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Advantage was taken of differences in the electrical excit- 
ability of vestibular-nerve fibers to characterize the afferent 
input to the canal-related vestibulo-ocular reflex. Large an- 
odal (inhibitory) currents, when delivered to both ears, result 
in a selective, reversible ablation of irregular afferents. Their 
background discharge and responses to head rotations are 
temporarily abolished. The same currents have less effect 
on the background discharge and no effect on the rotational 
sensitivity of regular afferents. Eye movements were evoked 
by head rotations in alert monkeys. The ablating currents 
did not alter the ocular responses to sinusoidal head rota- 
tions in yaw or pitch planes. Responses to rapid changes in 
head velocity were similarly unaffected. It is concluded that 
irregular afferents do not make a net contribution to the 
reflex. Slow-phase eye movements evoked by unilateral gal- 
vanic currents are consistent with this conclusion. The re- 
sults are incorporated into a systems model of the reflex. 
There are three conclusions from the model: (1) the signal 
to motoneurons consists of the sum of three components 
related, respectively, to head velocity, eye position, and fil- 
tered eye velocity; (2) regular afferents provide the best 
match to the dynamic requirements of the reflex; and (3) the 
central pathways responsible for all three signal compo- 
nents receive regular inputs. 

Vestibular-nerve afferents, including those innervating an in- 
dividual semicircular canal, can differ in their discharge prop- 
erties (Goldberg and Femandez, 197 1). Some fibers have a reg- 
ular spacing of action potentials. In others the spacing is irregular. 
The two kinds of fibers differ in their response dynamics. For 
frequencies <O.l Hz, responses to sinusoidal head rotations 
conform to the torsion-pendulum model, which is thought to 
describe the displacement of the cupula and endolymph. At 
higher frequencies, where cupular displacement should parallel 
angular head velocity, afferent responses show a phase lead and 
a gain enhancement. These high-frequency effects are larger, the 
more irregular the discharge of the fiber. 
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What is the functional significance of this afferent diversity? 
One possibility is that the high-frequency phase leads ofdifferent 
afferents might allow them to compensate for the dynamic loads 
of the reflex pathways to which they contribute (Femandez and 
Goldberg, 1971; Bilotto et al., 1982). To determine which af- 
ferent input is best matched to the requirements of a reflex, 
three kinds of information are needed: (1) the overall perfor- 
mance of the reflex, (2) the dynamics of the motor plant, and 
(3) the transformation made by the brain in matching afferent 
input to motor load. The canal-related vestibulo-ocular reflex 
(VOR) provides an example. For frequencies >O. 1 Hz, the VOR 
produces eye movements that are equal and opposite to head 
movements. The mechanics of the eyeball can be approximated 
by a first-order lag system, which is dominated by elastic forces 
at low frequencies and by viscous forces at high frequencies 
(Robinson, 1970). As was pointed out by Skavenski and Rob- 
inson (1972), the brain can compensate for first-order plant 
dynamics by delivering to ocular motoneurons the sum of two 
signals: (1) a head-velocity signal mirroring the discharge of 
vestibular-nerve afferents, and (2) an eye-position signal con- 
structed by the mathematical integration of the head-velocity 
signal. Compensation is not perfect because the plant’s me- 
chanics introduce phase lags beyond those expected of a first- 
order system. In addition, there are delays between head and 
eye movements. It has been suggested that the phase lags, both 
those due to plant mechanics and those due to reflex delays, can 
be compensated for by an afferent phase lead (Robinson, 198 1). 
The required phase lead is small, similar to that of regularly 
discharging fibers. These afferents, then, would appear to pro- 
vide a suitable input to the VOR (Goldberg et al., 1987; also 
see Discussion). 

Evidence that the VOR receives a specific projection from 
regularly discharging afferents comes from recordings of canal- 
related, presumed secondary neurons in the vestibular nuclei of 
alert monkeys. One class of secondary neurons has been iden- 
tified as contributing to the middle link ofthe three-neuron VOR 
reflex pathway (Ring et al., 1976; McCrea et al., 1980; Tomlin- 
son and Robinson, 1984). These are position-vestibular-phase 
(PVP) neurons, so-called because they carry eye-position as well 
as head-velocity (vestibular) signals and because they pause dur- 
ing saccades. When their responses to head rotations are com- 
pared to those of vestibular-nerve axons, PVP neurons have 
small phase leads, consistent with their getting most of their 
vestibular-nerve input from regular fibers (Fuchs and Kimm, 
1975; Lisberger and Miles, 1980; Chubb et al., 1984; Tomlinson 
and Robinson, 1984). In contrast, secondary neurons not car- 
rying eye-position signals can have large phase leads (Fuchs and 
Kimm, 1975; Tomlinson and Robinson, 1984), possibly indi- 
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eating that they receive inputs from more irregular afferents. 
The results are only suggestive for at least two reasons: (1) PVP 
cells may not be the only secondary neurons contributing to the 
reflex, and (2) differences in response dynamics of secondary 
neurons may reflect central as well as peripheral mechanisms. 

A more direct way of evaluating the peripheral inputs to sec- 
ondary neurons takes advantage of differences in the electrical 
excitability of vestibular-nerve fibers (Goldberg et al., 1984). 
The afferents’ thresholds to short labyrinthine shocks show a 
large variation that is systematically related to discharge regu- 
larity: the more irregular a unit’s firing, the lower its electrical 
threshold. Vestibular-evoked EPSPs are recorded from second- 
ary vestibular neurons (Goldberg et al., 1987). By determining 
how the EPSP of a neuron grows with shock strength, one can 
ascertain the discharge regularity of the afferents making direct 
connections with it. As a class, secondary.neurons contributing 
to the VOR get a higher proportion of their monosynaptic input 
from regular afferents than do those projecting to the cerebellum 
or to the spinal cord (Highstein et al., 1987; Boyle et al., 1991). 
The segregation of afferent inputs is incomplete, however: sec- 
ondary VOR neurons receive an irregular input, which averages 
>30% of the total monosynaptic excitatory drive they receive 
from the vestibular nerve. 

In this paper, the afferent input to the VOR was characterized 
by studying the effects of labyrinthine galvanic currents on the 
overall operation of the reflex. Once again, differences in the 
afferents’ electrical excitability were exploited. Constant cur- 
rents alter ongoing afferent activity: cathodal currents increase 
discharge, and anodal currents decrease it (Goldberg et al., 1984). 
As is the case for short shocks, sensitivity to constant galvanic 
currents shows an orderly variation with discharge regularity: 
regular fibers are much less sensitive than are irregular fibers 
(Ezure et al., 1983; Goldberg et al., 1984). The currents were 
used in two ways: 

First, unilateral galvanic currents were presented to alert 
squirrel monkeys, while the resulting horizontal nystagmus was 
monitored. The eye movements evoked by a group of afferents 
should reflect their galvanic sensitivities. Hence, smaller re- 
sponses might be expected if the VOR received its afferent input 
from regular, as compared to irregular, fibers. Second, bilateral 
galvanic currents were used to obtain a selective and reversible 
ablation of irregular afferents. Large anodal (inhibitory) currents 
were delivered to both ears. The currents were of sufficient 
magnitude to silence irregularly discharging units, so much so 
that they became unresponsive to rotational stimuli. The effects 
were temporary, lasting only as long as the currents were present. 
Because the galvanic sensitivity of regular afferents is low, the 
same currents had only small effects on the latter units’ back- 
ground discharge and no effect on their rotational responses. 
Eye movements were evoked by head rotations in alert mon- 
keys, both in the presence and in the absence of the ablating 
currents. In this way, the contribution of irregular afferents to 
the VOR could be determined. From work in anesthetized an- 
imals (Goldberg et al., 1984), it was estimated that a current of 
100 PA would suffice to achieve a selective, reversible ablation 
of irregular units. Recordings made from the vestibular nerve 
in one of the alert animals of the present study confirmed that 
this was the case. 

