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THE ROLE OF DIFFERENT SIZE VESTIBULOSPINAL NEURONS
IN THE STATIC CONTROL OF POSTURE
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INTRODUCTION

The lateral vestibular nucleus or nucleus of Deiters (also called «grosszelliger Ves-
tibulariskern») has been originally described as a structure characterized by the
presence of giant cells (14). In a cytoarchitectonic study of the vestibular nuclei,
made in collaboration with Alf Brodal (5), we outlined this magnocellular vestibu-
lar area (Fig. 1). However, large size multipolar cells were found not only in
the lateral vestibular nucleus (LVN), but also in the rostral part of the descending
vestibular nucleus (Fig. 1d). The original figure published by Deiters’ in his volume
on «Untersuchungen iliber Gehirn und Riichenmark des Menschen und der Siu-
gethiere» (14) is of interest in this respect, since it shows that the large-size vestibu-
lar neurons are surrounded by numerous longitudinally running fiber bundles cut
transversally (Fig. 2). These bundles, also outlined in Fig. 1d, correspond to the
descending vestibular root fibers, and can be taken as a criterion to un-

equivocally outline the descending vestibular nucleus (5).
According to Monakow (45, and later) the nucleus of Deiters represents the

part of the vestibular nuclear complex in which giant cells undergo chromatolysis
following lesions at rostral levels of the spinal cord, thus contributing to the
vestibulospinal (VS) projection. This criterion has been shared by Pompeiano and
Brodal (51), who found that retrograde changes which occurred after interruption
of the upper cervical cord affected large-size neurons located in the LVN, but
not in the rostral part of the descending vestibular nucleus. This negative result
was attributed to the fact that efferent fibers, contributing to the descending medial
lingitudinal fasciculus, give rise to ascending branches whose anatomical integrity
prevents the occurrence of the retrograde degeneration.

The idea that the nucleus of Deiters contains only giant cells has been modified
by observations made in our cytoarchitectonic study (5), showing that in addition
to large multipolar neurons, there are medium-size, frequently oval or spindle-
shaped, as well as small-size neurons (Fig. 1). This finding was also confirmed
in our experimental anatomical study, showing that degenerated VS neurons of
all size were intermingled throughout the LVN; however, the giant cells were rela-
tively more numerous and somewhat larger in the caudal part of this structure
than in the rostral part, where the smaller cells are more abundant (51). These
differences may bear some relation to the somatotopical arrangement of the origin
of the VS fibers, since the rostroventral part of the LVN (rvLVN), which projects
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Fig. 1 — Topography and cytoarchitecture of the lateral vestibular nucleus in the caf as seen in a series
of drawings corresponding (o transverse thionine stained sections of the medulla taken ar equal intervaols
and labelled progressively from rostral {a) to caudal (d) direction.

The rings in the descending nucleus represent the fiber bundles of the spinal (descending) root of the
vestibular nerve. C.r., corpus restiforme; D., descending vestibular nucleus; L., lateral vestibular nucleus
of Deiters; M., medial vestibular nucleus; N.i.n. VIII, nucleus interstitialis nervi vestibuli; N. VII, cranial
nerve VII; Ol.s., oliva superior; p.h., nucleus praepositus hypoglossi; S., superior vestibular nucleus; T.,
trapezoid body; VI, VII, cranial motor nerve nuclei; x,small-celled group x: y, small-celled group y.

From Brodal and Pompeiano (ref. 5, Fig. 1). '

to the cervical segments of the spinal cord, contains a relatively large number
of small-size neurons, while the dorsocaudal part of the LVN (dcLVN), which
projects to the lumbosacral segments of the spinal cord, is made chiefly of giant
cells (51). However, after section of the spinal cord at T,,-L,, which interrupts
VS axons projecting to the lumbo-sacral segments of the spinal cord (IVS neurons),
not only giant, but also medium-and small-size cells of the LVN were affected
by retrograde degeneration. In analogy to this finding are the results of histological
observations showing that [VS neurons cover a wide spectrum of axonal conduction
velocity, as evaluated by antidromic activation of the corresponding axons from
the lumbar cord (2, 37, 62).

Since the LVN excites mono- and polysynaptically the a- (26, 43, 64) as well
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as the y-motoneurons innervating the ipsilateral limb extensors (9, 25; cf. 48),
we decided to investigate the role that different size 1VS neurons exert on static posture.

Functional properties related to cell size have been originally investigated in
hindlimb extensor motoneurons, where a set of experimental evidence has led to
the formulation of the «size principle» according to which the smaller the size
of the motoneurons, the lower is the threshold and the more effective is the
corresponding proprioceptive input in exciting them (29, 30, 32, 33, 44, 58; cf.
31, 60). However, the discharge of a given population of neurons in response
to a given input can be determined not only by neuronal properties related to
cell size (cf. 31, 60), but also by a differential distribution of the relevant input
system on different neuronal groups (cf. 6, 7).

It is known that the LVN receives a monosynaptic and polysynaptic excitatory
input from the ipsilateral labyrinth (1, 36, 46, 62; cf. 63), through primary afferents
originating mainly from macular receptors (22, 57, 59). On the other hand the
same structure receives a monosynaptic inhibitory influence from the ipsilateral
cortex of the cerebellar vermis (cf. 35), via a direct cerebellar corticovestibular
projection (cf. 11). There is also evidence that the LVN of both sides are intercon-
nected by a crossed inhjbitory pathway, characterized by VS neurons of one side

Abd.

