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Abstract 

(I) The activity of 136 Deiters’ neurons projecting to lumbosacral segments of the spinal cord has 
been recorded in decerebrate, partially cerebellectomized cats, and their response characteristics to 
sinusoidal stimulation of labyrinth and neck receptors have been related to cell size inferred from 
the conduction velocity of the corresponding axons. 

(2) Vestibulospinal neurons with faster conduction velocity and, by inference, having thicker 
axons and larger cell bodies differed from those neurons having lower axonal conduction velocity by 
displaying: (i) a relatively irregular interspike interval distribution; (ii) a lower resting discharge 
rate; (iii) a periodically modulated response to the labyrinth input elicited by sinusoidal tilt around 
the animal’s longitudinal axis (0.026 Hz, 10”) characterized by an increase in firing rate during side- 
down roll tilt; (iu) an increase in gain (impulses per set per degree) and phase lag relative to the 
displacement of the labyrinth response to increasing angular acceleration; (u) a greater gain in 
labyrinth than neck input, the latter elicited by sinusoidal neck rotation (0.026 Hz, 5 or 10”); and (ui) 
due to the imbalance of the gains of the separate labyrinth and neck responses and their predictable 
vectorial summation, a response to both inputs elicited by head rotation resembling that obtained 
by labyrinth stimulation alone. 

(3) These findings are discussed in terms of the reciprocal distribution of synaptic contacts of 
vestibular and neck afferents on vestibulospinal neurons as a function of cell size. The evidence 
indicates that, in addition to intrinsic neuronal properties related to cell size, the quantitative and 
qualitative organization of synaptic inputs represents the critical factor controlling the responsive- 
ness of vestibulospinal neurons. 

In previous studies, regional differences in response 
characteristics of neurons in the lateral vestibular nu- 
cleus (LVN) of Deiters were found during independent 
sinusoidal stimulation of macular labyrinth and neck 
receptors (Boyle and Pompeiano, 1980a, b; cf., Peterson, 
1970). The proportion of responsive units and their sen- 
sitivity to both inputs were greater in the rostroventral 
(cLVN) than in the dorsocaudal (1LVN) part of the 
Deiters’ nucleus. These findings could be attributed to 
differences in the quantitative and qualitative distribu- 
tion of synaptic contacts of primary macular afferents 
(cf., Brodal, 1974) and proprioceptive neck afferents to 
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the two regions of LVN. However, other parameters may 
account for the differences in spontaneous and induced 
discharges of individual LVN neurons to these inputs. 
For example, it is known that the LVN contains neurons 
of different sizes, with a predominance, however, of small 
to medium neurons in the cLVN, the axons of which pass 
to cervical segments of the spinal cord. On the other 
hand, small to giant cells which project to the lumbar 
spinal cord are present in the 1LVN (Pompeiano and 
Brodal, 1957). 

Functional properties related to cell size were investi- 
gated originally in lumbar spinal motoneurons where a 
set of experimental evidence has led to the formulation 
of the “size principle” which states that the smaller the 
size of the motoneuron, the lower is the threshold and 
the more effective is the corresponding proprioceptive 
group Ia pathway in exciting them (Henneman, 1957, 
1977; Henneman et al., 1965a, b, 1974; Somjen et al., 1965; 
cf., Mendell and Henneman, 1971). 

There are similarities in the anatomo-functional orga- 
nization of hindlimb motoneurons and 1LVN neurons. 
First of all, comparable to the proprioceptive group Ia 
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afferents terminating on extensor motoneurons (cf., Pom- 
peiano and Wand, 1980), primary labyrinth afferents 
terminate mono- and polysynaptically on 1LVN neurons 
(cf., Wilson and Melvill Jones, 1979). Second, similar to 
the different size motoneurons, the population of vestib- 
ulospinal neurons originating from the 1LVN reflects the 
wide spectrum of cell body size as reported above; the 
observation of a direct relationship between the size of 
the cell body and the axonal diameter of LVN neurons 
(Deiters, 1865) and physiologic measurements of axonal 
conduction velocity of LVN neurons activated antidrom- 
ically from the lumbar cord (Ito et al., 1964; Wilson et al., 
1967; Akaike et al., 1973) have confirmed this finding. 
Finally, these two neuronal populations are linked: ves- 
tibulospinal fibers from the 1LVN excite mono- and poly- 
synaptically ipsilateral extensor motoneurons (Lund and 
Pompeiano, 1968; Grillner et al., 1970). 

For these reasons, we decided to record the unit activ- 
ity from the selected population of LVN neurons pro- 
jecting to the lumbosacral segments of the spinal cord 
and to study the possible correlation between their re- 
sponse characteristics to afferent (labyrinth and neck) 
inputs and cell size inferred from the conduction velocity 
of the vestibulospinal axon. If response characteristics 
are determined by neuronal properties related to cell size, 
then they should be invariant despite differences in input 
drive (cf., Henneman et al., 1965a, 1974). On the other 
hand, if response characteristics depend mainly upon 
synaptic organization, then differential control of partic- 
ular neuronal groups could result, provided the relevant 
input systems distribute to pooled neurons with differing 
patterns (cf., Burke, 1973, 1979). 

