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Research

Reversal of Motor Learning in the Vestibulo-Ocular
Reflex in the Absence of Visual Input

Marlene R. Cohen,' Geoffrey W. Meissner,” Robert |. Schafer,’

and Jennifer L. Raymond'-

"Department of Neurobiology and 2Department of Biological Sciences, Stanford University, Stanford, California 94305, USA

Motor learning in the vestibulo-ocular reflex (VOR) and eyeblink conditioning use similar neural circuitry, and they
may use similar cellular plasticity mechanisms. Classically conditioned eyeblink responses undergo extinction after
prolonged exposure to the conditioned stimulus in the absence of the unconditioned stimulus. We investigated the
possibility that a process similar to extinction may reverse learned changes in the VOR. We induced a learned
alteration of the VOR response in rhesus monkeys using magnifying or miniaturizing goggles, which caused head
movements to be accompanied by visual image motion. After learning, head movements in the absence of visual
stimulation caused a loss of the learned eye movement response. When the learned gain was low, this reversal of
learning occurred only when head movements were delivered, and not when the head was held stationary in the
absence of visual input, suggesting that this reversal is mediated by an active, extinction-like process.

It is often adaptive to retain memories over a long period of time.
When environmental circumstances change, however, old
memories may no longer be useful, and in some cases may be
maladaptive. Therefore, an ideal learning system should have a
mechanism for suppressing old memories. Old memories can be
abolished or suppressed through passive forgetting or through an
active process such as extinction, the reduction of a conditioned
response that occurs when the learned association between a cue
and reinforcement is degraded.

Some cerebellum-dependent forms of learning have been
shown to exhibit extinction, and a mechanism by which the
cerebellar circuitry could support the extinction of classically
conditioned eyeblink responses has been proposed (Medina et al.
2002). The present study investigated whether extinction could
be a universal feature of cerebellum-dependent learning. More
specifically, we examined whether learned changes in the ampli-
tude, or gain, of the vestibulo-ocular reflex (VOR), a well-studied
cerebellum-dependent motor learning paradigm, exhibit a pro-
cess of reversal analogous to extinction.

The VOR is a reflexive eye movement that stabilizes images
on the retina by using vestibular signals to drive compensatory
eye movements in the opposite direction from head movements.
This reflex is calibrated by a form of motor learning that depends
on the cerebellum (Robinson 1976). When head movements are
consistently paired with unwanted image motion, motor learn-
ing occurs, producing a change in the gain of the reflex that
reduces image motion (Gonshor and Melvill-Jones 1973; Ito et al.
1974; Miles and Fuller 1974; Gauthier and Robinson 1975). In
the laboratory, changes in VOR gain can be induced using mag-
nifying or miniaturizing goggles that increase or decrease the
VOR gain, respectively, by causing image motion during head
movements.

At the behavioral level, motor learning in the VOR is analo-
gous in many ways to eyeblink conditioning (Fig. 1). In each
paradigm, the pairing of two stimuli during training causes a
learned change in the response to one of the stimuli, when that
stimulus is subsequently presented alone. In eyeblink condition-
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ing, the pairing of a tone (conditioned stimulus; CS) with a puff
of air to the eye (unconditioned stimulus; US) causes a change in
the response to the tone alone. In the VOR, pairing of a head
movement (vestibular stimulus; CS) with visual image motion
(US) causes a change in the response to the head movement
alone.

In both paradigms, the learned response to the CS resembles
the response observed when the CS and US are presented to-
gether during training. More specifically, the air puff elicits a
reflexive eyeblink (unconditioned response; UR), but the tone
elicits no blink response before training. During training, the
combined presentation of tone and air puff elicits a blink, and as
learning progresses the tone alone comes to elicit a blink (con-
ditioned response; CR). By analogy, in the VOR, image motion
on the retina elicits a tracking eye movement (UR) to stabilize the
image. The head movement can also elicit an eye movement
response before training, which is the VOR. When the head
movement is paired with image motion on the retina during
training, the combined stimulus elicits an eye movement re-
sponse that is approximately equal to the sum of the normal
response to the head movement and the tracking response to the
image motion. Over time, the head movement alone comes to
elicit an altered eye movement response (CR), similar to that
elicited in the presence of combined head and image motion.

Thus, at the behavioral level, there are clear parallels be-
tween the two learning paradigms. One difference is that the CS
for eyeblink conditioning (tone) initially elicits no response,
whereas the CS for motor learning in the VOR (head movement)
does initially elicit a response; in many other respects, however,
the two paradigms are very similar.