Fig. 2 — Drawing of a transverse section of the medulla showing the large-size neurons in the vestibular
complex, as originally illustrated by Deiters.

Abbreviations taken from the legend of the original figure: Abd., abducens nerve; Ac., acoustic nerve;
Cr.c., crura cerebelli; C.tr., trapezoid body; F, genu facialis; Fac., facial nerve; Ol.s., superior olive; P,
pyramid; RR, raphe, dorsal (a) and ventral (b).

From Deiters (ref. 14, Fig. 14).
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acting on neurons of the crossed spino-reticulocerebellar pathway (12, 15, 40)
and then, through the corticocerebellar loop, on the contralateral LVN (cf. 49).
These findings explain why the tonic contraction of limb extensors increases after
ablation of the cerebellar vermis (cf. 16), but decreases after interruption of the
ipsilateral vestibular nerve. In this instance a postural asymmetry occurs, character-
ized mainly by hypotonia in the ipsilateral limb extensors and hypertonia in the
contralateral ones (cf. 54, 55). These postural deficits, however, disappear with
the time after the lesion, due to compensation of the vestibular syndrome (cf.
19, 20, 42, 54-56).

With the experiments reviewed in the present report we tried to compare the
resting discharge of different size 1VS neurons, recorded in decerebrate cats (52),
with that obtained either after bilateral ablation of the medial corticonuclear zone
of the cerebellum (4) or after unilateral acute (aVN) or chronic vestibular neurectomy
(cVN) (53). We could then obtain information, as to whether the excitatory labyrinth
input and the inhibitory cerebellar input were either homogeneously distributed
among the different size 1VS neurons or differently oriented towards particular
groups of neurons.

METHODS

All the experiments were performed on precollicular decerebrate cats operated under ether
anaesthesia. Among these experiments 14 cats had the cerebellum intact (52), while 19
cats had been submitted to bilateral ablation of the cerebellar vermal cortex and the fastigial
nuclei, which were aspired until the floor of the fourth ventricle (4). Finally a third group
of experiments were performed in 29 cats after unilateral vestibular neurectomy (53); in
particular, in 14 cats this lesion was made after decerebration, while in 15 cats the animals
were first submitted to unilateral vestibular neurectomy under pentobarbital anaesthesia
(Nembutal 35 mg/Kg, i.v.) and then decerebrated 2-4 months after vestibular deafferenta-
tion. In the first instance a postural asymmetry occurred, characterized mainly by a decreased
postural activity in the ipsilateral limbs and an increased activity in the contralateral limbs.
In the second instance a compensation of the postural deficits appeared, which was charac-
terized by the disappearence of the asymmetric changes in posture and stretch reflexes
produced in the four limbs by the acute vestibular lesion. Moreover, decerebration per-
formed in chronically compensated animals did not elicit a postural asymmetry of the
four limbs as described after aVN.

The animals were immobilized with pancuronium bromide (Pavulon, Organon, Oss, NL,
0.6 mg/Kg/h, i.v.) and artificially ventilated. The experimental procedures, methods of
recording extracellular unit activity and marking the location of the recording sites have
already been described in detail in the original papers. In particular, IVS neurons were
antidromically identified by single shock stimulation of the spinal cord between T,-L,.
Most of these neurons were found to be histologically located in the dcLVN, rather than
in the rvLVN. Each unit was first tested under resting conditions of the animal. In particu-
lar, raw spike train data from segments of spontaneous background discharges of 1VS
neurons were recorded on magnetic tape. The mean resting discharge rate (imp./sec) was
evaluated over a period of time sufficiently long to allow the recording of 400 to 4000
spikes. In addition, the mean interspike interval, standard deviation interval and coefficient
of variation (CV), defined as the standard deviation of interspike intervals divided by
the interval mean, were calculated following the criteria described previously (4).
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Each unit was also tested during rotation about the longitudinal axis of the whole animal
at the standard parameters of 0.026 Hz, + 10° peak amplitude, thus leading to sinusoidal
stimulation of labyrinth receptors. Responsive units were those which showed a sinusoidal
modulation of their firing rate in relation to the animal displacement, as defined previously
(4). In these instances the mean discharge rate or base frequency (imp./sec) evaluated
for each unit during animal tilt at the parameters indicated above, closely corresponded
to the mean discharge frequency of the same unit recorded at rest.

RESULTS

1. Resting discharge and conduction velocity of [VS neurons in decerebrate cats
with the cerebellum intact.

The results were obtained in decerebrate cats with the cerebellum intact (52).
Among 129 LVN neurons antidromically activated by electrical stimulation of the
spinal cord between T,, and L, (IVS neurons), 110 were spontaneously active,
while the remaining 19 were silent. Resting discharge rates, evaluated for 108
out of 110 IVS neurons, ranged from 0.7 to 66.7 imp./sec and averaged 24.5+
15.7, S.D. imp./sec. The mean discharge rate obtained for the units responsive
to standard parameters of animal tilt (21.3 +£15.4, S.D. imp./sec, n=68) was lower
than that of the units unresponsive to tilt (29.9+14.7, S.D., imp./sec, n=40),
the difference being statistically significant (t-test, P<0.01). In agreement with
the known anatomically projections from the Deiters’ nucleus, 85 (78.7%) 1VS
neurons were located histologically in the dcLVN, while only 23 (21.3%) neurons
were located in the rvLVN.,