Previous studies had indicated that ~30% of the monosyn- 
aptic vestibular-nerve input to secondary VOR neurons comes 
from irregularly discharging afferents (Highstein et al., 1987; 
Boyle et al., 1991). On this basis, we supposed that the eye 

movements evoked by unilateral currents would fall between 
those predicted for regular and irregular afferents. In a similar 
vein, it was anticipated that the functional ablation of irregular 
afferents would result in a significant decrease in VOR gain. The 
present study was designed to test these predictions. Neither 
prediction was confirmed. Rather, our results imply that the 
vestibular-nerve input to the VOR comes almost entirely from 
regular afferents. 

Materials and Methods 
Surgicalpreparation. Surgery was done under sterile conditions in five 
adult squirrel monkeys anesthetized with sodium pentobarbital(l5 mg/ 
kg, i.p.). A head bolt was cemented to the occiput. A prefabricated search 
coil was implanted about the limbus of the right eye, and the leads were 
soldered to a plug cemented to the skull. Three weeks were allowed 
before proceeding with the implantation of labyrinthine stimulating 
electrodes in both ears. A postauricular incision was made. The carti- 
laginous external canal and the annulus of the tympanic membrane were 
dissected away from the bony canal to provide access to the middle ear. 
The handle of the malleus remained attached to the tympanic mem- 
brane, and care was taken not to disturb the other ossicles. A hand-held 
drill was used to make a hole in the bony promontory at a point midway 
between the round and oval windows. A chlorided silver wire, 250 pm 
in diameter and insulated to within 1 mm of its tip, was fit through the 
hole and into the perilymphatic space of the vestibule. A second chlorid- 
ed silver wire was placed in the ventral portion of the middle ear. The 
stimulating wires were brought through the external auditory meatus, 
covered with acrylic, and mated to a connector on the skull. The external 
canal and the tympanic membrane were then returned to their normal 
positions. Experiments began after a 3-week recovery period. 

Eye-movement recording. Experiments took place in an enclosed 
chamber. The animal was seated in a plastic chair, and the head was 
restrained by securing the implanted bolt to a chair-mounted clamp. 
The chair was placed in a superstructure mounted to the top surface of 
a rotating table, whose motion was controlled by a velocity servo- 
mechanism (Inland model 823). The superstructure allowed the animal 
to be tilted, while the center ofits head remained over the table’s rotation 
axis. Testing of the horizontal vestibulo-ocular reflex (VOR) was done 
with the animal upright in the superstructure and with the horizontal 
canals in the earth-horizontal rotation plane. For testing the vertical 
VOR, the animal was pitched 90” nose down and rolled 90” right- or 
left-ear down. These maneuvers placed the animal’s sagittal plane par- 
allel to the rotation plane. 

Two pairs of field coils, 15 inches in diameter, moved with the animal 
and generated magnetic fields alternating at 20 kHz. The horizontal and 
vertical fields were separated in spatial and temporal quadrature. Volt- 
ages induced in the scleral search coil were monitored by a detection 
circuit (Neurodata Instruments) that extracted signals proportional to 
horizontal and vertical eye positions. The peak-to-peak noise at the 
output of the circuit was equivalent to an eye movement of 12 min of 
arc. Eye signals and the tachometer outpui of the rotating chair were 
passed through anti-aliasing filters with 200-Hz cutoffs and digitized at 
g sampling r&e of 500 Hz by 12-bit analog-to-digital converters inter- 
faced to an ISI 1 l-73 computer. 

The eye-coil system was calibrated at the beginning and end of each 
experimental session. Slow-phase eye velocities, evoked by 30 deg/sec 
horizontal and vertical optokinetic stimulation, were measured and were 
assumed to match target velocity. The calibration was verified in three 
animals, who were trained to get a liquid reinforcement if they fixated 
one of three small target lamps shortly after it was lit. A central target 
was located immediately in front of the animal; the other two were 8 
deg to the right and left of center. The horizontal-eye position signals 
measured during fixation were within 7% of those predicted from op- 
tokinetic responses. 

Electrical stimulation of the labyrinth. Constant currents, usually of 
5-set duration, were delivered by a stimulus isolator (WPI 1850A) and 
monitored with an in-series digital ammeter. Currents are designated 
as cathodal (excitatory) or anodal (inhibitory) to indicate the polarity 
of the perilymphatic electrode. 

Vestibulo-ocular reflex testing. Sinusoidal head rotations (0.5 Hz, +40 
deg/sec and 4 Hz, +20 deg/sec) were presented in darkness. For the 
0.5-Hz stimuli, digitized eye positions were desaccaded and smoothed 
(for details, see Minor and Goldberg, 1990). Successive cycles, typically 
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F&are 1. Horizontal nystagmus evoked in the dark by cathodal and 
anodal lOO-PA current steps of 5-set duration (see Current Monitor), 
delivered to the riaht ear (A. B). to the left ear (C. D), or to both ears 
(E). Each record shows eye position with leftward (i) and rightward 
(R) movements as indicated. Calibration: vertical, 5 deg; horizontal, 1 
sec. 

three to five in number, of the desaccaded eye-position record were 
averaged by calculating the mean eye position for each of 40 points 
equally spaced over the sine-wave cycle. Any linear trend in the single- 
cycle average was removed. The amplitude and phase of the response 
fundamental were obtained from a Fourier analysis, as were the cor- 
responding values for the tachometer signal. Gains and phases are ex- 
pressed with the convention that a unity gain and a zero phase imply 
a perfectly compensatory VOR. A positive phase indicates that eye 
movements lead table movements. Data from the ~-HZ rotations were 
handled similarly, except that no desaccading was performed. Rather, 
only saccade-free cycles were used, averaging was done on 12-l 8 not 
necessarily consecutive cycles. 

A rapid change in head velocity was used to evaluate the early part 
of the horizontal VOR with finer time resolution. Animals, while in an 
upright position, fixated the central target lamp in an otherwise dark 
room. After the target had been acquired and held for 1 set, it was 
extinguished, and 300 msec later a velocity trapezoid was presented. 
The rotation table was accelerated in either the clockwise or the coun- 
terclockwise direction. The acceleration lasted 50 msec and averaged 
600 deg/se?. After reaching a velocity plateau, the table continued to 
rotate at 30 deg/sec for 1 set and was then decelerated over a period of 
50 msec until it was stationary. Angular head velocity was monitored 
with a rate sensor (Watson Industries: bandwidth. 200 Hz, DC) mounted 
to the head clamp. To quantify eye movements; an eye-velocity signal 
obtained by analog differentiation of the original eye-position signal was 
used. The differentiator had a second-order, high-frequency filter with 
comer frequencies of 50 and 340 Hz. Eye-velocity and head-velocity 
signals were digitized at a rate of 500 Hz. 

Vestibular-nerve recordings. A plastic recording chamber was im- 
planted on one animal so that recordings could be made from the left 
vestibular nerve. The chamber was cleaned with sterile saline daily and 
was kept capped between recording sessions. Tungsten microelectrodes, 
coated with varnish to within 10-l 5 pm of their tips, were inserted into 
a 22-gauge stainless-steel guide tube. Signals were amplified in a con- 
ventional fashion and recorded on an 8-channel Fh4 analog tape recorder 
(bandwidth, 2500 Hz, DC) for later computer processing. 

