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INTRODUCTION

The brain uses several eye movement subsystems to insure good visual acuity
(see Ref. 22 for review). In every day life, these subsystems do not work independ-
ently but interact with each other to maintain the accuracy of eye movements. For
example, the vestibulo-ocular reflex (VOR) interacts with the smooth pursuit
system when a subject tracks a slowly moving object during head movement in
order to maintain stable gaze. Moreover, when consistent conflicting information
is provided to the subsystems, they reveal adaptive changes so that accurate eye
movements may once again be produced (see Ref. 10 for review).

Recently, we have shown in trained monkeys that repeated interaction between
the pursuit and vestibular systems in the orthogonal plane (cf. 26) induces cross
axis VOR that appears only after the interaction training (6). When pursuit training
was done at one sinusoidal frequency either in-phase or out-of-phase with chair
rotation, the gains (eye/chair) of the cross axis VOR were largest at the training
frequency and approximately in-phase or out-of-phase with the chair; phase ad-
vanced at lower frequencies and lagged at higher frequencies (6). This is similar
to the change induced by whole field-slip stimuli during chair rotation in several
animal species including humans (e.g. 2, 18, 21). Multi-frequency channels includ-
ing vestibular integrators have been suggested to explain the frequency selective
behavior of adaptive VOR gain changes induced by whole field-slip stimuli (18).
The similarity in the response phase of the cross axis VOR induced by pursuit
training (6) and whole field-slip stimuli (e.g. 18, 21) suggests that similar “inte-
grators” may be involved in the cross axis VOR induced by pursuit training. To
understand further nature of “integrators”, we examined responses of the cross axis
VOR after animals were trained to adapt phase-shift training (cf. 15) in the first
series of this study.

We reported previously that adaptive changes were not induced when well-
trained monkeys fixated a stationary spot that was projected onto a moving pat-
terned visual background during chair rotation, suggesting that peripheral retinal
slip per se does not seem to be effective in cross axis adaptation (6). However, it
is well known that peripheral retinal slip inputs induce adaptive VOR gain changes
(10). To understand this discrepancy, in the second series of this study we exam-
ined our monkeys with various combinations of pursuit, whole field-slip and
vestibular stimuli, not only after the monkeys had been well trained the fixation
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task but also during the initial training period in which monkeys were still unable
to fixate the stationary spot against a moving patterned visual background during
chair rotation.

Our adaptation paradigms require a dissociation of eye movement and gaze
movement, since the monkeys were trained to track an orthogonally moving target
spot by smooth pursuit eye movement during the VOR induced by chair rotation.
Cells carrying signals related to gaze velocity are well known to exist in the
brainstem and cerebellar floccular lobe (e.g. 17, 19, 24). However, it has also been
reported that some caudal fastigial nucleus neurons respond both to smooth pursuit
and saccades (3) and that some frontal pursuit-related neurons respond to eye
position (28). These results suggest the possibility that gaze shift produced by
saccades alone may induce adaptive cross axis VOR. This possibility was exam-
ined in the third series of this study.

It is well known that the cerebellar floccular lobe contains many gaze velocity
Purkinje cells (GVPs) (17) and is necessary for VOR adaptation (10, 19). To
examine how GVPs respond during our adaptation paradigms, we recorded from
horizontal GVPs during the cross axis VOR induced by pitch rotation in the fourth
series of this study.

METHODS

Four Japanese monkeys (Macaca fuscata, 4.5-6.0 kg) were prepared surgically under aseptic
conditions with a pair of head holders, and a scleral search coil was implanted on the right eye
to record horizontal and vertical eye movement. All procedures were evaluated and approved by
the Animal Care and Use Committee of the Hokkaido University School of Medicine. Our
methods for animal preparation, training, recording and data analysis are described in detail
elsewhere (6, 7). The monkeys sat in a restraining chair with their heads held firmly in the
stereotaxic plane. The chair was fixed to a turntable with two rotational degrees of freedom
under computer control. A tangent screen was positioned 75 cm in front of the animals’ eyes and
subtended 60° by 80° of visual angle. A laser spot (0.2° in diameter) was back-projected onto
the screen. A video-projector was used to present a random-dot pattern onto the screen when
necessary.