In order to avoid anesthetics and cerebellar reverber- 
ations of labyrinth and neck afferent volleys (Denoth et 
al., 1979, 1980; Stanojevid et al., 1980; Stanojevic, 1981) 
which might affect both spontaneous or induced dis- 
charges of recorded units, all experiments were per- 
formed on unanesthetized, decerebrate, and partially cer- 
ebellectomized cats. The findings indicate that our sam- 
ple population of vestibulospinal neurons is not homo- 
geneous in terms of afferent input distribution from 
labyrinth and neck receptors as previously reported and 
that qualitative and quantitative differences in synaptic 
organization determine the responsiveness of these neu- 
rons projecting to the hindlimb extensor motoneuronal 
pool. 

A preliminary report of this study has been published 
previously (Boyle and Pompeiano, 198Oc). 

Materials and Methods 

Pertinent data were collected from 19 adult cats dece- 
rebrated at the precollicular level under ether anesthesia; 
in addition, the cerebellar vermal cortex and fastigial 
nuclei were aspirated until the floor of the fourth ventri- 
cle was exposed. Unit recording began no earlier than 2 
hr after cessation of the anesthesia. The animals were 
immobilized with pancuronium bromide (Pavulon, N.V. 
Organon Oss, The Netherlands) and artificially venti- 
lated. The surgical procedures, experimental conditions, 
methods of recording extracellular unit activity, and 
marking of the locations of recording sites have already 
been described in detail, as have the anatomical identi- 

fication of the vestibular nuclei and the subdivision of 
the LVN into rostroventral and dorsocaudal parts (Boyle 
and Pompeiano, 1980a, b). In brief, the animal’s head 
was placed in a stereotaxic frame and fixed in the hori- 
zontal position, pitched 10” nose down. The axis vertebra 
was held at the level of the exposed spinous process of C2 
by a clamp secured on a tilting table; the lower part of 
the trunk was clamped rigidly to a spinal cord frame at 
T1i and LZ, and pins were inserted through the great 
trochanter of both femurs to prevent body sway. Both 
fore- and hindlimbs were extended and clamped. 

Rotations of the neck, whole animal (roll tilt), or head 
alone were accomplished by independent servo-driven 
hydraulic systems (cf., Denoth et al., 1979, 1980). In 
particular, rotation of the neck clamp and table simul- 
taneously in both directions of the coronal plane beneath 
a stationary head produced selective stimulation of neck 
receptors (neck input). Rotation of the entire stereotaxic 
equipment and table together about the longitudinal axis 
produced selective stimulation of labyrinth receptors 
(labyrinth input). Finally, rotation of the head about the 
same axis, while the C, vertebral clamp and table re- 
mained stationary in the horizontal position, elicited co- 
stimulation of both receptors (neck + labyrinth inputs). 
Sinusoidal waveforms of 0.026 Hz, 5 or 10” peak ampli- 
tude, were used. 

Three stimulating electrodes made of insulated 200~pm 
stainless steel wire and exposed to within 0.5 mm of their 
tips, with an interelectrode distance of 1.5 mm, were 
implanted into the ventral quadrant of the right spinal 
cord between L1 and Lz. Stimuli for the identification of 
vestibulospinal neurons consisted of single 0.2-msec rec- 
tangular pulses applied in a bipolar manner between two 
of the three electrode wires. The success of the implan- 
tation and the selection of the appropriate pair of elec- 
trodes were verified by observing the antidromic field 
potentials on the cathode ray oscilloscope. Standard cri- 
teria for antidromic activation of vestibulospinal neurons 
were followed, i.e., a constant latency of spike potential 
from stimulus with no shift in latency at threshold 
strength, the ability to follow high frequency stimulation, 
and the abolition of spike potential on collision with a 
spontaneously occurring action potential (cf., Wilson et 
al., 1967; Peterson, 1970). The records of antidromically 
activated neurons were stored on film and verified. Care- 
ful attention was given to estimate consistently the dis- 
tance (in millimeters) from the stimulating and recording 
sites by exposing the entire spinal cord at the termination 
of the experiment and repeating the measurement several 
times. The latency from the foot of the antidromic spike 
to the stimulus artifact was calculated from magnified 
(X 40) film records. Neurons activated antidromically 
but not identified histologically as belonging to the LVN 
have been excluded. In agreement with the known ana- 
tomical projections from the LVN (Pompeiano and Bro- 
dal, 1957), 107 (78.7%) and 29 (21.3%) antidromically 
identified vestibulospinal neurons were located histolog- 
ically in the dorsocaudal and rostroventral regions of the 
nucleus, respectively. The records of two antidromically 
identified vestibulospinal neurons located in the LVN are 
shown in Figure 1. 

The unit activity was filtered, amplified, converted to 
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Figure 1. Identification of lateral vestibulospinal neurons. A 

and B, Antidromic action potentials (upper truces), collision of 
antidromic spikes by spontaneously occurring orthoclromic ac- 
tion potentials (middle traces), and reappearance of anticlromic 
spikes (lower traces) in two neurons located histologically in 
the LVN following single shock stimulation of the L,-L* portion 
of the spinal cord. Stimulus artifact is indicated by the large 
arrows. The small arrows in A indicate the rising phase of 
antidromic spike superimposed on top of the antidromic field 
potential. The conduction velocities of axons were 102.8 (A) 
and 45.0 (B) m/set. Both units responded to sinusoidal stimu- 
lation of labyrinth and neck receptors (see Fig. 9). 

standard pulses, and averaged. The analogue output (se- 
quential pulse density histograms, SPDHs) of the signal 
averager (Correlatron 1024, Laben) was plotted on an X- 
Y plotter (Hewlett-Packard, HP 7035P), and the digital 
data were stored on punch tape (GNT Automatic A/S, 
model 3406) and processed off-line with a computer sys- 
tem (HP 2100/A) equipped with a fast Fourier analyzer 
(HP 5451/B). 