Punctures were placed = 6 mm from the midline. The microelectrode 
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Figure 2. Horizontal VOR evoked by 0.5-Hz, +40 deg/sec rotations 
under control conditions (upper records) and during the functional ab- 
lation of irregular afferents (lower records). Rotations were in the yaw 
plane with the animal in darkness. Upper records, no currents; lower 
records, lOO-PA anodal currents were presented to both ears as indicated 
in current monitor (CM). HEP, horizontal eye position: HE V, hori- 
zontal eye velocity; ?V, table velocity (tachometer signalj in clockwise 
(Cw) and counterclockwise (CCW) directions. For HEP. HEV. and TV. 
leftward (L) movements are‘upward; rightward (R) movements, down: 
ward. Calibration: vertical, 12 deg for HEP, 80 deg/sec for. HE V, hor- 
izontal, 1 sec. 

and guide tube were advanced as a unit beyond the cerebellar tentorium 
by a micromanipulator attached to the recording chamber. A hydraulic 
stepping microdrive was then used to move the microelectrode out of 
the guide tube and into the cerebellum. The sequence of unitary poten- 
tials encountered during the puncture was similar to that previously 
described for the rhesus monkey (Keller, 1976; Lottie and Kimm, 1976). 
The electrode first passed through a zone of presumed Purkinje cells, 
whose firing was modulated with eye movements. Next there was a 
region, ~200 pm in depth, where no activity was encountered. Below 
this, the electrode entered the vestibular nerve, which was characterized 
by positive-going, short-duration spikes firing at high frequency. Within 
the vestibular nerve, only units responding to head rotations and head 
tilts were found, none of the units had oculomotor-related activity. It 
was possible to entrain unit firing to labyrinthine shocks. The lowest 
threshold for activation was 50 PA, and the shortest latency from the 
onset of the shock to that of the action potential was 0.3 msec. 

During recording sessions, the animal was alert, but no behavioral 
tasks were imposed. It was pitched nose up so that the horizontal canals 
were inclined 30” from the rotation plane. Once an afferent was isolated, 
the table was manually rotated in clockwise and counterclockwise di- 
rections. Only rotation-sensitive units were studied. In the nose-up po- 
sition, afferents innervating the left vertical canals are excited by clock- 
wise rotations, whereas those innervating the left horizontal canal are 
excited by counterclockwise rotations. For each afferent, a 5-set sample 
of background discharge was recorded, followed by the response to three 
cycles of a 0.5-Hz, +40 deg/sec rotation. The sequence was repeated 
twice: first with no galvanic currents and then with lOO-PA anodal 
currents delivered to both ears. Responses to the second sinusoidal cycle 



The Journal of Neuroscience, June 1991, 7 I(6) 1639 

were used. The gain and phase of the fundamental component, both 
stated with respect to head velocity, were obtained from a Fourier 
analysis. Gains were multiplied by a constant factor to convert them to 
the rotational gains expected had the canal been aligned with the rotation 
ulane. The factor was 1.15 for horizontal-canal units and 2.83 for ver- 
&Cal-canal units. 

A coefficient of variation (CV*). normalized to a mean interval of 15 
msec, was calculated from the background discharge (Goldberg et al., 
1984). Units were categorized as regular (CV* i O.lO), intermediate 
(0.10 5 CV* 5 0.20), or irregular (CV* > 0.20). 

Results 
Eye movements evoked by unilateral galvanic currents 
When galvanic currents were delivered to one or the other ear, 
a horizontal nystagmus resulted (Fig. 1). Slow phases were con- 
tralaterally directed for cathodal (excitatory) currents (Fig. MC’) 
and ipsilaterally directed for anodal (inhibitory) currents (Fig. 
l&D). The nystagmus persisted throughout the 5-set stimulus 
presentation. A smaller nystagmus in the same direction was 
seen during the first 2-4 set of the poststimulus period. There 
was no vertical component to the nystagmus. Because the an- 
terior and posterior canals are almost equally affected by the 
currents (Goldberg et al., 1984) a torsional component would 
be expected, but no attempt was made to measure it. Bilateral 
cathodal or anodal stimuli of equal magnitude resulted in no 
nystagmus (Fig. 1 E). 

Similar responses were seen in four animals; each of them 
was tested two or three times and its results averaged. A spon- 
taneous nystagmus with a small slow-phase velocity (~4 deg/ 
set) was sometimes present (Fig. 1). In quantifying the re- 
sponses, the prestimulus slow-phase velocity was subtracted from 
the perstimulus value. Cathodal currents of 100 PA resulted in 
a slow-phase velocity of 34.5 f 5.5 deg/sec when given to the 
left ear and 33.1 f 4.9 deg/sec when given to the right ear (mean 
f SD, n = 4). For 100~PA anodal currents, the corresponding 
values were 20.2 f 4.2 deg/sec (left ear) and 21.1 + 3.8 deg/ 
set (right ear). Responses to cathodal stimuli were consistently 
larger than those to anodal stimuli; the anodal-to-cathodal ratio 
of slow-phase velocities averaged 0.63 + 0.10 in the four ani- 
mals. 

Functional ablation of irregular aferents 

Large (1 00-PA) anodal currents were presented bilaterally. The 
ablating currents did not lead to detectable alterations in the 
VOR. 

Sinusoidal head rotations. Figure 2 shows eye-movement re- 
sponses to 0.5-Hz, +40 deg/sec horizontal head rotations for 
one animal. There is no obvious difference when the bilateral 
anodal currents are present (Fig. 2, lower records) or absent (Fig. 
2, upper records). This is confirmed by quantitative analysis. 
The eye-position signals of Figure 2 were desaccaded and 
smoothed, and successive cycles were averaged. Figure 3 shows 
the averaged responses when the currents were present (open 
circles) and absent (solid circles); the two curves are superim- 
posable. Gains, obtained by Fourier analysis, are 0.83 and 0.84, 
and phases are -0.9 deg and - 1.1 deg, currents present and 
absent, respectively. As was typical, harmonic distortion was 
small (~3%) and was unaffected by the currents. 

The horizontal VOR evoked by 4.0-Hz, & 20 degsec rotations 
is displayed in Figure 4 for another animal. Here, too, there is 
no discernible difference with (Fig. 4, lower records) or without 
the currents (Fig. 4, upper records); gains were 0.93 and 0.95, 
and phases were 5.4” and 6.3”, with and without currents, re- 
spectively. 

Eye Position 

0 90 

Phase Angle 

Figure 3. Horizontal eye position versus sinusoidal phase angle (in 
degrees) obtained by desaccading, smoothing, and averaging three cycles 
of a 0.5-Hz, *40 deg/sec rotation. Solid circles, control conditions; open 
circles. irregular afferents were functionally ablated by presenting 1 OO- 
@A anodal currents to both ears. Vertical calibration, 3 deg. 

Table 1 summarizes data obtained from all animals for 0.5- 
and ~-HZ horizontal rotations and for 0.5-Hz vertical rotations. 
For each animal, tests were repeated three times and the results 
averaged. The currents did not significantly change the gain or 
phase for any of the three testing conditions. The data in Table 
1 were used to compute 95% confidence intervals for the gains 
in the presence ofthe ablating currents. The confidence intervals, 
expressed as a percentage of the normal gains, were 4% for each 
of the two horizontal tests and 14% for the vertical test. These 
values can be viewed as the maximal reductions in gain that 
are statistically consistent with our results. 

Rapid changes in head velocity. Velocity trapezoids were used 
(Fig. 5). The resulting horizontal VOR consisted of a contra- 
laterally directed slow phase, ~250 msec in duration, followed 
by an ipsilaterally directed quick phase and then by a slow phase 
lasting almost until the end of the trapezoid. Eye-velocity sig- 
nals, averaged for several stimulus repetitions, were analyzed 
with a temporal resolution of 2 msec. Control and ablation trials 
were interleaved. Figure 6 displays the averaged responses in 
one animal for 12 trials of each kind: control (solid circles) and 
experimental responses (open circles) are indistinguishable, even 
during the first 10 msec of the reflex. 