Adaptation paradigms: the monkeys were rotated sinusoidally at a single frequency (0.5 Hz,
* 10°) either in the pitch or yaw plane while presenting a target spot that moved along the plane
orthogonal to the rotation plane either in-phase or with 90° phase shift with respect to the chair
signal (e.g. Fig. 1A, C). The monkeys were rewarded for tracking the laser spot for apple juice
reward. To examine the interaction of pursuit, whole field-visual pattern and vestibular stimuli,
a random-dot pattern was projected onto the screen using a video projector. The monkeys were
rotated sinusoidally either in the pitch or yaw plane while both the target spot and pattern or
cither one of the two moved along the plane orthogonal to the rotation plane in-phase with the
chair. In the latter condition, the other (spot or pattern) stimuli remained stationary on the screen
during chair rotation. In all these paradigms, the monkeys were rewarded for tracking or fixating
the spot for 1-2 hours, and eye movements induced by rotation alone were examined in complete
darkness before and after training. To examine selectivity of eye movement responses to the
training frequency, chair rotation was applied at 0.1-1.0 Hz (*+ 10°) before and after 1-2 hrs of
training in complete darkness.

To examine whether a change in gaze shift alone in the orthogonal plane during chair rotation
is sufficient to induce the cross axis VOR, the monkeys were rotated in the pitch plane at 0.3
Hz (= 10°) while the target spot was stepped, instead of moving sinusoidally, at 5 horizontal
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Fig. 1. - Phase-shift training and appearance of cross axis VOR in complete darkness after training.

A and C show training paradigms. B and D show eye movement responses evoked by pitch rotation
(B) and yaw rotation (D) in complete darkness after 60 min of training. H and V indicate horizontal and
vertical eye velocity, respectively. For further explanation, see text.

positions with equal time interval (straight ahead position, * 5° and + 10°, e.g. Figure 4A).
Extracellular recordings were made in the floccular lobe as described previously (7).

Eye-, target-, chair-position signals and single cell discharges were digitized at 303Hz using
a 16 bit A/D board (National Instruments) on a Macintosh Quadra computer. All digitized data
were displayed off-line on a computer screen. Velocity signals of eye, target and chair were
calculated by the computer as previously described (6, 7). Saccades were marked with a cursor
on the eye-velocity traces and removed using our interactive computer program. Ten to thirty
cycles were averaged to obtain means. Phase shift was calculated as the difference in phase between
the fundamental component of eye-velocity and stimulus-velocity after deleting saccades. Eye gain
was calculated as the peak amplitude of the fundamental component of eye-velocity divided by that
of stimulus-velocity. Eye velocity plots in x-y coordinates was also used to visualize slow eye
movement responses. To analyze Purkinje cell responses, cycle rasters and histograms were con-
structed for the discharge of each cell by averaging 10-30 cycles as previously described (6,7).
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RESULTS

Cross axis VOR induced by phase-shift pursuit training

As reported previously, whole body rotation in complete darkness before cross
axis pursuit training induced the VOR only in the rotation plane but not in the
orthogonal plane. Figure 1 (B, D) shows examples of averaged eye velocity
responses in complete darkness induced by vertical (pitch, B) and horizontal (yaw,
D) rotation at 3 different frequencies after phase-shift training. After horizontal
pursuit training with 90° phase lag to the chair during pitch rotation (Fig. 1A),
horizontal eye movement responses were induced by pitch rotation alone in com-
plete darkness with phase lag (re chair velocity) of about 90° (Fig. 1Bb). The
magnitude of phase shift depended on rotation frequency (Fig. 1B indicated by
arrows); less lag at lower frequency (Fig. 1Ba) and more lag at higher frequency
(Fig. 1Bc) compared to the training frequency of 0.5 Hz (Fig. 1Bb). After vertical
pursuit training with 90° phase lead to the chair during yaw rotation (Fig. 10),
vertical eye movement responses were induced by yaw rotation alone in complete
darkness with considerable phase lead to the chair (Fig. 1D, indicated by arrows).
Thus, these eye movement responses conform to the training paradigms.