The results are based on the quantitative cross-spectral 
analysis of the averaged unit activity with respect to the 
first harmonic of response (output) during the rotational 
stimuli (angular input). The response sensitivity was 
defined as the percentage of increase (half of peak to 
peak) of the fundamental component of the mean firing 
rate per degree of displacement, and the gain was ex- 
pressed as the absolute change of the firing rate (impulses 
per set) per degree. According to the terminology used 
by Lindsay et al. (1976), the direction of stimulus ori- 
entation was designated as side-down when the head or 
spinous process of Cz was rotated toward the side of the 
recording electrode and as side-up for rotations toward 
the opposite side. The phase characteristic of the re- 
sponse is described as the phase difference in arc degrees 
between the peak of the fundamental component of the 
unit response and the peak of the side-down displacement 
of the head (or neck), indicated by 0”. A coherence 
coefficient varying from 0 to 1.0 was computed on the 
fundamental component to provide a measure of relia- 
bility between the input and output; a value of 1.0 rep- 

resents a linear, time-invariant, noise-free system. A com- 
parable analysis also was performed on the second and 
third harmonics. We considered to be positive only those 
units displaying a stable resting discharge, a coherence 
coefficient of the first harmonic to successive cycles of 
stimulation >0.8, and a harmonic distortion of the aver- 
aged firing rate (calculated from the first 10 harmonics 
in the Fourier analysis amplitude spectrum) which did 
not exceed 25% of the fundamental’s amplitude. In ad- 
dition, units displaying either a saturation or cut-off of 
the response during periods of stimulation were discarded 
from analysis. 

Raw spike train data from selected segments of unstim- 
ulated, background discharges of vestibulospinal neurons 
were recorded on magnetic tape. The mean interspike 
interval, standard deviation interval, and coefficient of 
variation (CV) were calculated off-line. The CV, defined 
as the standard deviation interval divided by the interval 
mean, was computed from 500 to 4000 intervals. One 
hundred or 1000 consecutive intervals were sampled and 
compared to a second sample taken at random from 
longer periods of recording using Smirnoff s lambda test. 
If the two samples were not statistically different at the 
5% level, they were joined to form an enlarged sampling 
pool. 

Results 

Resting discharge activity and conduction velocity of 
vestibulospinal axons from L VN neurons. All 136 vestib- 
ulospinal neurons recorded from the LVN exhibited a 
background discharge (measured over a period of 30 set 
to 2 min) in the absence of head (or neck) rotation. 
Resting discharge rates ranged from 1.7 to 123.2 im- 
pulses/set and averaged 44.1 f 23.8 impulses/set + SD 
(Fig. 2, inset, white columns). A comparable range and 
mean value (46.5 f 21.9 impulses/set + SD) of discharge 
rates also were obtained from a smaller population of 68 
units whose regularity of discharge was examined in more 
detail (Fig. 2, inset, shaded columns). In the latter group 
of units, a high degree of correlation was observed be- 
tween the mean interval and the standard deviation 
interval of the examined spike trains (product moment, 
r = 0.95). The variability of discharge was measured by 
the coefficient. of variation (CV), defined as the standard 
deviation of interspike intervals divided by the mean 
interval, which ranged from 0.078 to 1.09 and averaged 
0.263 + 0.203 (mean + SD, n = 68). A continuous relation 
was found between the interval distribution 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 background discharge (Fig. 2; paired rank, 
p < 0.001; n = 68). 

A similar correlation was observed between the unit 
resting discharge rate and the conduction velocity of the 
corresponding vestibulospinal axon (Fig. 3). Across the 
population of all units (n = 136), the axon conduction 
velocity varied in a unimodal fashion from 45.0 to 118.7 
m/set, with an average value of 84.3 & 17.1 m/set f SD 
(Fig. 3, inset, white columns); comparable values (81.9 
+ 18.3 m/set + SD) also were obtained from the popu- 
lation of 68 units described above (Fig. 3, inset, shaded 
columns). In general, the faster the conduction velocity 
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Figure 2. Resting discharge activity of vestibulospinal neurons. The graph shows the relation 
between the resting discharge rate (measured in impulses per set) and the coefficient of variation of 68 
vestibulospinal neurons. The symbols represent units either responsive (0, n = 41) or unresponsive 
(x, n = 27) to labyrint,h stimulation. Inset, Distribution of resting discharge of the general population 
of antidromically identified LVN units (white columns, n = 136) and the population of units illustrated 
in the main graph (shaded columns, n = 68). 

of its axon, the lower was the unit discharge rate at rest 
(paired rank,p < 0.001; n = 136); the degree of variability 
of unit discharge showed, therefore, a positive correlation 
to the axon conduction velocity (same test, p < 0.001; n 
= 68). 