Similar findings were obtained in three animals; in each of 
them, the effects of the ablating currents were studied in three 
separate experimental sessions and the results pooled. Re- 
sponses began after a latent period of 14 + 2 msec (mean ? 
SD, n = 3), and the eye velocity showed an overshoot before 
reaching a plateau. The plateau gain was 0.90 f 0.11. Anodal 
currents had no discernible effect on the latent period, the initial 
response trajectory, the overshoot, or the plateau gain. 

Responses of individual aferents to galvanic currents 

The negative results of the functional-ablation study raised a 
question as to whether the galvanic currents were working in 
alert animals, as they had in anesthetized preparations (Gold- 
berg et al., 1984). To determine this, extracellular recordings 
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Figure 4. Horizontal VOR evoked in 
darkness by ~-HZ, *20 deg/sec rota- 
tions under control conditions (upper 
records) and during the functional ab- 
lation of irregular afferents (lower rec- 
oFds). See Figure 2 for details. Cali- 
bration: vertical, 9 deg for HEP, 100 
deg/sec for HEV; horizontal, 0.5 sec. 
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were made from the vestibular nerve in one of the subjects of 
the present experiments. 

Responses are shown for two horizontal-canal afferents: one 
regular (Fig. 7A,B) and the other irregular (Fig. 7C,D). A 0.5- 
Hz, &40 degLsec rotation was used. The regular unit had a 
normalized CV* of 0.06 and a background discharge of 113 

5 deg 

spikes/set. In the absence of currents, the average rate during 
the rotation was 111 spikes/set, and the rotational gain was 0.54 
spikes.sec-r/deg.sec-r (Fig. 7A). When 100~pA anodal currents 
were introduced bilaterally, the average rate was reduced by 10 
spikes/set, but the rotational gain was unaltered (Fig. 7B). The 
irregular afferent had a background discharge of 85 spikes/set 

r 

I 30 &Q/S . *. . ..,:- 
Figure 5. Horizontal eye movement evoked by a velocity trapezoid. 
Rotations were in the yaw plane with the animal in darkness. The initial 
head movement was clockwise, which resulted in a leftward movement 
of the eye. Upper trace, eye position; lower trace, head velocity moni- 
tored with a rate sensor. 

head velocity . . . . ... . . . . 
. . 

,:’ ‘.. . . . . . . . . . . . . . . . ..“.‘.‘................ 
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40 ms 

Figure 6. Horizontal eye velocity evoked in darkness by a rapid change 
in head velocity. Sampling is 2 msec per point. Solid circles, control 
conditions; open circles, irregular afferents were functionally ablated by 
1OOqA anodal currents presented to both ears. For each set of points, 
the eye velocity was averaged for 12 clockwise rotations. Experimental 
and control trials were interleaved. Head velocity was monitored with 
a rate sensor. 

30 deq/s 

30 deq/s 
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Table 1. Normal VOR and its change with the functional ablation of irregular vestibular-nerve 
afferents 

Reflex 

Gain 

Sinusoidal frequency N Normal 
Effect of 
ablation 

Phase (degrees) 

Effect of 
Normal ablation 

Horizontal 0.5 Hz 4 0.82 + 0.10 0.01 * 0.03 -1.7 + 1.0 0.0 * 1.1 
4.0 Hz 4 0.92 2 0.11 -0.00 * 0.04 4.6 + 1.1 0.0 zk 1.6 

Vertical 0.5 Hz 3 0.81 + 0.04 -0.02 k 0.08 -0.9 + 9.0 -0.4 + 2.8 

The horizontal and vertical VORs were tested in the dark at the stated frequencies in N subjects. Gains and phases 
(means + SD) are used to characterize the normal reflexes; the effects of presenting 100~PA anodal currents to both ears 
are stated as changes from the normal values, with positive values indicating an increase in gain or a phase lead. 

and a rotational gain of 2.1 spikes.sec-l/deg.sec-I (Fig. 7C’). Its 
CV* was 0.34. The currents silenced the unit and eliminated its 
rotational response (Fig. 70). 

Data are summarized in Table 2 for 4 1 afferents recorded in 
this animal. Anodal currents had only a small effect on the 
background discharge of regular units and a negligible effect on 
their rotational responses. There were 18 irregular units record- 
ed in the alert animal. They were, with one exception, silenced 
by the currents and made temporarily unresponsive to head 
rotations. Three of six intermediate units were silenced, and on 
average, rotational gains were diminished by = 50%. One point, 
not determined in previous studies, is that the currents had little 
influence on the phase of rotational responses. The average (SD) 
change in phase was -0.7 + 3.0 deg for 17 regular units and 
1.2 + 1.4 deg for 3 intermediate units. Only one irregular unit 
had a rotational response when the currents were present; it had 
a gain of0.6 spikes.sec-l/deg.sec-’ and a phase of 11 deg, which 
may be compared to control values of 1.6 spikes.sec-‘/deg. 
set- I and 20 deg. 

The afferent recordings from the one alert animal indicate 
that the currents were acting as expected. It is important, then, 
that the eye-movement results obtained from this animal were 
typical. Unilateral galvanic currents delivered to the recorded 
(left) ear resulted in horizontal slow-phase eye velocities of 30 
deg/sec (cathodal) and 14 deg/sec (anodal), values slightly small- 
er than those obtained for the other ear of this animal (33 and 
19 deg/sec, respectively) or for the other three animals (34 and 
22 deg/sec, respectively). In the recorded animal, there were 
negligible effects ofbilateral 1 OO-PA anodal currents on the VOR 
produced by OS-Hz horizontal and vertical sinusoidal rotations 
or by ~-HZ horizontal rotations. Rapid head movements were 
not tested in this animal. Based on the eye movements evoked 
by unilateral currents, the stimulating electrodes in the recorded 
ear were, if anything, less effective than were those in the three 

animals that were so tested. Hence, the currents are likely to 
have eliminated the discharge of irregular afferents in the other 
animals, even though the reflex responses to rapid head move- 
ments were unaffected by the ablation. From these results, we 
conclude that the VOR appears entirely normal in the almost 
complete absence of inputs from irregular afferents combined 
with a substantial reduction of inputs from intermediate units. 

Discussion 
Unilateral galvanic currents 
The use of unilateral currents was motivated by the notion that 
the eye movements evoked by a group of afferents should reflect 
their galvanic sensitivities. On this basis, it was supposed that 
regular fibers should give rise to smaller responses than should 
irregular fibers. The situation is, in reality, more complicated 
than we originally envisioned. If the eye movements were en- 
tirely determined by the response of a specific set of afferents, 
the expected slow-phase eye velocity (P in deg/sec) will be given 
by 

p = (1/2).I.(P/g,,,).g,,,, (1) 
in which I (in PA) is the current delivered to the labyrinth, 6 
(in spikes.sec-‘/PA) is the galvanic sensitivity of the fibers, g,,, 
(in spikes.sec-l/deg.sec-‘) is their rotational sensitivity, and 
&OR = 0.8 is the gain of the VOR (Paige, 1983; Minor and 
Goldberg, 1990). The equation assumes that the brain interprets 
the afferents’ responses to galvanic currents and to head rota- 
tions in the same way. The factor of % is introduced because 
rotations, unlike unilateral galvanic currents, cause oppositely 
directed responses on the two sides, and it is the difference in 
these responses that is used in estimating angular head velocity. 
As the equation indicates, P depends on the ratio p/g,,,, not 
merely on p. 