Figure 2 (A, C) summarizes gains and phases of orthogonal eye movement
responses plotted against the frequency of yaw (Fig. 2A) and pitch (Fig. 2C)
rotation after 60 min pursuit training. Responses shown with filled triangles and
filled squares are means (+ SD) for 6-12 sessions for 3 monkeys for phase-lead and
-lag adaptation paradigms, respectively. Responses shown with open squares are
means for in-phase training for comparison. In the latter condition, gains were
highest at the training frequency and lower at other stimulus frequencies, whereas
the phases were most nearly in-phase with stimulus velocity at the training fre-
quency (0.5 Hz) and tended to advance at lower frequencies (Fig. 2A, C), similar
to our previous results (6).

After phase-shift training, the cross axis VOR was observed in complete dark-
ness during yaw and pitch rotation with considerable phase shift towards the
directions (either lead or lag) consistent with the training paradigms (Fig. 2A, C).
However, gain behavior was different between yaw (Fig. 2A) and pitch rotation
(Fig. 2C). Gains at 0.1 Hz induced by yaw rotation remained similar to the gains
at the training frequency (0.5 Hz) after phase-shift training (Figure 2A, filled
symbols), behavior different from in-phase training (Figure 2A, open squares),
although pitch rotation after phase-shift training resulted in gain behavior similar
to in-phase training (Fig. 2C). In contrast, neither the phase- shift training nor in-
phase training produced any significant change in gain or phase of the collinear
VOR. Therefore, all data were combined in Figure 2 (B, D). These results indicate
that adaptive changes are specific to the parameters of pursuit training stimulus.

Interaction of pursuit, whole field- visual pattern and vestibular stimuli in
inducing cross axis VOR adaptation

Figure 3A shows examples of eye-velocity plots in x-y coordinates (see inset)
induced by pitch rotation. Horizontal spot movement was combined with or with-
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Fig. 2. - Gain and phase of cross axis (A, C) and collinear (B, D) VOR plotted against stimulus
frequency induced by yaw (A, B) or pitch (C, D) rotation in complete darkness after 60 min of training.

For further explanation, see text.
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Fig. 3. - Interaction of pursuit, whole field-pattern and vestibular stimuli.

A shows eye velocity plots in x-y coordinates before (Al) and after 60 min of in-phase training
with a spot alone (A2) or spot and pattern moving together (A3). A4 plots eye velocity after 120 min
of pursuit training against a stationary pattern. Pitch rotation (0.5 Hz, + 10°) was applied in complete
darkness in A1-A4. B summarizes gain and phase (re chair velocity) of cross axis VOR with spot alone
(open squares) or spot and the pattern moving together (filled squares) during training against pitch
frequency. All data were recorded in complete darkness.

out random-dot pattern movement during pitch rotation in-phase with the chair
movement. Before training, there was no clear horizontal component (Fig. 3A1).
Plots after in-phase training with a spot alone (Fig. 3A2) or with a spot and pattern
moving together (Fig. 3A3) for 60 min show clear horizontal components. Fig. 3B
compares gains and phases (mean * SD) of orthogonal components obtained in
complete darkness plotted against pitch frequency after 90 min of pursuit training
for these two paradigms. Responses induced by these two paradigms are similar.
In particular, there was no significant difference in the magnitude of cross axis
VOR at the training frequency (0.5 Hz) between the two paradigms. Yaw rotation
combined with vertical spot movement with or without pattern movement gave
similar results.

Cross axis pursuit training against a stationary pattern was performed in 4
monkeys with a total of 6 sessions, each lasted for 2 hours. As an example is shown
in Figure 3A4, none of the sessions showed a clear orthogonal component in
complete darkness after training.

We showed previously that visual input alone was insufficient in inducing cross
axis VOR when well trained monkeys fixated a stationary spot projected onto a
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Fig. 4. - Eye position records during cross axis saccade paradigm (Aa) and eye velocity plots in x-
y coordinates before (Abl) and after (Ab2, Ab3) 120 min of training.