The neural circuits mediating eyeblink conditioning and
motor learning in the VOR are similar as well (for review, see
Raymond et al. 1996). Both forms of learning depend on the
cerebellum. In both systems, sensory information about the CS
(tone or head movement) is carried to the cerebellum by mossy
fibers, and information about the US (air puff or image motion)
comes to the cerebellum via the climbing fibers. These similari-
ties at the circuit level have led to the idea that these two forms
of motor learning may use similar neural mechanisms for the
acquisition of learning. Indeed, both paradigms appear to invoke
learning-related changes in both the cerebellar cortex and the
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Figure T Comparison between eyeblink conditioning and motor learn-

ing in the VOR. Before training in the eyeblink conditioning paradigm, an
air puff to the eye (unconditioned stimulus; US) elicits a reflexive blink
(unconditioned response; UR). When a tone (conditioned stimulus; CS) is
paired with the air puff during training, the animal learns to blink (con-
ditioned response; CR) in response to the tone alone. During extinction
training, the tone is presented repeatedly without the air puff, leading to
the eventual extinction of the learned response. Before training in the
VOR, image movement across the retina elicits a tracking eye movement
response, and head movement elicits the normal VOR eye movement
response. During training, head movements (CS) are paired with image
movements (US) and these two stimuli together elicit an altered eye
movement response which is approximately the sum of the eye move-
ment response to the image movement and the eye movement response
to the head movement. Following training, head movement elicits this
altered eye movement response in the absence of the visual stimulus
(CR). In the second phase of training, the head movement is presented
repeatedly in the absence of image movement. We tested whether this
would lead to an extinction-like change in the eye movement response to
the head movement.

deep cerebellar nuclei. (The vestibular nucleus serves as the deep
cerebellar nucleus for the VOR.)

In this study, we investigate whether the parallels between
eyeblink conditioning and motor learning in the VOR extend to
include the reversal of learned behavioral changes. In eyeblink
conditioning, when the tone (CS) is presented repeatedly to a
trained animal in the absence of the air puff (US), the learned
blink response is extinguished. An analogous process in the VOR
would correspond to a loss of the altered eye movement response
(a return toward the normal VOR response) caused by repeated
presentation of head movements in the absence of image mo-
tion. Here we report evidence for such an extinction-like process
in the VOR.

RESULTS

Head Movements in the Absence of Visual Stimulation
Reverse Learned Changes in VOR Gain

We first induced motor learning in the VOR to alter the eye
movement response to head motion. We then presented head
movements in the dark to look for evidence of a reversal of learn-
ing that could reflect an extinction-like process. We induced mo-
tor learning using 2.2 X magnifying or 0.25X miniaturizing
goggles, which the animals wore in their home cages for several
days. This training paradigm induced large changes in the eye
movements elicited by head movements. Figure 2A shows an
example of a normal eye movement response to head move-
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ments in an untrained monkey and examples of altered eye
movement responses following training with magnifying or min-
iaturizing goggles. The head movement stimulus used to measure
the VOR was rotation about an earth vertical axis, with a sinu-
soidal velocity profile (0.5 Hz, +10°/sec peak). The eye move-
ment response was characterized by measuring the VOR gain,
which is defined as the ratio of the amplitude of the eye move-
ment to the amplitude of the head movement. VOR gain was
measured in the dark to distinguish eye movements driven by
the VOR from visually driven eye movements. In an untrained
animal, the head movement stimulus (Fig. 2A, top trace) evoked
an eye movement response in the opposite direction to the head
movement and with approximately equal amplitude, that is, the
VOR had a gain close to 1 (normal gain). Training with magni-
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Figure 2 Learned changes in VOR gain following training with goggles.
(A) Example traces of eye velocity during head movements in the dark.
The top trace shows the sinusoidal head velocity profile used to measure
the VOR (£10°/sec, 0.5 Hz). The bottom three traces show the eye ve-
locity responses to the head movements before training (eye normal
gain), following training with magnifying goggles (eye high gain), and
following training with miniaturizing goggles (eye low gain). The sharp
discontinuities in the traces are saccades, which were removed for analy-
sis. (B) Example time course, showing the VOR gain as a function of days
of training with miniaturizing goggles. (C) Average VOR gain at the start
of the experiments following training with magnifying goggles (left),
miniaturizing goggles (right), or no goggles (middle). Each bar represents
the average gain for one monkey. Numbers above the bars are the num-
ber of experiments for each monkey in each condition, and error bars
represent standard errors.
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Figure 3 Reversal of learned changes in VOR gain. (A) Change in VOR
gain after 1 h of head movements in the dark (post minus pre). When the
initial gain was high (left) or low (right), the VOR gain returned toward
normal. (B) Change in VOR gain after 1 h of sitting stationary in the dark.

fying goggles increased the gain of the VOR so that head motion
elicited a larger eye movement response (high gain), and training
with miniaturizing goggles decreased the gain (low gain).