If we consider the total population of IVS neurons exhibiting a background
discharge at rest, a clear-cut positive correlation was found between the mean
interval and the standard deviation interval of the examined spike trains. The
varjability of the resting discharge, measured by the coefficient of variation (CV),
as defined in the methods, ranged from 0.12 to 2.28 and averaged 0.56+0.49,
S.D. (n=108). Moreover, 35 out of the 108 units (32.4%) showed a CV higher
than 0.575. A prominent negative correlation was found between the CV of the
spike train and the mean resting discharge rate; in fact, the higher the CV, reflect-
ing a more irregular unit discharge, the lower was the mean background discharge
(paired rank, P <0.001; n=108). Similar results were obtained for the two popula-
tions of units responsive and unresponsive to vestibular stimulation.

Across the whole population of 1VS units, the axonal conduction velocity varied
in an unimodal fashion from 33.8 to 124.8 m/sec, with an average value of 90.0+21.5,
S.D. m/sec. Moreover, the antidromic units responsive to vestibular stimulation
showed on the average a faster conduction velocity than the unresponsive ones,
thus being presumably larger in size (93.9+19.3, 5.D. m/sec, n=68 against
80.7+22.8, S.D. m/sec, n=40; ¢ test between the means, P <0.01) (Fig. 3A, inset,
striped and white columns, respectively).
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Fig. 3 - Relation between resting discharge rate of VS neurons and conduction velocity of the correspond-
ing axons in decerebrate cats before and after partial cerebellectomy.

A: the graph shows the data of 108 antidromically identified IVS neurons firing at rest in decerebrate
cats with the cerebellum intact. Symbols represents units either responsive (®,0; n=68) or unresponsive
(x,n=40) 10 roll tilt of the animal at standard parameters; responsive units are indicated by filled or empty
circles if located in the dorsocaudal and the rostroventral part of the LVN, respectively. A slight negative
correlation was found between the unit resting discharge rate and the conduction velocity of the correspond-
ing VS axon (paired rank, P<0.01; n= 108). Inser: distribution of conduction velocity in the general popula-
tion of IVS units, including 68 responsive (striped columns) and 40 unresponsive units (white columns).

B: the graph shows the data of 136 IVS neurons firing at rest in decerebrate cats after ablation of
the cerebellar vermal cortex and fastigial nuclei. Symbols represent units either responsive (@®; n=80) or
unresponsive (X; n=56) to animal tilt. Responsive and unresponsive units were located in both the dorsocau-
dal and the rostroventral part of the LVN. A prominent negative correlation was found between the unit
resting discharge rate and the conduction velocity of its axon {paired rank, P <0.001, n=136). Inset: distribu-
tion of conduction velocity in the general population of VS units (white columns, n=136) and the population
of units used to evaluate the coefficient of variation (striped columns, n=68).

From Pompeiano et al. (ref. 52, Fig. 2) and Boyle and Pompeiano (ref. 4, Fig. 3).
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If we consider now the whole population of responsive and unresponsive 1VS
neurons, a sfight negative correlation was found between the unit resting discharge
rate and the conduction velocity of the axons, so that the faster the conduction
velocity of its axon, the lower was the unit discharge rate at rest (paired rank,
P<0.01; n=108) (Fig. 3A). Similar results were also obtained for the unresponsive
units (paired rank, P<0.01, n=40), but not for the responsive units (same test,
P <0.05; n=68).

A more detailed comparison for the recorded units was obtained by subdividing
the 1VS neurons into two groups according to their axonal conduction velocity
(either< 90 m/sec, slow units or > 90 m/sec, fast units). As expected from
the results reported above, the resting discharge rate evaluated for all the responsive
and unresponsive neurons was slightly but significantly higher for the slow (n=47)
than for the fast 1VS units (n=61) (¢ test between the means, P>0.01; Fig. 5B).
This held true also for the 1VS units which were unresponsive to labyrinth stimula-
tion (n=23, slow and n= 17, fast units), but not for the remaining units responsive
to vestibular stimulation (n=24, slow and n=44, fast units).

2. Resting discharge and conduction velocity of 1VS neurons in decerebrate and
partially cerebellectomized cats.

Experiments were performed in decerebrate cats in which the cerebellar vermal
cortex and the fastigial nuclei were removed (4). Among 136 LVN neurons an-
tidromically activated by electrical stimulation of the spinal cord between L, and
L, (IVS neurons) the resting discharge rate ranged from 1.7 to 123.2 imp./sec,
and averaged 44.1+23.8, S.D. imp/sec; similar values were also obtained for
the responsive as well as for the unresponsive units. As shown in the control
experiments, the IVS units recorded after partial cerebellectomy were mainly located
in the dcLVN (n=107, 78.7%) than in the rvLVN (n=29, 21.3%).

The mean discharge rate of all the units indicated above was higher than that
obtained in preparations with the cerebellum intact. A comparable range and mean
value (46.5+21.9, S.D. imp./sec) of discharge rate were also obtained from a
smaller population of 68 units whose discharge was examined in more detail.
Among these units, 41 responded to standard parameters of roll tilt while the
remaining 27 units were unresponsive.