Gain and sensitivity of unit responses to labyrinth 
stimulation. Of the 136 vestibulospinal neurons, 80 
(58.8%) displayed a reliable periodic modulation of their 
firing rate during sinusoidal tilt at 0.026 Hz, 10” peak 
amplitude (see Fig. 3, 0). Among the remaining 56 units 
(41.2%), 48 did not satisfy the criteria for responsiveness 
(see Fig. 3, x). The last 8 units exhibited either an 
increase in firing rate for both directions of stimulus 
orientation, thus having a predominant second harmonic 
of unit response or a periodic modulation but only at 
higher frequencies of angular tilt (see Fig. 3,0); since the 
results to be described are with respect to the first 
harmonic of unit response at slow rotations, these units 
were classified as unresponsive to the stimulus. As shown 
in Figures 2 and 3, the relationship between the resting 
discharge activity and the conduction velocity of its axon 
was sustained for both responsive and unresponsive 
units. 

The gain of unit responses ranged from 0.05 to 1.99 and 
averaged 0.48 + 0.41 impulse/set/degree + SD (n = 80; 
see Table I). No acceptable correlation was found across 
the population of 80 units between the gain and either 

the background discharge (paired rank, p > 0.05) or the 
conduction velocity (same test, p > 0.5) when the data 
from different experiments were pooled. More interesting 
results, however, were found within individual experi- 
ments. For example, in Figure 4A, the 7 units recorded in 
one experiment showed a positive correlation between 
the gain and the conduction velocity of its axon. These 
units contrast with those examined in another experi- 
ment (Fig. 4B) ‘in which no relationship was observed. 
Let us consider the larger sample of responsive units of 
a third experiment shown in Figure 4C. These units are 
denoted with different symbols to illustrate that either 
relationship (Fig. 4, A and B) can be detected from this 
population of vestibulospinal neurons. These findings 
may be attributed to sampling from different subpopu- 
lations of neurons rather than to large inter-animal var- 
iability. 

For the population of units reported above, the sensi- 
tivity of responses, defined as the percentage of increase 
in tiring rate per degree of tilt, ranged from 0.1 to 7.0 and 
averaged 1.44 + 1.22 (mean + SD, n = 80; see Table I). 
Figure 5 describes the relation between the response 
sensitivity and other physiologic properties. Units dis- 
playing a greater percentage of modulation during roll 
tilt had in general: (i) a lower background discharge (Fig. 
5A; paired rank, p < 0.005; n = 80) and, thus, a larger 
variability of instantaneous tiring rate (same test, p < 
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Figure 3. Relation between the resting discharge rate (measured in impulses per set) of LVN 
neurons and the conduction velocity of vestibulospinal axons. The graph shows the data of 136 
antidromically identified LVN neurons. Symbols represent units either responsive (e paired rank, 
p < 0.001; n = 80) or unresponsive (X and 0; same test, p < 0.001; n = 56) to labyrinth stimulation 
at standard parameters (0.026 Hz, 10”); see the text for an explanation of the unresponsive units 
indicated by the different symbols. Inset, Distribution of the conduction velocity of the general 
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0.005; n = 41) and (C) a faster conduction velocity of 
their axons (Fig. 5B; same test, p < 0.05; n = 80). 
However, caution is needed before concluding that the 
response sensitivity to labyrinth input is closely related 
to conduction velocity for the same reasons presented in 
Figure 4. 

Phase relation of unit responses to labyrinth stimu- 
lation. Table I categorizes the unit responses to roll tilt 
(0.026 Hz, 10”) into three main patterns of response. The 
majority of the units (69, i.e., 86.25%) were excited max- 
imally by the direction of animal orientation, displaying 
either a modulated discharge which reached peak tiring 
rates during side-down tilt ipsilateral to recording site 
((Y response, phase angle ranging from +45” to 0”; n = 21, 
26.25%) or a peak modulation during side-up tilt (/I 
response, phase angle ranging from +135” to 180”; n = 
48.60%). The remaining 11 unit responses (13.75%) in the 
third category were not in phase with either extreme 
position of animal displacement. 

The relationships between the three parameters ex- 
amined (resting discharge rate, conduction velocity, and 
phase relation) are illustrated in Figure 6 (see Table I for 
details). The units indicated by long vertical lines (a 

responses, n = 21) were located primarily on the right 
side of the diagram and were distinguishable from those 
displaying the p response pattern (short vertical lines, n 
= 48), by having a lower resting discharge rate (Wilcoxon 
rank sum test, p < 0.01) and a faster conduction velocity 
of axons (same test, p < 0.01). No correlation was ob- 
served between the gains of responses for these units 
(same test, p > 0.1); therefore, as described above (Fig. 
5), the percentage of modulation of the firing rates of (Y 
responses was significantly greater than that of p re- 
sponses (same test, p < 0.02). The few responsive units 
which could not be assigned to either positional category 
(n = 11; medium vertical lines in Fig. 6) had, on the 
average, values of resting discharge rate, conduction ve- 
locity of its axon, gain, and response sensitivity which fell 
between the two main groups of neurons. 

An additional relationship was observed between the 
phase lead or lag of response and the conduction velocity 
of each of the 69 positional sensitive neurons: vestibulo- 
spinal neurons with slower conduction velocities tended 
to exhibit larger phase leads with respect to position, 
whereas those with faster conduction velocities showed 
larger phase lags (paired rank, p c 0.02; n = 69). 
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TABLE I 

Effects of sinusoidal stimulation of labyrinth and neck receptors (at 0.026 Hz, f5 or 10’) on the activity of vestibulospinal neurons located in 
LVN 

Base discharge rate, gain, sensitivity, and conduction velocity of axons are given for responsive units. For each of these parameters, the mean 
f SD is given (range in parentheses). The phase angle of the first harmonic of the responses refers to side-down displacement of the head (or 

neck). 