In all four animals tested, training with goggles effectively
induced motor learning in the VOR. Most of the learned changes
in VOR gain occurred in the first day of training with goggles,
and the gain reached an asymptote within ~3 d (see example
in Fig. 2B). The average VOR gain for each of four monkeys
with normal gain (no goggles) or after at least 24 h of training
with magnifying goggles or miniaturizing goggles is plotted in
Figure 2C.

After the animals had worn the goggles for at least 24 h, they
were subjected to 1 h of head movements (0.5 Hz, +10°/sec) in
the absence of a visual stimulus. The animals were placed in a
completely dark room to avoid any visual stimulation that might
cause adaptive changes in VOR gain. When the learned VOR gain
was high following training with magnifying goggles, head
movements in the dark caused the gain to decrease. This effect
was highly significant (p < 10~ 7, n = 25) and was consistent in all
four animals (Fig. 3A, high initial gain). After training with min-
iaturizing goggles, head movements in the dark caused an in-
crease in VOR gain (p < 1073, n = 39), which was also consistent
in all four animals (Fig. 3A, low initial gain). Thus, 1 h of head
movements in the absence of visual stimulation caused a loss of
the learned changes that had been acquired during one or more
days of training with magnifying or miniaturizing goggles. Head
movements in the dark did not have any consistent effect on
normal VOR gains (p = 0.1, n = 28; Fig. 3A, normal initial gain),
confirming that changes induced by head movements in the
dark depended on previous learning and could not be explained
by nonspecific factors such as a change in arousal during the
course of the hour. The effect of head movements in the dark on
VOR gain did not depend on the number of days of training with
goggles (linear regression; p = 0.33, n =25 for magnifying
goggles; p=0.11, n =39 for miniaturizing goggles; data not
shown); therefore, data from all days were averaged. The VOR

gain changes following head movements in the dark were sig-
nificantly different between both high and low initial gain and
the normal gain control (p < 10”7 and p < 10~ *, respectively).

Head Movements Are Required for Reversal of Learned

Decreases But Not Increases in VOR Gain

The observation that head movements in the dark can reverse the
previously acquired change in VOR gain could reflect either an
active, extinction-like process requiring exposure to head move-
ments in the absence of a visual stimulus or a passive process
requiring only the absence of visual stimuli. To distinguish be-
tween these possibilities, we compared the changes induced by
head movements in the dark with the changes induced by 1 h of
sitting in the dark with no visual stimuli or head movements. In
animals with a normal VOR gain, there was no consistent effect
of 1 h of sitting stationary in the dark (p =0.1, n=18; Fig. 3B,
normal gain). When the learned VOR gain was high, the gain
passively decreased toward normal after 1 h (p <10™%, n=14;
Fig. 3B, high initial gain). The amplitude of this change was not
significantly different from the change observed when the ani-
mals with learned high gains underwent 1 h of head movements
in the dark (p = 0.26; Fig. 3A). Therefore, exposure to head move-
ments did not appear to produce any loss of the learned high-
gain response beyond that which occurred passively in the ab-
sence of a visual stimulus. In contrast, when the learned VOR
gain was low, 1 h of sitting stationary in the dark did not induce
a consistent change in the VOR gain (p = 0.45, n = 27; Fig. 3B, low
initial gain), and the change following 1 h of head movements in
the dark was significantly greater than the change following 1 h
of sitting stationary in the dark (p < 0.005). These results suggest
that head movements are required to drive a learned low VOR
gain back toward normal, but head movements are not required
to drive a learned high VOR gain back toward normal.

Confirmation of the Lack of Visual Stimuli

The interpretation of our results depends critically on the room
being completely dark so that the effect of exposure to head
movements in the absence of any visual cues could be assessed.
Therefore, every care was taken to ensure that there was no stray
light in the room. In addition, in one monkey we compared
results when the miniaturizing goggles were on versus off during
the 1-h period of head movements in the dark. With the goggles
on, any stray light would provide visual stimuli that should ei-
ther maintain the learned low gain or drive additional changes in
the learned direction (i.e., a further decrease in gain). In contrast,
the gain consistently increased toward pretraining gain even
when the monkey was wearing the miniaturizing goggles in the
darkened room (Fig. 4). There was no significant difference be-
tween the results obtained when the goggles were on versus off
(p=0.81, n=7 for goggles off; n =35 for goggles on). Therefore,

5
02 =

i .