Pitch rotation was applied in complete darkness at 0.3 Hz (+ 10°) in Ab1-3. B shows eye velocity
plots in x-y coordinates before (B1) and 90 min after 90° phase-lead training (B2) at 0.5 Hz (£ 10°).
Pitch rotation was applied in complete darkness at 0.5 Hz (* 10°) in B1-2.
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moving patterned visual background during yaw or pitch rotation (6). To confirm
this observation, we asked 2 monkeys to fixate a stationary spot against moving
pattern in the orthogonal direction during pitch rotation for 2 hours. Initially, both
monkeys were unable to fixate the stationary spot during pattern movement, and
they had to be trained this fixation task for 3 days. We recorded eye movement
responses during these initial training periods. Cross axis VOR was indeed ob-
tained after 2 hours of initial training. However, after 3 days when the monkeys
were able to fixate the spot well during the training, none of the monkeys showed
consistent orthogonal components in a total of 5 sessions even after 2 hours of
training, similar to our previous results.

Cross axis saccade paradigm

A total of 10 sessions were tested in 3 monkeys. For each session, the training
(e.g. Fig. 4Aa) continued for 2 hours. Fig. 4Ab shows examples of eye-velocity
plotted in x-y coordinates (see inset) induced by pitch rotation in complete dark-
ness before (Fig. 4Abl) and after (Fig. 4Ab2) horizontal saccade training. No
sinusoidal horizontal component was consistently induced by pitch rotation after
training in any of the sessions, although fragmental horizontal components were
induced occasionally during pitch rotation (Fig. 4Ab3, indicated by arrow). In the
same monkeys, however, in-phase or phase-shift training clearly induced orthogonal
eye movement responses (e.g. Fig. 4B1 vs B2).

Recordings of horizontal GVPs in the cerebellar floccular lobe

A total of 5 GVPs were recorded in the cerebellar floccular lobe during our
adaptation paradigms. An example is shown in Figure 5. This cell increased
activity during ipsiversive pursuit, but no modulation was observed during pitch
rotation in the dark before training (Fig. 5B, C). While recording this cell, the
monkey performed horizontal pursuit coupled with pitch rotation (Fig. 5A). After
60 min of training, the target spot was turned off (Fig. SD). Modulation in cell
activity was still observed. Cell response evoked by pitch rotation in complete
darkness is summarized in Figure 5E. Clear response appeared after training
together with horizontal eye movement responses. Figure 5F plots amplitudes of
modulation of cell discharge against horizontal peak eye velocities during different
behavioral conditions (indicated by keys). Eye velocity sensitivities are similar
before and after training. Similar results were obtained in the remaining horizontal
GVPs.

DISCUSSION

Cross axis VOR induced by phase-shift adaptation paradigms

Considerable phase shift was observed in the cross axis VOR in our phase-shift
paradigms (Figg. 1, 2) (cf. 15). Our results indicate that although frequency tuning
was maintained during pitch in the phase-shift paradigms, it was not maintained
during yaw, resulting in higher gains at lower stimulus frequencies compared to the
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Fig. 5. - Behavior of a horizontal GVP of the floccular lobe.

Dots above cell discharge in the bottom trace in A indicate complex spikes. The third and fourth
traces in A indicate horizontal (H) and vertical (V) eye position. Traces in B, C and E are target
velocity, horizontal eye velocity (H), vertical eye velocity (V), chair velocity and cell raster and
histograms. D shows cell behavior after 60 min of training and immediately after the target was turned
off. The bottom two traces show cell discharges. F plots amplitude of cell modulation against
horizontal peak eye velocity during pitch rotation combined with horizontal pursuit (open squares),
during horizontal pursuit alone before training (filled squares) and during pitch rotation in complete
darkness after training (filled triangles). For further explanation, see text.

gains during yaw (Fig. 2A and C) despite the fact that training without phase-shift
resulted in similar gain curves between yaw and pitch rotation (6). Since pitch
rotation activates not only vertical canals but also otolith organs (see Ref. 29 for
review), the difference may well be induced by otolith inputs (1, 9). This interpre-
tation suggests that the responses induced by yaw rotation (Fig. 2A) may reflect

the activity induced by canal inputs alone.
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Interaction of pursuit, whole field-visual pattern and vestibular stimuli in induc-
ing cross axis VOR adaptation