Phase Angle Number Responsive Unresponsive Base Discharge Conduction Velocity 
of Responses of Units Units Units Rate Gain Sensitivity” 

of Axons 

Labyrinth input 
From f45O to 

0” 

From +135” 
to 180” 

From +45’ to 

+135O lead 
and from 
-45” to 

-135” lag 

Total 
population 

Neck input 

From f45’ to 
0” 

From +135” 
to 180” 

From +45’ to 
+135” lead 

and from 
-45” to 
-135” lag 

Total 
population 

21 (26.25%) 

48 (60.0%) 

11 (13.75%) 

136 80 (58.8%) 

10 (25.6%) 

18 (46.2%) 

11 (28.2%) 

77 39 (50.6%) 

impulses/set 

25.0 -c 18.5 0.41 + 0.34 

(1.7-88.2) (0.05-1.67) 

53.8 it 25.5 0.52 f 0.47 
(8.6-123.2) (0.11-1.99) 

41.0 + 18.6 0.44 f. 0.32 
(7.6-71.4) (0.07-1.15) 

56 (41.2%) 44.5 f 22.7 
(1.7-123.2) 

49.8 f 29.2 
(17.8-112.1) 

36.2 f 23.1 
(4.4-86.0) 

42.3 + 27.3 
(10.9-99.7) 

38 (49.4%) 41.4 -c 25.8 
(4.4-112.1) 

impulses/set/ 
degree 

0.48 + 0.41 
(0.05-1.99) 

0.34 + 0.31 
(0.12-1.16) 

0.40 f 0.38 
(0.02-1.19) 

0.47 + 0.37 
(0.03-1.33) 

0.40 f 0.36 
(0.02-1.33) 

2.18 + 1.73 

(0.52-7.0) 

1.16 + 1.02 
(0.10-4.0) 

1.25 + 1.12 
(0.38-4.3) 

1.44 -+ 1.22 
(0.10-7.0) 

0.70 f 0.32 
(0.22 f 1.01) 

1.0 f 0.69 
(0.33-2.90) 

1.13 f 0.76 
(0.28-2.90) 

0.96 f 0.62 
(0.22-2.90) 

m/set 

94.4 -c 12.7 
(56.7-111.6) 

77.3 + 17.3 

(45.0-118.7) 

87.1 + 17.9 
(46.7-115.7) 

84.3 + 17.1 
(45.0-118.7) 

77.8 + 9.4 
(62.0-87.4) 

90.6 + 21.8 
(45.0-118.7) 

91.3 f 14.3 
(66.1-111.6) 

87.5 + 16.5 
(45.0-118.7) 

” Measured as a percentage of increase of the base discharge rate per degree of displacement. 

Response characteristics to changing parameters of 
angular vestibular stimulation. Figure 7 illustrates the 
response characteristics of the vestibulospinal neurons 
tested to changes in the frequency of vestibular stimula- 
tion from 0.008 to 0.325 Hz (loo), resulting in a maximum 
angular acceleration ranging from 0.02 to 41.8”/sec2. 

Units could be pooled into two main populations. In 
the first, the slope of the Bode plot gain curve was about 
-40 dB/decade over the tested frequency range (0, lower 
graph) and the averaged phase angle of response main- 
tained a slight phase lead with respect to displacement 
(0, upper graph). In the second group of neurons, the 
frequency response profile was more consistent with a 
-20 dB/decade gain slope (0, lower graph); concomitant 
with the gain changes, the phase angle of responses 
changed from about +lO” lead to -78” lag over the tested 
frequency range. These frequency responses could be 
accounted for if we assume that the populations of neu- 
rons received afferent volleys from the utricular and from 
the more dynamic components of macular and/or verti- 
cal canal receptors, respectively. Units representing the 
first population of units had, on the average, a higher 
resting firing rate (38.1 + 17.8 impulses/set; n = 12) than 
those of the second population (10.4 + 6.6 impulses/set; 

n = 6); this difference of means was statistically signifi- 
cant (t test for difference of means, p < 0.01). The 
difference in the mean conduction velocity of axons be- 
tween the former (85.4 + 18.7 m/set; n = 12) and latter 
(97.5 f 7.4 m/set; n = 6) group of units was not significant 
at an acceptable level. 

Unit responsds to neck stimulation. Of the 136 LVN 
neurons described above, 77 were examined quantita- 
tively during slow sinusoidal stimulation of neck recep- 
tors (0.026 Hz, 5 or 10”). Thirty-nine units (50.6%) dis- 
played a reliable periodic modulation of their firing rate 
to the sinusoidal stimulus; the remaining 38 units (49.4%) 
were unresponsive to neck rotation (Table I). Since these 
77 units belong to the general population, the relationship 
between the resting discharge activity and the conduc- 
tion velocity also pertains (Figs. 2 and 3). 

The average gain of response was 0.40 + 0.36 (range, 
0.02 to 1.33) impulse/set/degree of neck displacement 
and the average sensitivity was 0.96 f 0.62 (mean f SD; 
range, 0.22 to 2.9). No correlation was observed between 
the gain (and also the response sensitivity) of neck re- 
sponse and either the resting discharge rate or the con- 
duction velocity (paired ranks, p > 0.5; n = 39). 