This last consideration is important because of the recent 

Table 2. Effects of anodal galvanic currents on semicircular-canal afferents in the squirrel monkey 

1 00-pA anodal currents 

Afferents 

Background Percent Percent Percent 
discharge normal units normal 

N CV* (snikes/sec) background silenced gain 

Regular 17 0.04 114 89 0 101 
Intermediate 6 0.14 138 23 50 54 
Irregular 18 0.42 84 5 94 3 

Data are from 41 vestibular-nerve afferents recorded in an alert animal; entries are means. The last three columns 
summarize the influence of presenting 100~PA anodal currents to both ears simultaneously. Percent normal gain is the 
percentage of normal gain in response to an 0.5 Hz, +40 deg/sec sinusoidal head rotation. 
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Figure 7. Two horizontal-canal affer- 
ents recorded from the vestibular nerve 
of an alert squirrel monkey. Each his- 
togram plots discharge rates during O.l- 
set bins; shown is 1 set of background 
discharge, followed by the response to 
three cycles of a OS-Hz, +40 deg/sec 
sinusoidal head rotation, and then by a 
4-set poststimulus period. A and B show 
responses for a regularly discharging af- 
ferent, and C and D, for an irregularly 
discharging afferent. For either unit, re- 
sponses are compared under control 
conditions (A, C) and during the pre- 
sentation of lOO+A anodal currents to 
both ears (B, D, solid line on abscissa). 
The currents lower the discharge of the 
regular unit but do not affect its rota- 
tional response. The irregular unit is si- 
lenced, and its rotational response is 
abolished. 

demonstration that there are two classes ofcanal afferents (Baird 
et al., 1988; Lysakowski et al., 1988). The first class includes 
regular and intermediate units, as well as irregular units with 
high rotational gains. The second class consists of irregular units 
with low rotational gains. Relevant data for the two classes are 
summarized in Table 3. For all units, p increases, the more 
irregular the discharge and the higher the CV*. g,,,, parallels /3 
for class 1 units, so the ratio p/g,,, remains nearly constant. 
Class 2 units have high galvanic sensitivities and relatively low 
rotational gains, with the result that their p/g,,, ratio is ap- 
proximately four times higher than that of class 1 units. 

The present results are more in line with the VOR receiving 
its input from class 1 units. Table 3 includes predicted slow- 
phase velocities based on the galvanic responses recorded from 
vestibular-nerve fibers in anesthetized animals. For 1 00-MA 
cathodal currents, the predicted values are x 30 deg/sec for class 
1 fibers, similar to those actually observed. We found that the 
slow phases evoked by anodal currents were approximately two- 
thirds as large as the corresponding cathodal responses. The 
asymmetry can be explained by a similar asymmetry in the 
galvanic responses of regular or intermediate units (Table 3). A 
larger asymmetry is predicted for irregular units, mainly because 
their anodal responses are limited by inhibitory silencing. 

Although the results are consistent with the VOR receiving a 

Time 

specific input from regular afferents, there are two difficulties 
with this interpretation. First, class 1 units include intermediate 
and irregular, as well as regular, units. The predicted slow-phase 
velocities are similar for all these afferents. At most, one might 
be tempted to exclude class 1 irregular units because their an- 
odal-to-cathodal response asymmetries are larger than those 
seen in the evoked eye movements. Second, galvanic currents 
result in an unnatural pattern ofdischarge in the vestibular nerve 
(Goldberg et al., 1984). Not only are the five end organs affected 
almost equally, but the difference in responses of regular and 
irregular units innervating a single canal is much larger than is 
seen with rotational head movements. The small slow-phase 
eye velocities evoked by galvanic currents may reflect the un- 
usual pattern of activity, rather than a specific afferent input to 
the reflex. 

Comparison offunctional-ablation and intracellular-recording 
paradigms 
The functional-ablation study is easier to interpret than are the 
eye movements evoked by unilateral galvanic currents. This is 
especially so because the VOR was unaltered by the ablating 
currents. The results place limits on the contributions of inter- 
mediate and irregular afferents to the reflex. Vestibular-nerve 
responses have been studied in anesthetized animals (Goldberg 

Table 3. Discharge characteristics of semicircular-canal afferents in the squirrel monkey 

Background 
discharge 

Expected eye velocities 

N cv* (spikesjsec) grlo, P-loo P +loo ~-loo ~+mo ~+,Cd&, 

Class 1 
Regular 97 0.05 85 0.40 0.27 0.19 28 19 0.69 
Intermediate 23 0.14 83 1.00 0.64 0.40 25 16 0.62 
Irregular 24 0.34 59 1.47 1.34 0.57 36 15 0.42 

Class 2 
Irregular 59 0.45 78 0.57 1.75 0.78 124 55 0.44 

The first four data columns are from 203 vestibular-nerve afferents recorded in nine anesthetized animals (Lysakowski et al., 1988); the next two columns (@.,oo and 
0, ,& are based on Goldberg et al. (1984). Entries are means. g,,,, rotational sensitivity in spikes.sec-‘/deg sec.‘, is for 0.5-Hz, +40 deg/sec sinusoidal head rotation 
in the plane of the semicircular canal. Galvanic sensitivities in spikes’sec-l/MA are for IOO-pA cathodal (&,,) or anodal currents (@+,&. Expected eye velocities in degl 
set are for lOO-pA cathodal (ti-& or anodal (i+,& currents as calculated from Equation 1; P+,JP-,,, is the ratio of the calculated anodal and cathodal responses. Class 
1 includes regular (CV* < 0.10) and intermediate units (0.1 c CV* 2 0.2). Irregular units (CV* > 0.20) were assigned to class I or class 2 depending on the ratios of 
their rotational and galvanic sensitivities (see Baird et al., 1988). 
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et al., 1984; Lysakowski et al., 1988) and in one alert animal 
(Table 2). Both sets of data indicate that lOO+A anodal currents 
reduce the head-velocity signals of irregular units by almost 
100% and those of intermediate units by -50%. At the same 
time, the currents have a negligible effect on VOR gain; the 
maximal gain reduction that is statistically consistent with our 
results is ~5% (Table 1). Assuming a linear summation of the 
signals from the various afferent contingents, this would imply 
that irregular afferents could contribute no more than 5% of the 
input to the reflex; the corresponding figure for intermediate 
units is 10%. 

A different picture was obtained in previous studies, where 
EPSPs evoked by ipsilateral vestibular-nerve (I’,) stimulation 
were recorded from secondary VOR neurons (Highstein et al., 
1987; Boyle et al., 199 1). In the latter studies, it was estimated 
that > 30% of the monosynaptic V, input to, these neurons comes 
from irregular afferents. There are at least three possible expla- 
nations for the apparent discrepancy between the two sets of 
experiments. 

Otolith inputs. Both short shocks and constant galvanic cur- 
rents affect all five end organs about equally (Goldberg et al., 
1984). One possibility is that the low-threshold, irregular com- 
ponent of the monosynaptic EPSPs comes mainly from otolith 
afferents. Such an otolith contribution would not have been 
measured in the functional-ablation study, which used rota- 
tional stimuli that only influence the semicircular canals. A 
difficulty with the explanation relates to the limited distribution 
of otolith afferents within the vestibular nuclei. Secondary VOR 
neurons arise from at least two regions, the superior vestibular 
nucleus (SV) and a more caudal region that includes the ventral 
lateral vestibular nucleus (VLV) and adjacent parts of the medial 
and descending nuclei (for review, see Highstein and McCrea, 
1988). Anatomical studies indicate that there is a direct otolith 
projection to VLV, but not to SV (Stein and Carpenter, 1967; 
Gacek, 1969; Kevetter and Peracchio, 1986), yet the irregular 
contribution to monosynaptic V, EPSPs is almost as great for 
VOR neurons in SV (Highstein et al., 1987), as it is for those 
in VLV (Boyle et al., 199 1). In short, the evidence suggests that 
there is a substantial monosynaptic input from irregular canal 
afferents to secondary VOR neurons, at least for those in SV. 