It is well known that VOR adaptation is effectively induced by peripheral retinal
slip produced by whole field-slip stimuli during chair rotation (10). In the collinear
VOR, Scudder and Fuchs (25) reported in monkeys that whole-field slip and foveal
slip are both effective in causing VOR gain changes and are quantitatively about
equal (also 19). Our results, however, indicate that the response magnitudes of the
cross axis VOR induced by spot alone on one hand and by spot and pattern
movement together on the other did not add but were similar, particularly at the
training frequency (Fig. 3B). Moreover, if one of the two stimuli was stationary
while the other was moving, cross axis VOR did not appear in the well-trained
monkeys (Fig. 3A4). These results indicate a difference between the cross axis
VOR and collinear VOR and suggest that the cross axis VOR induced by pursuit
training shares common mechanisms with the cross axis VOR induced by whole-
field slip stimuli and that if conflicting information is given between these two
visual stimuli, adaptive changes are inhibited. Although cross axis VOR indeed
appeared during the initial training period in which the monkeys were still unable
to fixate a stationary spot projected onto a moving patterned visual background
during chair rotation, the appearance of the cross axis VOR may reflect eye
movement responses in the orthogonal direction or lack of adequate fixation
command during this period.

Specific involvement of smooth eye movements in the cross axis VOR

Our results showing that none of the 3 monkeys with a total of 10 sessions
induced adaptive VOR by the cross axis saccade paradigm (Fig. 4Ab) suggest that
the adaptive change is not induced by eye position change alone during saccades
in our paradigm. Fixation of a stationary spot during inter- saccadic intervals (Fig.
4Aa) might have inhibited the appearance of the cross axis VOR. Although we do
not exclude the possibility that adaptive changes may be induced if chair rotation
is given more stepwise rather than sinusoidal, we think that it is unlikely since
vestibular signals are interrupted during saccades by position-vestibular-pause
cells in the vestibular nuclei (see Ref. 22 for review). These results suggest that
the cross axis VOR is specifically induced by smooth eye movements during chair
rotation.

Although the cross axis VOR was never induced by saccade training in this
study, fragmental orthogonal components appeared after training (Fig. 4Ab3).
Note that there was a change in saccade trajectories with the target during chair
rotation. Slow fragmental eye movements clearly appeared in the plane orthogonal
to the rotation during training (Fig. 4Aa, indicated by arrow). Although we do not
know whether such slow eye movements during training are the result of a differ-
ent strategy, such eye movements would be effective in maintaining the target
continuously on the fovea during rotation. Appearance of such components might
have been related to fragmental orthogonal components observed in complete
darkness (Fig. 4Ab3, indicated by arrow).



PROPERTIES OF CROSS AXIS VOR INDUCED BY PURSUIT TRAINING IN MONKEYS 59

To examine how well our results are explained by existing VOR models, we
tested the VOR equalizer model of Miles et al. (20). The phase and gain curves
without phase-shift training (Fig. 2A, C, open squares) are well explained by their
model (Fig. 6B, labeled as no integrator through dashed pathways in A). However,
the large phase shift produced by our phase-shift training was difficult to be
simulated by their model. We, therefore, added another integrator (Fig. 6A, thick
lines) in their model. When the time constant of this integrator was short (T =
0.15s), the gain and phase curves are similar to those without the integrator (Fig.
6B). By increasing its time constant, considerable phase shift in eye velocity was
observed (Fig. 6B, T = + 20 or — 20s) comparable to our present results (Fig. 2A,
C, filled symbols) with the gain curve similar to our cross axis VOR induced by
yaw (Fig. 2A), but not pitch (Fig. 2C) rotation. We have shown recently using
horizontal trapezoidal rotation that the latency of the cross axis VOR induced by
our pursuit paradigms is much longer (mean ~ 42 ms) than the collinecar VOR
latency (~ 15 ms) (cf. 13). When the monkeys were trained using our in-phase
training paradigm, the time constant of cross axis VOR measured by trapezoidal
chair rotation in complete darkness is very short (mean ~ 80 ms) (23), comparable
to our simulation results without the integrator (Fig. 6B, T = 0.15). These results
suggest that the cross axis VOR may require another integrator in addition to the
well-known vestibular integrator (5). However, the gain and phase behavior in-
duced by pitch rotation after phase-shift training (Fig. 2C) was still difficult to be
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Fig. 6. - A is a schematic diagram of the collinear VOR and hypothetical diagram of the cross axis
VOR (dashed or think lines), while B represents gain and phase curves of the cross axis VOR. Traces
labeled as “no integrator” in B were calculated using the VOR equalizer model of Miles et al. (20)
through dashed pathway in A.