Similar to the phase angle of responses to the labyrinth 
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input, the majority of LVN units (28/39, i.e., 71.8%) were 
excited maximally by the direction of neck orientation, 
preferentially during side-up neck rotation (with the peak 
of response occurring between +135’ and 180”; n = 18, 
46.2%); fewer units were excited during neck rotation in 
the opposite direction (with the peak of response occur- 
ring between +45’ and 0’; n = 10,25.6%). The remaining 
11 unit responses (28.2%) were not in phase with either 
extreme position of neck displacement. No relationships 
were found, however, during neck stimulation between 
units displaying a peak response during side-down or 
side-up rotation and the other physiologic properties of 
the units. 

Comparison of the unit responses to .labyrinth and 
neck stimulation. No significant differences in the means 
of the resting discharge rate, the conduction velocity, or 
the gain were found between unit responses to the laby- 
rinth (n = 80) and neck (n = 39) inputs (Table I). 
Interesting differences were observed, however, between 
the phase relation of unit responses and other physiologic 
properties of the units. For example, units responding 
preferentially to side-down neck rotation (n = 10) differed 
from those responding to side-down animal tilt (n = 21) 
by having a higher resting discharge rate (Wilcoxon, p 
< 0.01) and a slower conduction velocity of axons (same 
test, p < 0.01); the opposite relations were observed 
between units responding to side-up neck rotation (n = 
18) and side-up animal tilt (n = 48). Therefore, the 
resting discharge rate and the conduction velocity of 
axons of units excited during the side-down orientation 
of the animal (n = 21) were comparable to those excited 
during side-up neck rotation (n = 18). 

Convergence and interaction of neck and macular 
responses. Among the population of LVN units tested to 
both inputs (n = 77), 36 (46.7%) responded to individual 
stimulation of both types of receptors, 15 (19.5%) to the 
labyrinth input, and 3 (3.9%) to the neck input alone; 23 
(29.9%) were unresponsive to both inputs. 

Figure 8 illustrates the relationships between the ratio 
of gain of neck responses (GN) and labyrinth responses 
(Gt) and the physiologic properties of the units (n = 36). 

Let us consider, for example, the 10 units located on 
the extreme right side of the figure. These units showed, 
on the average, a 4-fold greater gain to labyrinth input 
than to neck input and had relatively faster conduction 
velocities of axons and lower resting firing rates. The 11 
units on the extreme left side of Figure 8 showed the 
opposite findings, i.e., a 4-fold greater gain to neck input 
than to labyrinth input, slower conduction velocities, and 
higher resting firing rates. These relationships are of 
particular interest because, as described in detail above, 
no reliable correlations were found between the gains of 
both the labyrinth and neck responses and the other 
physiologic properties when studied individually. How- 
ever, a strong relationship was observed when their ratio 
of gains was considered: the greater the gain of neck 
response over labyrinth response, the higher was the 
resting discharge rate (paired rank, p < 0.001) and the 
slower was the conduction velocity of unit’s axon (same 
test, p < 0.001) and vice versa. As described in Figure 3, 
the higher the resting discharge rate of these 36 units, 
the lower was the conduction velocity of their axons 
(same test, p < 0.001). 

In a previous account (Boyle and Pompeiano, 1981), 
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Figure 5. Relations between the resting discharge rate (measured in impulses 
per set) or the conduction velocity of axons and the response sensitivity of 80 
LVN neurons to sinusoidal stimulation of labyrinth receptors at standard 
parameters. A, Graph showing a negative correlation between the resting 
discharge rate and response sensitivity. B, Weak positive correlation between 
the conduction velocity of axons and response sensitivity. 

the responses of LVN neurons to head rotation, leading predicted vector (x2 < 0.01). Further, this additive mode 
to co-stimulation of both neck and labyrinth receptors, of interaction of inputs was maintained over the fre- 
were shown to be the result of a linear vectorial sum- quency domain of stimulation from 0.015 to 0.15 Hz, 10” 
mation of the individual responses. For the 11 neurons (with a range of maximum angular acceleration from 0.09 
studied during head rotation here, a high degree of cor- to 8.9’/sec2) for the examined units. 
respondence was observed between the actual gain and Figure 9 illustrates the responses of two lateral vestib- 
phase angle of response and the component values of the ulospinal neurons to the three modalities of sensory 
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O”) and symbols represent either a phase lead (0) or a phase lag (0) from 0”. 

stimulation and summarizes the above findings. The unit 
in Figure 9A showed: (i) a more regular discharge at rest 
(CV = 0.126), (ii) a higher mean firing rate (58.4 im- 
pulses/set), (iii) a slower conduction velocity of its axon 
(45.0 m/see; see Fig. lB), (iv) a peak firing rate during 
side-up roll tilt (j? response), and (u) a greater gain to 
neck than labyrinth input (GN/GL = 2.83). The separate 
responses of this unit to the two inputs were approxi- 
mately in phase with each other (A+ = 13.3’) and, as a 
consequence of vectorial summation, the unit response 
to head rotation closely approximated that obtained dur- 
ing neck rotation alone (polar diagram). The unit illus- 
trated in Figure 9B represents the opposite case and had: 
(i) a relatively irregular unit discharge (CV = 0.378), (ii) 
a lower mean firing rate (22.7 impulses/set), (iii) a faster 
conduction velocity of its axon (102.8 m/set; see Fig. lA), 
(iv) a peak firing rate during side-down roll tilt (a re- 
sponse), and (u) a greater gain to labyrinth than neck 
input (GN/GL = 0.233). The unit responses were out of 
phase by 162.2”, but, due to the imbalance of response 
gains, the resulting unit response during head rotation 
closely mimicked that observed during labyrinth stimu- 
lation alone (polar diagram). 