If we consider these two populations of units, a high degree of correlation
was observed between the mean interval and the standard deviation interval of
the examined spike trains. The variability of discharge, measured by the CV,
ranged from 0.078 to 1.09 and averaged 0.26+0.20, S.D. (n=68). The mean
value was lower than that obtained from IVS neurons recorded in decerebrate
cats with the cerebellum intact (0.56+0.49, S.D.; n=108). Moreover, the propor-
tion of units showing a CV higher than 0.575 was smaller in partially cerebellec-
tomized animals (6/68, i.e. 8.8%) than in preparations with the cerebellum intact
(35/108, i.e. 32.4%). A continuous relation was found between the interval distri-
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bution of the spike train and the mean resting discharge rate; in fact, the higher
the CV, reflecting a more irregular unit discharge, the lower was the mean back-
ground discharge (paired rank, P<0.001, n=68).

Among the whole population of 1VS units (n=136), the axon conduction velocity
varied in an unimodal fashion from 45.0 to 118.7 m/sec, with an average value
of 84.3+ 17.1, S.D. m/sec (Fig. 3B, inset, white columns); comparable values
{81.9+£18.3, 8.D. m/sec) were also obtained from the population of 68 units described
above (Fig. 3B, inset, shaded columns).

If we consider the whole population of responsive and unresponsive VS units,
a prominent negative correlation was found between the unit resting discharge rate
and the conduction velocity of the corresponding axon. In general, the faster the
conduction velocity of the axon, the lower was the unit discharge rate at rest
(paired rank, P<0.001, n=136) (Fig. 3B). Similar results were also obtained for
both the responsive and the unresponsive units.

It we subdivide the IVS units responsive to animal tilt into two groups according
to their axonal conduction velocity (either < 90 m/sec, slow units or > 90 m/sec,
fast units), it appears that the resting discharge rate was much higher for the
slow (n=45) than for the fast IVS neurons (n=35), and similar result was also
obtaimed for the unresponsive units (f test between the means. P <0.0001; Fig.
5A). This difference was more prominent than that obtained in preparations with
the cerebellum intact, where it involved only units unresponsive to labyrinth stimu-
lation. It seems, therefore, that the release phenomenon, characterized by the in-
creased resting discharge following partial cerebellectomy, affected the slow units
rather than the fast units (compare Fig. 5, A with B).

3. Resting discharge and conduction velocity of VS neurons in decerebrate cats
after ipsilateral vestibular neurectomy.

The experiments were performed either in decerebrate cats submitted to unilateral
acute vestibular neurectomy (aVN) or in cats decerebrated 2-4 months after unilateral
chronic vestibular neurectomy (cVN).

Acute vestibular neurectomy (aVN). Among the 170 LVN neurons recorded after
ipsilateral aVIN, 134 neurons were used for evaluating the mean discharge rate
of the corresponding units in the animal at rest (53). The discharge rate of all
these units ranged from 0.44 to 76.9 imp./sec, and averaged 26.7+19.4, S.D.
imp./sec. Similar results wer also obtained for the antidromic (n=65) and the
non-antidromic LVN neurons (n=69), as identified by stimulating the spinal cord
between T,, and L,. Moreover, no significant difference in resting discharge rate
was found between the neurons responsive to standard parameters of tilt and those
unresponsive.

The variability of resting discharge of these units, measured by the CV, ranged
from 0.08 to 1.09 and averaged 0.52+0.29, S.D. (n=134). A comparable mean
value was obtained for both the antidromic (n=65) and non-antidromic units (n=69);
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Fig. 4 — Relation between resting discharge rate of IVS neurons and conduction velocity of the correspond-
ing axons in decerebrate cats after ipsilateral aVN or cVN.

A: graph showing data of 73 antidromically identified VS neurons recorded after aVN. Filled circles
{n=22) and open circles (n=26) represent units responsive to standard parameters of roll tilt of the animal
which were located in the dorsocaudal and the rostroventral part of the LVN, respectively; crosses (n=25)
were units unresponsive to animal tilt. There was no correlation between the unit resting discharge rate
and the conduction velocity of the corresponding VS axon. Inset: distribution of conduction velocity in
the two populations of 1VS units responsive (striped columns; n=48) and unresponsive to labyrinth stimula-
tion (white columns; n=25).

B: graph showing data of 79 1VS neurons recorded after ¢VN. Among units responsive to roll tilt of
the animal, 22 (filled circles) and 33 (open circles) were located in the dorsocaudal and the rostroventral
part of the LVN, respectively; the remaining 24 units (crosses) were unresponsive to animal tilt. A negative
correlation was found beween the unit resting discharge rate and the conduction velocity of the corresponding
VS axon (f test, P<0.001; n=79). Inset: distribution of conduction velocity of the IVS units responsive
to labyrinth stimulation (striped columns; n=355) and those unresponsive (white columns; n=24),

From Pompeiano et al. (ref. 53, Fig. 4).
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in addition, 45 out of 134 units (33.6%) showed a CV higher than 0.575. A strong
negative correlation was found between the CV of the spike train and the mean
resting discharge rate, the higher the CV, reflecting a more irregular unit discharge,
the lower was the mean discharge rate (¢ test, P<<0.001, n=134). These findings,
which affected both responsive and unresponsive units, did not greatly differ from
those obtained in control experiments with the vestibular nerves intact.