Vestibular-nerve inputs to various classes of secondary neu- 
rons. PVP cells may not be the only secondary vestibular neu- 
rons contributing to the middle link of the three-neuron VOR 
reflex pathway (Tomlinson and Robinson, 1984). One might 
conjecture that most of the V, canal inputs to PVP neurons come 
from regular afferents, whereas those to other classes of oculo- 
motor-projecting secondary neurons are more irregular. Studies 
of the V, EPSPs recorded from secondary VOR neurons provide 
little support for this suggestion (Highstein et al., 1987; Boyle 
et al., 199 1). The intracellular data can be used to estimate the 
relative number of secondary VOR neurons receiving a small 
enough fraction of their monosynaptic V, input from irregular 
fibers to account for the results of the functional-ablation stud- 
ies, namely, that ~5% of the input to the VOR comes from 
irregular afferents. Only 5-l 0% of VOR neurons meet the < 5% 
criterion. The proportion is so small that it seems unlikely that 
PVP neurons (or any other significant class of secondary VOR 
neurons) receive a nearly exclusive regular input. 

Disynaptic vestibular-nerve inputs to secondary neurons. Be- 
sides a monosynaptic vestibular-nerve projection, secondary 
neurons get V, disynaptic excitatory (Precht and Shimazu, 1965; 
Wilson et al., 1968; Kawai et al., 1969) and inhibitory inputs 

(Goldberg et al., 1987). Commissural pathways deliver di- and 
trisynaptic inhibitory inputs from the contralateral vestibular 
nerve (Shimazu and Precht, 1966; Shimazu, 1972; Goldberg et 
al., 1987). A convergence of direct and indirect inputs onto 
secondary VOR neurons can explain the seeming discrepancy 
between the results of the intracellular and functional-ablation 
studies. This can be illustrated by a specific example (Fig. 8). A 
hypothetical secondary VOR neuron (Fig. 8, 3) is shown re- 
ceiving monosynaptic V, inputs (1) as well as disynaptic V, 
excitatory (2a) and inhibitory (2b) inputs, all coming from a 
single semicircular canal. Intracellular techniques would indi- 
cate that the secondary neuron receives one-third of its mono- 
synaptic V, input from irregular afferents, yet the net signal 
carried by the neuron is entirely of regular origin and should be 
unaffected by an ablation of irregular afferents. This circum- 
stance is accomplished in two ways: (1) the disynaptic excitatory 
inputs are weighted towards the regular end of the afferent spec- 
trum and dilute irregular monosynaptic inputs, and (2) the V, 
inhibitory input is adjusted to cancel the irregular signals of the 
other two, excitatory, pathways. 

Organization of VOR pathways 

The results of the present study indicate that, of the entire pop- 
ulation of vestibular-nerve fibers, only regularly discharging af- 
ferents make a net contribution to the VOR. The response dy- 
namics of these fibers have been characterized both in the squirrel 
monkey (Goldberg and Femandez, 1971; Lysakowski et al., 
1988) and in the rhesus monkey (Keller, 1976; Louie and Kimm, 
1976; Lisberger and Pavelko, 1986). A relatively precise char- 
acterization of the mechanics of the oculomotor plant in the 
latter species is also available (Fuchs et al., 1988). This places 
us in a position to specify the transformation imposed by the 
brain in matching the afferent input to the motor load. 

As is illustrated in Figure 9, the transfer function relating eye 
velocity to head velocity (HVOR) can be expressed as the product 
of the transfer functions for semicircular-canal afferents (H,), 
for the brain (HB), and for the oculomotor plant or eye (HE). 

To VOR 

(2b) -(4/3 R + 2/3 I) (3) 1 R + 

(1) 2/3 R + l/3 I 

a/ 

1 

7 
(2a) 5/3 R + l/3 I 

ab 
Figure 8. A schematic diagram of the ipsilateral semicircular-canal 
related inputs converging on a hypothetical secondary VOR neuron (3). 
These include a monosynaptic excitatory pathway (I), a disynaptic ex- 
citatory pathway (2a), and a disynaptic inhibitory pathway (26). For 
each pathway, head-velocity gains are stated separately for the response 
components related to regular (R) and irregular (r) vestibular-nerve 
inputs. The gains, which are merely illustrative, are arranged so that 
the disynaptic excitatory pathway dilutes the irregular monosynaptic 
inputs and the disynaptic inhibitory pathway cancels the irregular signals 
on the other two pathways. 
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Figure 9. A block diagram of the VOR (HVOR). Semicircular-canal afferents (H,-) provide inputs to the vestibular nuclei (VN). Central (or brain) 
pathways (HB) link VN with the oculomotor motor nuclei (OMN), and the latter drive the oculomotor plant (H,). H8 is composed of three pathways, 
arranged in parallel: a head-velocity pathway (H, = g,), an eye-position pathway (Hz = g/s), and a filtered eye-velocity pathway [H, = g,/(l + 
ST& (In the present context, where we are mainly interested in the VOR, it would be equally correct to call H2 a head-position pathway and H, 
a filtered head-velocity pathway.) Hc is plotted with regard to head velocity; HB and HE, with regard to eye velocity. There are two delays: one (r,) 
between head rotations and OMN, the other (TZ) between OMN and eye movements; T, + r, = 14 msec. The parameters for Hc are T=, = 6 set 
and ‘T‘~ = 0.003 set; 7,, depends on the discharge regularity of the assumed afferent input (see Fig. 10). The parameters for HE are 7El = 0.28 set, 
7E2 = 0.037 set, 7E3 = 0.003 set, and 7E4 = 0.14 set (Fuchs et al., 1988) 

We are mainly interested in the operation of the reflex in the 
frequency range, 0.1-4 Hz. Except at the lower end of this range 
(co.3 Hz), the reflex is compensatory, that is, HVoR e 1, whence 

HB = l/(Hc . HE). (2) 

We consider the three transfer functions, H,., HE, and H,, in 
turn. 

Semicircular-canal aferents. In the frequency range of inter- 
est, the response dynamics of the afferents can be summarized 
by a transfer function with regard to angular head velocity, H,(s) 
= H&) . H,,(s) (Fig. 9; Fembndez and Goldberg, 1971). The 
term H&) = T&[( 1 + T~,s) . (1 + ~~~$1, where 7c2 = 6 set 
and rc2 = 0.003 set, is the torsion-pendulum model of cupular 
motion and is the same for all fibers. Above 0.1 Hz, ~~,.s > 1, 
and it will be convenient to use the approximation HTP = l/( 1 
+ T~~.s), because then the reflex can be taken as compensatory 
even at the lower end of the frequency range. The other term, 
H&(s) = 1 + 7,~. introduces phase leads and gain enhancements 
at high frequencies. 

The high-frequency effects are more conspicuous, the more 
irregular the discharge of an afferent or, equivalently, the higher 
its CV*. Figure 1 OA plots the phases for canal afferents respond- 
ing to ~-HZ sinusoidal head rotations. Included are data for the 
squirrel monkey (Lysakowski et al., 1988) and the rhesus mon- 
key (S. G. Lisberger, personal communication). In both species, 
phase leads range from near-0 values in the most regular units 
to >45” in the most irregular units. The results can also be 
expressed in terms of 7,,, which varies from co.01 to >0.075 
set as CV* varies across the unit population from 0.020 to 0.60 
(Fig. 1 OB). From the results of the present study, we can suppose 
that the afferents contributing to the VOR have CV*s of 0.02- 
0.10, with phase leads of = 15” (range, 5-25”) and T,, values of 
x0.025 set (range, 0.005-0.045 set). 