Discussion 

It is known that mammalian vestibular nerve fibers 
vary in size (Wersall, 1956; Gacek and Rasmussen, 1961; 
Walsh et al.; 1972). Physiologic observations indicate 
that primary vestibular afferents innervating both otolith 
(Fernandez et al., 1972; Goldberg and Fernandez, 1975; 
Fernandez and Goldberg, 1976a, b) and semicircular 
canal receptors (Fernandez and Goldberg, 1971; Goldberg 
and Fernindez, 1971a, b, 1975; Blanks et al., 1975; Estes 
et al., 1975; Keller, 1976; Louie and Kim, 1976; Yagi et 
al., 1977; Ezure et al., 1978) have different spontaneous 
discharges and response properties. Relationships also 
have been observed between the fiber diameter and the 
physiologic properties of these afferent units. The evi- 
dence in the cat indicates that primary afferents with 
thinner fibers have regular interspike interval distribu- 
tion (Walsh et al., 1972) and are characterized by a higher 
resting firing rate and a lower gain to constant accelera- 
tion (Blanks et al., 1975). The reverse is true for thicker 
afferents. The relation between the fiber diameter and 
the regularity of discharge also was observed in the 
squirrel monkey (Goldberg and Fernindez, 1977). Fur- 
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Figure 7. Frequency responses of LVN neurons. Bode plots of the mean 
(MD) responses of two populations of vestibulospinal units identified by their 
response characteristics to the increasing frequency of the sinusoidal roll tilt 
at the peak amplitude of 10’. The gain of the responses is expressed in decibels. 
The number in each sample is indicated in parentheses. The units of the 
population of units indicated by solid circles were unresponsive to roll tilt at 
0.008 Hz (not indicated in diagrams). See the text for additional descriptions 
of each population of units. 

ther, afferents innervating the otolith receptors had 
longer antidromic conduction times, i.e., thinner fibers, 
than those supplying the ampullar receptors; neverthe- 
less, within each population of otolith and canal units, 
the shorter the antidromic conduction time, the more 
irregular was the unit firing pattern. 

In the present study, the physiologic properties of 
different size vestibulospinal neurons projecting to lum- 
bosacral cord have been related to cell size, inferred from 
the axonal conduction velocity. In fact, a close relation 
exists between the conduction velocity of axons and cell 
size as measured by input resistance and conductance 
(Kernell, 1966; Kernell and Zwaagstra, 1981), critical 
firing level (Clamann and Henneman, 1976), and direct 
histological measurements of dye-injected neurons (Bar- 
rett and Crill, 1971; Cullheim, 1978; Kernell and Zwaags- 
tra, 1981; cf., however, Brown et al., 1975). 

Within our sample population of vestibulospinal neu- 

rons, significant correlations were found between some 
of the examined parameters of spontaneous or induced 
discharges and cell size. These neurons formed a contin- 
uum between the more regularly discharging units (based 
on CV values) characterized also by a slower axonal 
conduction velocity on the one hand and the more irreg- 
ularly discharging units with a faster conduction velocity 
of their axons on the other hand. For sake of simplicity, 
these neurons will be termed smaller and larger, respec- 
tively. Further, the analysis of frequency response pro- 
files to roll tilt indicates that units with higher (and more 
regular) discharge rates received an input solely from 
macular vestibular receptors, whereas units with lower 
and more irregular discharge rates received input(s) from 
dynamic components of otoliths and/or vertical canals. 

In summary, it appears that, in the animal at rest, the 
functional characteristics of different size vestibular af- 
ferents are reflected by comparable physiologic proper- 
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Figure 8. Three-dimensional diagram relating the ratio of response gains 
(GN/G,) to the physiologic properties of LVN neurons. The 36 units received 
convergent inputs from both labyrinth and neck receptors at standard param- 
eters of testing. The ratio of the gains of neck response (GN) to the labyrinth 
response (GL) (y axis) is plotted against both the resting discharge rate 
(measured in impulses per set; x axis) and the conduction velocity of its axon 
(z axis) for each unit. The negative correlations between GN/GL and the 
conduction velocity and between the resting discharge rate and the conduction 
velocity and the positive correlation between GN/GL and the resting discharge 
rate were significant (see text). 

ties of different size vestibulospinal neurons projecting to 
lumbosacral cord. Moreover, properties of afferents in- 
nervating the otolith or canal receptors also can be found 
in vestibulospinal neurons responding to the labyrinth 
input(s). 