Across the population of tested units (n=73), the axon conduction velocity varied
in a unimodal fashion from 46.9 to 134.7 m/sec, with an average value of 92.2£19.1,
S.D. m/sec; comparable values were obtained from the two populations of respon-
sive (n =48) and unresponsive units (n=25) (Fig. 4A, inset, striped and white columns,
respectively).

Interestingly, no significant relation was found between unit resting discharge
rate and axonal conduction velocity (Fig. 4A). This was in contrast to the results
obtained in control experiments, where a slight negative correlation was found
between these two parameters; in particular, the faster the conduction velocity
of VS axon, the lower was the unit discharge rate at rest. Moreover, similar results
were obtained for the responsive and the unresponsive units.

The lack of correlation between resting discharge and conduction velocity of
the units described above depended on the fact that the average resting discharge
of the slow units (conduction velocity <90 m/sec) decreased after aVN, whereas
that of the fast units (conduction velocity >90 m/sec) slightly increased with respect
to the control values (compare Fig. 5, C with B).

Chronic vestibular neurectomy (cVN). Among the 189 LVN neurons recorded
after cVN, 161 neurons were used to evaluate the mean discharge rate in the animal
at rest (53). The discharge rate of all these units ranged from 0.6 to 71.4 imp./sec
and averaged 25.6+17.5, S.D. imp./sec. Bath antidromic (n=72) and non-antidromic
LVN neurons (n=289) showed comparable values. However, the resting discharge
rate of all the neurons responsive to standard parameters of tilt (22.4+16.9, S.D.
imp./sec; n=114) was on the average lower than that of the unresponsive neurons
(33.4+16.8, S.D. imp./sec; n=47), the difference being statistically significant (¢
test, P<0.001).

The coefficient of variation (CV) ranged from 0.06 to 1.25 and averaged 0.50+0.31,
S.D. (n=161). A comparable mean value was found for both the antidromic (n=72)
and the non-antidromic units (n=89). The number of regularly discharging units
increased after cVIN; in particular, the proportion of units with CV ranging between
0 and 0.35 increased while that of the units with a CV between 0.35 and 0.57
decreased in chronic with respect to acute preparations (Yates corrected x2, P <0.054
for the former group of units, P<0.05 for the latter group).

As shown after aVN a strong correlation was found after cVIN between the
CV and the mean resting discharge rate, the higher the CV, reflecting a more
irregular unit discharge, the lower was the mean background discharge (¢ test,
P<0.001, n=161). Similar results were found for both responsive and unresponsive
units.

Across the population of tested units (n=79), the axon conduction velocity varied
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in a unimodal fashion from 40.4 to 133.3 m/sec, with an average value of 92.7+20.0,
S.D. m/sec; comparable values were obtained for the responsive (n=55) and the
unresponsive VS units (n=24) (inset of Fig. 4B, striped and white columns, respec-
tively).

In contrast to the results obtained after aVIN, a negative correlation was observed
in the group of chronic experiments between unit resting discharge rate and conduc-
tion velocity of the corresponding VS axon (Fig. 4B). In particular, the faster
the conduction velocity of its axon, the lower was the unit discharge rate at rest
(¢ test, P<0.001; n=79). This finding, which affected both the responsive and
unresponsive units, is similar to that obtained in control experiments with the ves-
tibular nerves intact (52). The correlation between resting discharge and conduction
velocity of the units was due to a partial recovery of the resting discharge of
the slow units, while the average resting discharge of the fast units decreased

A B C D

5774233 29.2+16.2 213*184 322+161
2472155 2094144 274+18.8 1724136
60, P<00001 P00l NS P<0.001

VZZZ4 SLOW
[_—_JFasT

RESTING DISCHARGE (Imp./sec)

n=45 n=35 n=47 n=61 n=33 n:=40

PARTIAL CONTROL ACUTE CHRONIC
CEREBELLECTOMY NEURECTOMY NEURECTOMY

Fig. 5 - Resting discharge rate of slow- and fast-conducting IVS neurons.

The results obtained in precollicular decerebrate cats with the cerebellum and the vestibular nerves intact
(B) were compared with those elicited either after partial cerebellectomy (A) or after ipsilateral aVN (C)
or ¢VN (D). Striped and white columns refer to the two populations of slow and fast 1VS neurons, whose
conduction velocity of axons ranged between 40-90 and 91-140 m/sec, respectively. For each experimental
condition, the means+S.D. of the resting discharge rates (in imp./sec) evaluated for slow and fast units are given.

Arrows indicate the differences of means that are statitically significant; N.S., no significant difference
(¢ test), The number of recorded units is indicated below each column; in A only the units responsive
to sinusoidal roll tilt of the animal at standard parameters were evaluated, while in B, C, D both responsive
and unresponsive units were used for the analysis.
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with respect to the value obtained after aVN (compare Fig. 5D, with C). As a
result of this finding, the difference between slow and fast VS neurons became
statistically significant (/-test between the means, P <0.001; Fig. 5D).