For weights of the different channels of the model at 0.5 Hz (20), we used 0.1, 0.1, 0.1, 1.0, 0.5
and 0.1 for channel #1 through #6, respectively, to obtain best fit for the experimental data. All other
parameters used were the same as described in Miles et al. (20). We also added a pursuit related-
integrator in the cross axis pathways (thick lines in A) and changed the time constant of this integrator.
Gain and phase curves of the cross axis VOR thus obtained are summarized in B against stimulus
frequency.
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simulated by adding this integrator, suggesting further elements (e.g. otolith input,
Fig. 6A) are necessary. It is well known that floccular horizontal GVPs respond
during smooth pursuit but do not respond during the normal collinear VOR (17,
19). The similar eye velocity sensitivity of GVPs before and after training (Fig. 5F)
suggests that they respond during the cross axis VOR induced by chair rotation to
maintain adaptive changes and that the above integrator may be related to smooth
pursuit (Fig. 6A).

Smooth pursuit and direct optokinetic response (ocular following) share many
brainstem and cerebellar pathways (16, 27). On the other hand, independent mecha-
nisms are also used in higher structures for these two types of eye movements,
since some neurons in the cortical visual and motor areas and dorsolateral pontine
nucleus respond to either one of the two kinds of visual stimuli suitable to induce
these two eye movement responses (4, 8, 11, 12, 14). Since the adaptive cross axis
VOR is tuned to the parameters of the pursuit-training stimulus not only in the
training frequency but also in the phase-shift paradigms, and since conflicting
information between pursuit and whole field-slip inhibits appearance of the cross
axis VOR, generation (not necessarily maintenance) of the cross axis VOR may
require cortical mechanisms specific for smooth pursuit (Fig. 6A). Since many
pursuit-related cortical neurons respond to vestibular input (see Ref 4 for review),
such smooth pursuit pathways responding to vestibular input may become active
by repeated interaction of pursuit-vestibular interactions.

SUMMARY

We have shown recently in alert monkeys that repeated interaction between the
pursuit and vestibular systems in the orthogonal plane induces adaptive changes in
the VOR. To examine further properties of adaptive cross axis VOR induced by
pursuit training, sinusoidal whole body rotation was applied either in the pitch or
yaw plane while presenting a target spot that moved orthogonally to the rotation
plane with either 90° phase-lead or 90° phase-lag to the chair signal. After one hour
of training at 0.5 Hz (+ 10°), considerable phase-shift was observed in orthogonal
eye movement responses consistent with the training paradigms by identical chair
rotation in complete darkness, with further lead at lower frequencies and lag at
higher frequencies. However, gains (eye/chair) induced by phase- shift pursuit
training was different during pitch and yaw rotation. Although frequency tuning
was maintained during pitch in the phase-shift paradigms, it was not maintained
during yaw, resulting in higher gains at lower stimulus frequencies compared to the
gains during yaw. This difference may reflect otolith contribution during pitch
rotation. To understand further the nature of signals that induce adaptive cross axis
VOR, we examined interaction of pursuit, whole field-visual pattern and vestibular
stimuli. Magnitudes of the cross axis VOR with a spot alone on one hand and with
a spot and pattern moving together in the same plane on the other during chair
rotation were similar, and when one of the two visual stimuli was stationary during
chair rotation, our well trained monkeys did not induce the cross axis VOR. These
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results suggest that the cross axis VOR induced by pursuit training shares common
mechanisms with the cross axis VOR induced by whole field-slip stimuli and that
if conflicting information is given between the two visual stimuli, adaptive changes
are inhibited. Horizontal GVPs were recorded in the cerebellar floccular lobe
during pitch rotation coupled with horizontal pursuit stimuli. These GVPs did not
respond to pitch in the dark before training, but responded after 60 min of pursuit
training with eye velocity sensitivities similar to those before training. Adaptive
change in the VOR was specific to smooth eye movements but not to saccades in
our paradigms.
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