Let us now consider the unit responses to roll tilt at 
standard parameters (0.026 Hz, *lo”), which can be 
attributed, for the most part, to stimulation of macular 
labyrinth receptors (Shimazu and Precht, 1965; Precht, 
1974), and determine whether the vestibulospinal neu- 
rons projecting to lumbosacral segments of the spinal 
cord represent a homogeneous population differing only 
in cell size. In the present experiments, 41.2% of the 
vestibulospinal neurons examined were unresponsive to 
the labyrinth input; however, the two populations of 
responsive and unresponsive units each covered the en- 
tire range of conduction velocity (Fig. 3). This finding 
indicates that, in addition to differences in the regional 
distribution of primary vestibular afferents within the 
LVN (see the introduction), there are also differences in 

the connectivity of the same afferents which affect dor- 
socaudal neurons of comparable size. Obviously, this 
observation does not exclude the fact that the behavior 
of vestibulospinal neurons (58.8%) responsive to laby- 
rinth stimulation is specified by intrinsic neuronal prop- 
erties (i.e., cell size). The simplest assumption is that this 
latter sample of responsive neurons represents a homo- 
geneous population in which only cell size varies (cf., 
Kuno, 1959; Kernell, 1966; Burke, 1967, 1968a, b; Burke 
and ten Bruggencate, 1971), thus determining the re- 
sponse to afferent vestibular stimulation. Strict applica- 
tion of this hypothesis, however, is not supported by the 
experimental findings. For example, with respect to the 
phase angle of response, larger neurons were character- 
ized primarily by an increase in firing rate during side- 
down roll tilt, whereas smaller neurons were distin- 
guished by the opposite response pattern. In view of the 
well known direction of sensory hair orientation in the 
utriculus, it seems that the response patterns of large and 
small vestibulospinal neurons reflect the activity of oto- 
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lith receptors having opposite polarization vectors (cf., 
Wilson and Melvill Jones, 1979). It appears, therefore, 
that primary vestibular afferents originating from differ- 
ent populations of otolith receptors are not distributed 
homogeneously to different size vestibulospinal neurons. 

Further, no significant difference was observed in the 
gain of responses (impulses per set per degree) between 
the tested units; thus, larger neurons, by virtue of their 
lower discharge rate at rest, exhibited a greater percent- 
age of modulation (sensitivity) than smaller neurons. If 
we assume that primary vestibular afferents having the 
same polarization vector produce an equal density of 
synaptic endings on different size neurons, then the gain 
of response would be higher in small neurons due to a 
higher input resistance than in large neurons. The fact 
that smaller neurons generally had the same gain to 
macular stimulation as larger neurons is at variance with 
this hypothesis. It may be said that smaller neurons 
having a higher background discharge were close to 
response saturation due to an excess of input excitation 
from vestibular afferents. This, however, was not the 
case because the firing rate of these neurons actually 
could be enhanced by an extralabyrinthine input, which 
was less effective on larger neurons (see below). 

An alternative hypothesis to the equal density princi- 
ple, according to which every responsive neuron regard- 
less of its size receives an equal density of excitatory 
endings of macular afferents, is that the critical factor 
controlling the responsiveness of the vestibulospinal pool 
is the progressive difference in quantitative and qualita- 
tive organization of the synaptic input as a function of 
size. This could be due to either an overall increase in 
the density of synaptic contacts on large neurons or a 
relative increase of synaptic contacts on the cell body 
and/or proximal dendrites of these neurons, which may 
increase the effectiveness of the labyrinth input. What- 
ever the mechanisms responsible for response gain, they 
do not intervene equally in determining the magnitude 
of response of comparable size vestibulospinal neurons. 
This can be seen by the differences in gain to the laby- 
rinth input of neurons of comparable size recorded from 
the same experiment (Fig. 4). This finding may be attrib- 
uted to size-independent differences either in the intrinsic 
properties of the neurons themselves or in the connectiv- 
ity of the macular labyrinthine pathway.4 

A final consideration should be devoted to the re- 
sponses of different size vestibulospinal neurons to neck 
afferent stimulation. No correlation was found between 
gain, sensitivity, or phase characteristics of the neck 
response and conduction velocity. Nevertheless, interest- 
ing differences were found when the population of units 
responding to the neck input were compared to those 
receiving the labyrinth input. For example, larger neu- 

4 The hypothesis that size alone does not determine all of the 
properties of the neurons is supported by the results of recent experi- 

ments showing that small motoneurons of comparable size could have 
different firing rates in response to a given repetitive stimulus of the 
homonymous nerve, as well as different gain constants of the linear 
component of stimulus-response curve relating the output of the mo- 
toneurons to Ia input frequency (Harris and Henneman, 1977; Wand et 

al., 1980). 

rons were characterized by a response during side-down 
animal tilt and during side-up neck rotation; different 
response patterns were generally observed in smaller 
neurons. Further, if we consider the units receiving a 
convergent input from both receptors, a close relation 
was found when the ratio of gain of neck response (GN) 
and labyrinth response ( GL ) was compared to cell size. 
The smaller the size of the vestibulospinal neuron, the 
more prominent was the relative gain of neck response 
with respect to labyrinth response (i.e., high GN/GL); the 
opposite was true for larger neurons. This finding indi- 
cates a size-dependent arrangement affecting either the 
density or efficacy of the synaptic organization of laby- 
rinth and neck afferent signals on this population of 
vestibulospinal neurons controlling the hindlimb mus- 
cles. These reciprocal differences in gain of vestibulo- 
spinal neurons as a function of cell size, coupled with the 
significant differences in phase characteristics and the 
predictable vectorial addition of responses to the two 
afferent inputs, will allow a precise definition of the 
output of vestibulospinal neurons during simultaneous 
stimulation of both receptors elicited by head rotation 
(Fig. 9). 

Further experiments are required to investigate the 
coupling of the different size vestibulospinal neurons and 
extensor motoneurons during the labyrinth and neck 
reflexes. 
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