DISCUSSION

In the experiments reported above, the spontaneous discharge of the LVN neurons,
antidromically activated by stimulation of the spinal cord at T,-L, (IVS neurons),
has been related to cell size inferred on the basis of the conduction velocity of
their axons. Observations made on a different neuronal model, i.e. the ¢-motoneurons,
had in fact shown that a close relation exists between the conduction velocity of
axons and cell size as measured by input resistance and conductance (38, 39) and
by direct histological measurements of dye-injected neurons (3, 13, 39).

The resting discharge of 1VS neurons was recorded in decerebrate cats with the
cerebellum intact (52), and the results obtained were compared with those occurring
either after partial cerebellectomy, which suppressed the tonic inhibitory influence
normally exerted by the cerebellar vermis on the underlying LVN neurons (4),
or after unilateral acute or chronic vestibular deafferentation, which deprived the
corresponding LVN neurons of a tonic excitatory drive (53).

This comparison is justified by the fact that in all these groups of experiments:
1) a large and comparable number of identified IVS neurons was recorded, 2)
the corresponding vestibulospinal axons covered the same range of conduction ve-
locity and had comparable mean values; and, finally, 3) the majority of these
neurons were histologically located in the dcLVN, in agreement with the pattern
of somatotopical organization of the VS projection, showing that this part of Deiters
nucleus projects to the lower segments of the spinal cord (51).

Comparison of the results obtained in preparations with and without the cerebellum.

In precollicular decerebrate cats with the cerebellum intact (52) the resting discharge
of all the spontaneously firing 1VS neurons (24.5+15.7, S.D. imp./sec; n=108)
was significantly lower than that obtained in partially cerebellectomized animals
(44.1+23.8, S.D. imp./sec; n=136).

In both groups of experiments the recorded 1VS neurons formed a continuoum
between the more regularly discharging units, characterized by an higher firing
rate and a low coefficient of variation (CV) and the more irregularly discharging
units characterized by a low firing rate and a high CV. However, as expected,
the CV obtained in preparations with the cerebellum intact was on the average
higher (0.56 +0.49, S.D.) than that obtained in partially cerebellectomized prepara-
tions (0.26 £0.20, S.D.), thus reflecting a more irregular unit discharge. These
characteristics of resting discharge and CV of the IVS neurons can easily be under-
stood, since in preparations with the cerebellum intact these neurons are under
the tonic inhibitory control of the cercbellar vermis.
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It is of interest that in the latter preparations a sfight negative correlation was
found between the resting discharge of all the recorded IVS neurons and the con-
duction velocity of the corresponding axons, so that the faster the conduction veloc-
ity, the lower was the unit discharge rate at rest (paired rank, P<0.01; Fig. 3A).
This relationship, which reflects comparable physiologic properties of different size
vestibular afferents (23; cf. 63, for ref.), involved the units unresponsive to stand-
ard parameters of tilt rather than those responsive. It appears, therefore, that the
IVS neurons responsive to tilt are more prominently inhibited by the cerebellar
cortex than the unresponsive units. These findings differ from those obtained after
partial cerebellectomy (4), where a prominent negative correlation was found be-
tween resting discharge and conduction velocity of all the 1VS units including both
the responsive and unresponsive ones (paired rank, P<0.001; Fig. 3B). In this
instance the 1VS neurons discharging regularly at high rate were characterized by
a slower conduction velocity of their axons (smaller units), while the units discharg-
ing irregularly at low rate by a faster conduction velocity (larger neurons).

[f we assume that the excitatory pathways responsible for the background dicharge
of the IVN neurons are homogeneo'usly distributed among the IVS neurons, thus
making an equal number of synaptic contacts with different size VS neurons,
then the results described above in cerebellectomized animals would be in agreement
with the «size principle», which states that the smaller the size of the neurons
the higher is the input resistance, so that the lower is the threshold and the more
effective is the corresponding input in exciting them. A similar conclusion was
originally proposed for the proprioceptive input exerting an excitatory influence
on hindlimb extensor motoneurons (29, 30, 32, 33, 44, 58; cf. 31, 60). In Deiters’
nucleus the excess of excitation exerted by the afferent volleys impinging on the
IVS neurons in the animal at rest would be smaller in large-size neurons, since
they fired at lower rate, than in small-size neurons, which fired at higher rate.

The reduced slope of the regression line relating the resting discharge of the
VS neurons to the conduction velocity of the corresponding axon in the experiments
with the cerebellum intact (53), with respect to the cerebellectomized preparations
(4), may depend on the fact that in the former preparations the small-size 1VS
neurons are subject to a prominent tonic inhibitory influence of the cerebellum,
thus firing at a lower rate, in contrast to the large size IVS neurons, whose resting
discharge was on the average almost comparable to that obtained after cerebellar
ablation. In other words, the lower resting discharge rate of the small size IVS
neurons in the control experiments with respect to the cerebellectomized prepara-
tions can be attributed to a greater inhibitibility which affects this population of
neurons as a result of the tonic discharge of the related Purkinje cells.

