity.
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a smaller percentage of units presented evoked responses following cortical stimula-
tion. The neck region of the explored cortex was the most effective in producing
evoked responses of vestibular units (36.3%); some of these units (13.6%) were
identified as vestibulospinal neurons.

Evoked responses were also observed following stimulation of the shoulder (18.5%)
and elbow-wrist (13.9%) areas. In the majority of cases the evoked responses
were observed following the third shock of the stimulation train, in some cases
the response was evoked by the second shock. These responses were evoked mainly
in silent units and the threshold for eliciting these effects generally ranged from
about 60 pA to 90 pA (three shock train). The distribution of evoked response
latency measured with respect to the third shock is shown in Fig. 3 B. The distribu-
tion is unimodal, with a mean at 4.6 msec+2.05, S.D. and a range from 1.5
to 9.5 msec. Only a few units showed latencies equal to or higher than 10 msec.
Fig. 3 A illustrates the behaviour of two representative neurons to increasing stimu-
lation values, both neurons being evoked by the stimulation of the ipsilateral
neck area. The neuron on the top shows a decrease in latency from 3.5 msec
to 2.4 msec, while the neuron on the bottom responded at T value with a single
spike and then with two and three spikes, while the latency of the first spike
decreased from 3.1 msec to 1.8 msec. Further increase in intensity did not further
modify latency and discharge of these units. Fig. 3 C illustrates the ratio laten-
cy/intensity in three vestibular neurons; increasing intensity of stimulation by steps
of 20 pA decreased the latency to a given value, which remained unaltered with
further intensity increase.

DISCUSSION

The experiments of the present study were undertaken to investigate the effects
elicited by discrete stimulations of precise sites of cortical motor areas onto LVN
neurons. The selective stimulation of cortical motor areas, based on the existence
of the fine somatotopic organization of the cat sensorimotor cortex (18), was
carefully checked and the efficacy and specificity of stimulation was determined
in each animal after implantation and upon recovery from anesthesia. The extracel-
lular activity of LVN neurons was recorded without disrupting the physiological
cerebellar connections of the vestibular system (21).

The results obtained confirm previous findings (14, 22) and provide some addi-
tional evidences. Only given cortical areas induced specific modification of LVN
neuronal activity: the cortical areas controlling axial, proximal and forelimb mus-
cles showed strict relationship, as documented by the responses at threshold stimu-
lation values and by the possibility to obtain responses both by the ipsilateral
and/or the contralateral cortical areas. The effects were characterized by long-
latency modulation (excitation, inhibition followed by excitatory rebound) in the
majority of units and they were mainly obtained following stimulation of the
forelimb area. However, in a smaller significant group of units tested, partly identi-
fied as vestibulospinal projecting neurons, the cortical stimulation induced a short-
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latency firing. In this case neck and ipsilateral shoulder areas were mainly implicated.

Among the vestibular units responding at short latency, some responded at values
suggesting a monosynaptic link between cortex and the vestibular nucleus. This
effect was recorded in neck and shoulder responsive units. Other units, however,
responded with latencies higher than 5 msec. This finding supports the results
of previous studies (11) and can be attributed to activation of corticospinal neurons
which give collaterals to precerebellar structures (nucleus reticularis tegmenti pontis
-NRTP, nucleus reticularis lateralis -NRL and inferior olive -10), thus influencing
the discharge of vestibular nuclear neurons through the cerebellar loop, as postula-
ted by previous authors (7, 21).

It is of interest that short-latency responses were evoked mainly in silent units.
In this instance, by increasing the intensity of stimulation, two findings occurred
at vestibular unitary level: i) the reduction in latency of the response; ii) the
increase in number of induced spikes. Intensity increase could lead to direct rather
than trans-synaptic activation of cortical efferent cells (10), as well as to recruit-
ment of adjacent neurons due to spread of current. In our experiments, appropriate
cathodal stimulation was used to avoid trans-synaptic excitation (18). The reduction
in latency observed in evoked-response units (about 2 msec) with stronger stimuli
could then be attributed to direct activation of cortical efferent cells or their
axons. This would also lead to an increased discharge of the precerebellar structures
which would act through the cerebellar loop (6, 7) on vestibulospinal neurons
determining an increase in their discharge.

In conclusion, the influence of the pericruciate area on vestibular nuclear neurons
confirm the results of a previous study (22) and strongly supports the fact that
the vestibular structures are involved in the postural adjustments associated with
a cortically-induced distal movement. The effects described in the present work
could then provide the mean of gating the central postural command as suggested
by other authors (13, 16).

SUMMARY

Sclected areas of sensorimotor cortex were stimulated with short trains adequate
to evoke focal movements. Neurons belonging to the vestibular nuclear complex,
including the lateral vestibular nucleus (LVN), were mainly affected by the stimula-
tion of wrist-elbow, shoulder and cortical areas. The units responded to cortical
stimulation either with a constant latency lower than 10 msec (short-latency units),
or with variable latencies higher than 10 msec (long-latency units). Particular atten-
tion was paid to the first group of responses showing the involvement of direct
and/or oligosynaptic facilitatory inputs from the cortical cells. Moreover, many
of these responsive vestibular nuclear neurons were identified as projecting to
the spinal cord.
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