Oculomotorplant. As originally described by Robinson (1962), 
the mechanics of the plant can be summarized by a fourth-order 
transfer function, which can be reduced to third-order by ig- 
noring the relatively small inertia of the globe. Parameters of 
the transfer function have been deduced by a direct mechanical 
analysis in humans (Robinson, 1962) or by correlating the dis- 
charge of ocular motoneurons with eye movements in the rhesus 
monkey (Fuchs et al., 1988). The latter data are summarized in 
the caption to Figure 9. 

Central pathways. The three transfer functions, H,, HB, and 
HE, are plotted in Figure 11. The gains and phase lags of H,, 
which were obtained from Equation 2, decrease with frequency. 
Skavenski and Robinson (1972) made a specific proposal as to 
how this might be accomplished (Fig. 9, with g, = 0). They 
suggested that some of the afferent signal is routed through a 
head-velocity pathway [H,(s) = g,], and the rest through an eye- 
position pathway [Hz(s) = g,/s] that mathematically integrates 
the signal (see Fig. 9, caption, for pathway terminology). Setting 
g, = 78 and g, = 1 gives H,(s) = (1 + T,s)/s. It was further 
assumed that H, = 1 and that the oculomotor plant was a first- 
order system, HE(s) = s/(1 + STY,). In this situation, HVoR = [(l 
+ ST,)/S] . [s/( 1 + ST&], and perfect compensation results when 
TB = TE,. The Skavenski-Robinson formulation, besides sim- 
plifying the dynamics of the oculomotor plant, ignores (1) the 
high-frequency phase leads of afferents, (2) the second pole of 
the canal transfer function, and (3) a reflex delay, TV,, = 14 
msec. When these three factors are included, HVoR = [( 1 + ST,,)/ 

(1 + ST,-2)] . exp (-ST,,,). The afferent lead term, H, = (1 + 
ST”), can compensate for the phase lags introduced by TV,, and 
by the second pole when T” x TV,, + TV = 0.017 set, a value 
appropriate to regular afferents (Fig. 10B). Compensation is 
quite good over the bandwidth, 0.1-4 Hz. As can be seen in 
Figure 12, A and D, VOR gain is near unity, and VOR phase 



The Journal of Neuroscience,June 1991, 77(6) 1646 

*O-A 

60- 

40- 

20- 

O- 

c .- 
z 

-20 I I I 
.Ol .l 1 

. . 

0.10 

o.05; ~ 

0.00 - . . : 

-0.05 - 
.Ol .l 1 

CV' 

Figure 10. A, Relation between CV* and response phase for vestibular- 
nerve afferents in the squirrel monkey (small squares; Lysakowski et 
al., 1988) and in the rhesus monkey (large squres; data courtesy of S. 
G. Lisberger). Phases with regard to head velocity are for responses to 
~-HZ sinusoidal head rotations with phase leads positive. B, The phase 
data (4) in A are replotted in terms of 7,,, the one free parameter in the 
semicircular-canal transfer function (Hc in Fig. 9). The relation used 
was 4 = 90” + arctan(2+,) - arctan(2?rfi,) - arctan(2?rfi,), where 
f= 2 Hz, 7, = 6 set, and 72 = 0.003 sec. Semilogarithmic regression 
lines were fit to the squirrel monkey data in A and B. 

is near 0. Decreasing T,, to 0, as in the original Skavenski- 
Robinson treatment, results in a substantial phase lag in the 
reflex. Increasing T,, to 0.080, such as would occur were the 
afferent input from irregular afferents, causes an even larger 
phase lead. 

The modified Skavenski-Robinson theory provides a ratio- 
nale as to why regular units are especially suited to supply the 
afferent input to the VOR. Unfortunately, the theory is based 
on an inaccurate model of the oculomotor plant (Fuchs et al., 
1988). When a more adequate model (HE of Fig. 9) is used, the 
simplified central circuit assumed by Skavenski and Robinson 
(1972) no longer provides a functionally adequate VOR. This 
is so regardless of the choice of the afferent input or of the 
assumed gains of the H, and Hz pathways (Fig. 12B,E). To 
obtain good compensation, we found it necessary to include 
three parallel pathways in the reflex circuitry (Fig. 9). In addition 
to the head-velocity (H,) and eye-position (H,) pathways, there 
has to be a third or filtered eye-velocity pathway with a transfer 
function, H,(s) = l/( 1 + ~4). The third pathway produces an 
exponentially decaying or glide signal after an abrupt change in 
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Figure II. Transfer functions, including gains (A) and phases (B), of 
the oculomotor plant (H,), the semicircular canals (H,), and the central 
(brain) pathways (HB) of the VOR (H,,,). TV, the one free parameter of 
H,, was varied between 0.005 and 0.045 set, the outer limits of its 
value for regular units (see Fig. 10); the corresponding variations in Hc 
and HB are shown here. Ha was calculated from Equation 2. 

head or eye position. Such a signal is needed not only to produce 
a compensatory VOR, but also to generate accurate saccades 
(Goldstein, 1983; Optican and Miles, 1985). The existence of a 
third pathway is indicated by the presence of glide signals both 
in motoneurons (Goldstein, 1983; Fuchs et al., 1988) and in 
vestibular-nuclear neurons (Fuchs et al., 1988). 

A three-pathway model can produce a compensatory VOR. 
Best compensation is obtained with 7y = 0.030 sec. For this 
value, VOR phase is near 0 throughout the frequency range (Fig. 
12F), and gain is nearly constant (Fig. 12C). Almost equally 
good fits were obtained for ry = 0.015-0.040 set, still within 
the regular range. For other choices of TV, there were larger 
errors, particularly in the gains at high frequencies (Fig. 12C). 
Because of the presence of more parameters, which can be ad- 
justed to provide a compensatory VOR, the third-order model 
is more forgiving than is a first-order model and leads to smaller 
fitting errors. Even so, it can be concluded that the dynamic 
requirements of the reflex are best achieved when its afferent 
input comes from regular units. 

The model can be used to calculate the relative contributions 
of the three pathways to the reflex. The contributions vary with 
stimulus conditions, which allows us to make inferences about 
the afferent input to the individual pathways. The Hz and H, 
pathways are especially important during low-frequency sinu- 
soidal rotations; the H, pathway, during high-frequency rota- 
tions. As an indication of this trend, the signals can be compared 
at 0.5 and 4 Hz. At the lower frequency, the summed H,+H, 
signal is seven to eight times larger than the H, signal; at the 
higher frequency, the former signal is only l-l.5 times larger. 
For rapid changes in head velocity, the contributions vary with 
time. This can be seen in Figure 13A, which dissects the model’s 
eye-velocity response into H, and H, + H3 components. The H, 
signal dominates the first 20 msec or so of the response. As the 
rotation continues, the H, + H, signal becomes progressively 
more important. If different sets of afferents supplied the head- 
velocity (H,) and the other two (Hz and HJ pathways, the ablat- 
ing currents should have had different effects on the reflex re- 
sponses to 0.5- and ~-HZ sinusoids and on those occurring early 
and late during rapid changes in head velocity. Because the 
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Figure 12. Transfer functions for various models of the VOR (I&&, including gains (4-C’) and phases (0-I;). For each model, curves are shown 
for three assumed values of Ty, the one free parameter of the semicircular-canal transfer function (Hc in Fig. 9). Once ‘T,, was chosen, the parameters 
of the central pathways (gl-g, and r8 in Fig. 9) were adjusted to make HvoR as compensatory as possible. A and D, Modified Skavenski and Robinson 
(1972) model with a first-order oculomotor plant [HE = s/( 1 + srE), where 7E = 0.16 set] and with no filtered eye-velocity pathway (gS = 0 in Fig. 
9). Best compensation is achieved when the afferent input comes from regular units (T,, = 0.017 set). B and E, Poor compensation is achieved 
when a third-order oculomotor plant (HE in Fig. 9) is substituted for the first-order plant in A. This is so as long as the H3 pathway is absent. C 
and F, The Hz pathway has been added. Best compensation is achieved with regular inputs (T,, = 0.030 set). 

currents were uniformly ineffective, it would appear that regular 
afferents provide the major inputs to all three pathways. 