If the distribution of the corticocerebellar inhibition within the 1VN were largely
uniform and independent of cell size, as postulated for the distribution of the
excitatory synapses responsible for the resting discharge in the animal at rest, one
would expect that large neurons with their small safety margin would be more
sensitive to corticocerebellar inhibition than small neurons; the greater safety mar-
gin of the latter would, in fact, protect against corticocerebellar inhibition. This
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situation would then be comparable to that postulated for the distribution of recur-
rent inhibition within a motor nucleus, which also could be independent of cell
size (10, 30, 33, 34), an hypothesis supported by the fact that in experiments of
ventral root stimulation large motoneurons appeared (o be more susceptible to
recurrent inhibition of stretch-evoked responses than smaller neurons (10,33; cf.
44). Unfortunately, electrical stimulation of ventral roots does not represent an
appropriate tool to study the recurrent inhibitory circuitry, since antidromic stimu-
lation affects Renshaw cells driven by both agonist and antagonist motoneurons.
Thus mutual interaction among different populations of Renshaw cells can hardly
be avoided (cf. 50).

Contrary to the hypothesis reported above, we found that in our experiments
small-size 1VS neurons were apparently more sensitive to corticocerebellar inhibition
than large-size neurons. This finding is compatible with the results of recent experi-
ments showing that Renshaw cells anatomically linked with extensor motoneurons,
and ortodromically activated during vibration of the homonymous muscle, produced
a more prominent recurrent inhibition on small motoneurons than on large motoneu-
rons (61). Moreover, experiments of intracellular recording demonstrated that recurrent
inhibitory postsynaptic potentials (IPSPs) were generally larger in slow-twitch than
fast-twitch motoneurons (21).

The greater susceptibility of the small-size ]VS neurons to corticocerebellar inhibi-
tion with respect to large-size neurons can in part be explained by difference in
their input resistence, as shown for the e-motoneurons (8). There is in fact evidence
that in small tonic motoneurons, that have higher input resistance than larger motoneu-
rons (38), the same inhibitory input may elicit larger IPSPs (18, 41). An additional
possibility, however, is that the Purkinje cells of the cerebellum make an higher
number and density of inhibitory synaptic contacts on small-size 1VS neurons which
counteract the eccess of input excitation, in contrast to the large-size IVS neurons,
where the number and density of inhibitory synaptic contacts are apparently unable
in the animal at rest to overcome the weak excitatory input impinging upon them.
Moreover, the inhibitory synapses could be located closer to the cell body and/or
proximal dendrites of small-size than of large-size neurons.

It is of interest that in preparations with the cerebellum intact slow-conducting
IVS neurons of comparable size, although firing at low rate, showed different
discharge rates. This finding suggested that the corticocerebellar inhibitory influence
on neuronal discharge did not equally affect the small-size 1VS neurons, in analogy
with the observation that the firing rate of small-size motoneurons can also be
differentially affected by an inhibitory segmental input (28, 61). The observation,
however, that slow-conducting 1VS neurons of comparable size did not show the
same discharge rates in cerebellectomized cats (4) indicates that even the excitatory
input is not apparently homogeneously distributed among the same population of
small-size 1VS neurons. Similar results were also obtained at the level of small
motoneurons of comparable size, which could have different firing rates in response
to a given proprioceptive input (27, 61).

A final comment concerns the fact that, independently upon their responsiveness
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to labyrinth stimulation, the small-size 1VS neurons contribute not only to the
postural activity in normal decerebrate cats but also, by increasing their discharge
rate, to the prominent rigidity which occurs after partial cerebellectomy. Since
the tonic contraction of limb extensors which occurs in decerebrate preparations
involves the y-system (v-rigidity, 24), while that which occurs after cerebellectomy
affects only the a-system (e-rigidity, 47), we may postulate that in the former
preparation the moderate discharge of the small-size IVS neurons activates not
only the small tonic a-motoneurons, but also the static y-motoneurons innervating
the limb extensors. After cerebellectomy, however, the increased discharge of the
same population of VS neurons would lead to recruitment of larger size a-
motoneurons. Since these units are particularly effective in driving the recurrent
inhibitory system, which acts preferentially on small-size motoneurons including
those of the y-type (cf. 50), one may understand why the increased rigidity which
occurs after cerebellectomy is associated with a vy-paralysis (24).

Comparison of the results obtained in preparations with ipsilateral acute and chronic
vestibular neurectomy.

A comparison between the effects of unilateral acute or chronic vestibular deafferen-
tation on different size 1VS neurons is justified only if the loss of descending
influences from the forebrain following decerebration does not lead to decompensa-
tion of the postural deficits which occur after acute vestibular deafferentation.
In our experiments, no postural asymmetry was observed when precollicular de-
cerebration was performed in chronically operated, compensated animals (53). This
finding is in agreement with the results of experiments showing that the tonic
vestibular reflexes acting on the limbs were normal when the labyrinth of one
site had been destroyed at least five weeks prior to decerebration (17). It appears,
therefore, that decerebration does not interfere with the plastic events that are
involved in the recovery and stabilization of a symmetric posture and normal labyrinth
reflexes after unilateral chronic vestibular deafferentation.

Let us consider now the changes in the resting discharge of different size 1VS
neurons following ipsilateral acute and chronic vestibular deafferentation and relate
these changes with the postural deficits as well as with the compensatory events
occurring in these experiments (53). It is of interest that after aVN and cVN the
resting discharge as well as the CV of the recorded 1VS neurons were on the average
comparable to the values obtained in the preparation with the vestibular nerves
intact. However, while after aVN the proportion of regularly discharging units
(characterized by a high firing rate and a CV between 0 and 0.35) was smaller
than that of the irregular units (characterized by a low firing rate and a CV between
0.35 and 0.57), the situation reversed after cVN.

A further finding concerns the relation between resting discharge rate of IVS
units and conduction velocity of the corresponding axons. In control experiments
(52) units discharging more regularly at a high rate were characterized by a slower
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conduction velocity of their axons (smaller neurons), while units discharging irregu-
larly at a low rate by a faster conduction velocity (larger neurons). This relationship
was lost after aVIN, as a result of a depression in firing rate of the small neurons.
However, the activity of the small neurons partly recovered after ¢VN, while large
neurons tended to decrease their firing rate, so that the resting discharge rate was
again negatively correlated with the axonal conduction velocity (53).

It has been postulated in the previous section that the excitatory input, which
is responsible for the background discharge of the vestibular nuclear neurons in
the animal at rest, makes an equal number of synaptic contacts on different-size
IVS neurons projecting to the lower segments of the spinal cord. If we consider
that the ipsilateral labyrinth input greatly contributes to the background of excita-
tion, then the prominent decrease in resting discharge of small-size VS neurons,
which occurs after ipsilateral aVIN, would be in agreement with the «size principle»
which states that the smaller the size of the neurons, the more effective is the
corresponding input in exciting them (29, 30, 32, 33, 44, 58; cf. 31, 60). In agree-
ment with the «size principle» is also the fact that after ¢VN, the recovery in
resting discharge affects mainly the small-size neurons. Therefore, the postural hypoto-
nia that occurs in the limbs ipsilateral to the side of the acute labyrinthine deafferen-
tation depends mainly on disfacilitation of small-size 1VS neurons; on the other
hand, the compensation of the postural deficits occurring after ¢VN is, in part
at least, due to partial recovery in the background discharge of these neurons.

In conclusion, it appears that among all the recorded 1VS neurons, those of
small-size are particularly involved in the static changes in posture which occur
either after cerebellectomy or after aVN. The same neurons also intervene in the
recovery process which occurs in chronically deafferented and compensated animals.
It is worth mentioning that the LVN neurons contribute not only to the static,but
also to the dynamic control of posture. A detailed analysis of experimental findings
reported in a previous study (53) clearly indicates that in addition to the small-size
IVS neurons, the large-size neurons are particularly influenced by sinusoidal stimu-
lation of labyrinth receptors, thus intervening in the dynamic postural changes
during the vestibulospinal reflexes.

SUMMARY

1. In addition to giant cells, originally described by Deiters, the lateral vestibular
nucleus contains also medium- and small-size cells (5). The role that these neurons
exert in the static control of posture has been investigated in precollicular de-
cerebrate cats in which the resting discharge of spontaneously active vestibulospinal
neurons projecting to lumbosacral segments of the spinal cord (IVS neurons) has
been related to the cell size inferred on the basis of the conduction velocity of
their axons.

2. In control experiments, the IVS neurons with slower axonal conduction veloci-
ty and, by inference, having thinner axons and smaller cell bodies differred from
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those having faster conduction velocity by displaying a higher resting discharge
rate and a relatively regular interspike interval distribution, i.e. a lower coefficient
of variation (CV).

3. The resting discharge of the IVS neurons, which corresponded on the average
to 24.5+£15.7, S.D. imp./sec, in control experiments, increased significantly to
44.1+23.8, S.D. imp./sec after ablation of the cerebellar vermis and the fastigial
nuclei, leading to a great increase in postural activity, while the proportion of
regularly discharging units (with the lowest CV) increased. Moreover, the negative
correlation between resting discharge of all the recorded 1VS neurons and the con-
duction velocity of the corresponding axons, which was quite slight in the experi-
ments with the cerebellum intact, greatly increased after partial cerebellectomy.
This finding was due to a prominent increase in resting discharge of the small-size
1VS neurons, while the discharge of the large-size IVS neurons was, on the average,
comparable to that obtained in the controls. It appears, therefore, that the cerebel-
lum exerts a prominent tonic inhibitory influence on the small-size IVS neurons,
which are thus responsible for the great increase in decerebrate rigidity after cere-
bellectomy.

4. The resting discharge rate of the IVS neurons was not, on the average, greatly
modified after ipsilateral acute (aVN) and chronic vestibular neurectomy (cVN)
with respect to the controls. However, the proportion of regularly discharging units
(with the lowest CV) decreased after aVN, but increased after cVN. The relation
found in control experiments, i.e. the faster the conduction velocity of VS axon
the lower was the unit discharge at rest, was lost after aVN, due to a decrease
in resting discharge rate of the slow neurons. The mean discharge rate of these
units, however, recovered after ¢VN, so that the negative correlation between rest-
ing discharge rate and axonal conduction velocity was reestablished. It appears,
therefore, that the small-size VS neurons intervene in the development and compen-
sation of the static postural deficits which occur following ipsilateral vestibular
deafferentation.

5. We conclude that, in the animal at rest, the small-size VS neurons are particu-
larly sensitive to the tonic inhibitory input originating from the cerebellar vermis,
as well as to the toni¢ excitatory input originating from the ipsilateral vestibular
receptors, thus being involved in the static postural deficits which occur after par-
tial cerebellectomy or after acute vestibular deafferentation. The same neurons are
also involved in the compensation of the postural asymmetry following chronic
vestibular deafferentation,
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