Adaptive changes. Studies of adaptive plasticity may have a 
bearing on the afferent input to the VOR. Lisberger and Pavelko 
(1986) used optical lenses to modify the gain of the VOR, which 
was measured with rapid changes in head velocity. Responses 
became considerably more phasic as the gain was lowered from 
normal values and slightly less phasic when the gain was in- 
creased from these values (Fig. 130). To explain their findings, 
Lisberger and Pavelko proposed that VOR pathways could be 
divided into modifiable and unmodifiable components. The 
change in response dynamics with gain was then explained by 
supposing that less phasic, regular afferents fed the modifiable 
pathway, whereas more phasic, irregular afferents supplied the 
unmodifiable pathway. The gain of the latter pathway was set 
to 0.3. The modifiable response appeared ~5 msec after the 
start of the unmodifiable response, which led to the suggestion 
that the former involved a slower and possibly synaptically more 
complicated pathway. 

The idea that irregular afferents are the major input to un- 
modifiable pathways would be difficult to reconcile with our 
results. One way out of the difficulty is to suppose that the more 
phasic input to unmodifiable pathways and the less phasic input 
to modifiable pathways both come from regular afferents. There 

are differences in the response dynamics of regular afferents (Fig. 
10). Are these large enough to account for the observed changes 
in reflex dynamics? In the Lisberger-Pavelko (1986) theory, 
there is a strict relation between reflex and afferent dynamics. 
The observed changes in reflex dynamics with gain require that 
the afferents feeding the modifiable and unmodifiable pathways 
differ in their phases at 2 Hz by 30-35” or, equivalently, in their 
T,, values by 0.05-0.06 sec. To get such differences requires that 
the modifiable and unmodifiable inputs come from the extremes 
of the regular population depicted in Figure 10. The modifiable 
input must come from the least phasic 10% of the population 

Err 
= 0), and the unmodifiable input, from the most phasic 10% 
= 0.054 set; see Fig. 130). The explanation would seem 

implausible because it excludes the most typical 80% of regular 
afferents from participation in the reflex. 

Another interpretation is possible. Here, two assumptions are 
made: (1) the Hz and H3 pathways are modifiable, while the H, 
pathway is not; and (2) the same set of regular afferents supplies 
all three pathways. The first assumption is based on the obser- 
vation that there is almost no change with gain state in the head- 
velocity signals carried by rotation-sensitive neurons in the ves- 
tibular nuclei (Lisberger and Miles, 1980), while there are marked 
changes in the corresponding eye-position and eye-velocity sig- 
nals (Lisberger and Miles, 1980; Lisberger and Pavelko, 1988). 
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Figure 13. Calculated responses to a rapid (50 msec) change in head velocity for a model of the VOR (Fig. 12C,F, ry = 0.030 set). For A-C, the 
ordinate is normalized eye velocity; the abscissa, time from the start of the eye movement. A, The H, and H,+H, components of Figure 9 are 
plotted separately for the normal response (steady-state VOR gain, g = 1) plotted above as a thicker line. B, The gain of the H, pathway is kept 
constant, while the gains of the Hz and H3 pathways are changed by a factor of g, corresponding to the steady-state gain. C, The first 20 msec of 
three responses in B are plotted on an expanded time scale. D, A dynamic index (ordinate), the ratio of the peak eye velocity to the plateau eye 
velocity, is plotted versus the plateau reflex gain (abscissa) for two models of the reflex. The curve is an empirical relation obtained by Lisberger 
and Pavelko (1986) to summarize their data. Points show calculations for two models. In the first model, the H, pathway is unmodified, while the 
Hz + H3 pathways are modified (0; see Fig. 138). The second model is modified from Lisberger and Pavelko (1986) so that the afferent inputs to 
the modifiable and unmodifiable pathways both come from regular units. For this purpose, regular afferents from the squirrel monkey were sorted 
in terms of their values of ry (Fig. IO&. Calculations are shown when the nnmodifiable and modifiable inputs come, respectively, from the most 
and least phasic 10% (a), 30% (A), and 50% (a) of the regular population. Under the last two conditions, the change in dynamic index with VOR 
gain is smaller than is actually observed. 

The second assumption is consistent with the results of the 
present paper. As can be seen in Figure 13, B and D, the model 
produces eye movements whose gain-related changes in re- 
sponse dynamics are similar to those observed by Lisberger and 
Pavelko (1986). The changes reflect the different frequency char- 
acteristics of the modifiable and unmodifiable pathways. When 
the VOR gain is increased, this enhances the low-frequency 
contributions of the modifiable pathways, so the reflex response 
becomes less phasic. Diminishing the VOR gain decreases this 
contribution, and there is a more phasic response. The modified 
response is delayed by = 5 msec from the start of the unmodified 
response (Fig. 13C). This is so even though it is assumed that 
the reflex delays are identical for all three pathways. The ap- 
parent delay in the modifiable response merely reflects the low- 
pass filter characteristics of the modifiable pathways. 

Anatomical organization of the reflex. To produce a compen- 
satory VOR requires that a precise combination of head-veloc- 
ity, eye-position, and filtered eye-velocity signals be sent to mo- 
toneurons. The diagram of Figure 9 implies that each of the 
signals is sent over a separate pathway. This is a simplification 
because it is known that some of the eye-position signal (R, in 
spikes’sec-l/deg) and much of the head-velocity signal (RH in 
spikes.sec-‘/deg.sec-‘) are first combined in PVP cells before 
being sent to motoneurons (Ring et al., 1976; Tomlinson and 
Robinson, 1984). The R, signal carried by PVP cells is inade- 

quate for the normal operation of the reflex (Pola and Robinson, 
1978). The required ratio, RJR, (in set-I), on motoneurons is 
easily calculated. It has a value of ~6 set’ in the modified 
Skavenski-Robinson model and of ~20 set-’ in the more ac- 
curate third-order model. In contrast, PVP cells have a ratio of 
x2.5 set-L (Chubb et al., 1984; Tomlinson and Robinson, 1984). 
Presumably, the additional R, signal is provided by eye-move- 
ment related, oculomotor-projecting neurons located in any of 
several brainstem sites. The question arises as to why PVP cells 
carry only a small part of the R, signal. A satisfactory answer 
cannot be given. The reason is that PVP cells, besides projecting 
to the ocular motor nuclei, make collateral connections to many 
other brainstem nuclei (see, e.g., McCrea et al., 1987). The latter 
structures form part of a potentially vast network involved, 
among other things, in producing reflexive eye movements. The 
combination of signals carried by PVP neurons is apparently 
suited to the requirements of the entire network and cannot be 
understood simply in terms of the signals that have to be de- 
livered to motoneurons. 

Concluding remark 

The present paper, by specifying the afferent input to the VOR, 
has allowed us to calculate the central transformation required 
to match this input to the motor output. The transformation 
can be summarized in terms of a simple systems model. It 
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remains a challenge to understand the transformation in terms 
of the neuronal populations contributing to the reflex. One step 
in such an analysis might be provided by comparing the effects 
of the ablating currents on the discharge of secondary VOR 
neurons in alert animals. The analysis would be aided were it 
possible to determine the behavioral conditions under which 
the irregular inputs to the reflex make their presence felt. 
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