0+ .

goggles off

VOR gain change

goggles on

Figure 4 Confirmation of the lack of visual stimuli during head rota-
tions in the dark. After training with miniaturizing goggles in Monkey B,
the change in VOR gain after 1 h of head movements in the dark was
similar when the goggles were removed during the experiments (left) and
when they remained on during the experiments (right), suggesting that
the effects could not be explained by stray visual stimulation.
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visual stimulation from stray light cannot have been the cause of
the changes in the VOR shown in Figure 3A.

Time Course of Reversal

The time course of the change toward normal during head move-
ments in the dark is illustrated in Figure 5. The VOR gain
changed most rapidly during the first few minutes of head move-
ments, and the rate of change generally slowed as the hour pro-
gressed. Figure SA shows an example time course for one experi-
ment when the initial gain was low. Figure 5, B and C, compare
the average changes for each monkey after 10 min (left) and the
full hour (right) of head movements in the dark. The change was
not complete after 10 min (significantly greater change after 1 h
than after 10 min; p <0.05, n =25 for magnifying goggles;
p <1073, n =39 for miniaturizing goggles), showing that the re-
versal of learned changes in gain is a gradual process.

DISCUSSION

The purpose of motor learning in the VOR is to calibrate the eye
movement so that it effectively stabilizes images on the retina.
The presence of retinal image motion during head movements
indicates an improperly calibrated VOR, which is corrected by
appropriate adjustment of the VOR. Therefore, retinal image mo-
tion is generally considered to be the error signal that drives
learned changes in the VOR (e.g., Ito 1982). This study, however,
demonstrates a situation in which retinal image motion is not
necessary to drive changes in the VOR. Following several days of
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Figure 5 Time course of the reversal of learned changes in VOR gain.
(A) Example time course of changes in VOR gain in Monkey B during
head rotations in the dark after the gain had been lowered through
training with miniaturizing goggles. Most of the change occurred during
the first few minutes of head movements, but changes continued
throughout the hour. (B) Change in VOR gain after 10 min of head
movements in the dark (left) compared with the change after the full hour
of head movements in the dark when the initial gain was high. (C) Same
as B, when initial trained gain was low.
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training, the learned VOR gain reverted toward normal after only
1 h of head movements in the absence of visual input.

Passive Decay

After the acquisition of an increased VOR gain, the VOR gain
decreased when the animal sat stationary in the dark. This de-
crease seems to reflect a decay of the recently acquired increase in
gain, because animals with a normal, untrained VOR gain exhib-
ited no consistent gain change after sitting stationary in the dark
for 1 h. This passive decay of the learned increase in VOR gain
could reflect a process of forgetting or it could reflect the loss of
an arousal-dependent expression of the increased VOR response.
In contrast, when the learned VOR gain was low, sitting station-
ary in the dark had no effect on the learned gain. Thus, at least
part of the learned increase in gain is labile and subject to short-
term, passive reversal, whereas the learned decrease in gain is
more stable.

These results confirm and extend a previous study of the
forgetting of motor learning in the VOR (Miles and Eighmy
1980). In that study, animals wore magnifying or miniaturizing
goggles for 2 wk and then sat with their heads immobilized in the
dark for a period of several days. Daily measurements examined
the decay of learning. As in our study, Miles and Eighmy reported
passive decay of the learned increase in VOR gain produced by
long-term training with magnifying goggles, but no passive de-
cay of the learned decrease in VOR gain produced by training
with miniaturizing goggles. Moreover, the decay of the increase
in gain they observed 1 d after training was similar in magnitude
to the decay we saw after just 1 h, suggesting that the majority of
passive decay occurs quickly in the absence of visual input.

Extinction-Like Return Toward Normal VOR Gain

After the acquisition of either a learned increase or decrease in
VOR gain, head movements in the absence of visual stimulation
induced changes back toward normal gain (Fig. 3). Because the
absence of visual stimuli alone caused a similar decay of a learned
high gain, it appears that no additional extinction-like process
was induced by the head movements. This does not necessarily
mean that an increase in VOR gain cannot undergo extinction,
but we were unable to detect such a phenomenon with the para-
digms used in the current study. In contrast, when the learned
VOR gain was low, changes back toward normal gain occurred
only during head movements in the dark. Sitting stationary in
the dark did not cause the learned low gains to return toward
normal. Thus, the reversal of the learned decrease in VOR gain
required an active process, which is driven by head movements
and which is similar to the extinction of a classically conditioned
response.

Head movements in the absence of visual input have been
reported to produce decreases in VOR gain through habituation
(e.g., Jeannerod et al. 1976; Schmid and Jeannerod 1985). How-
ever, habituation cannot explain the observation that learned
low gains increased during head movements in the dark (Fig. 3A),
because habituation always results in a decreased gain. The gain
increase we observe is more akin to extinction. It should be
noted, however, that the stimulus used to produce extinction of
a classically conditioned response is usually identical to the con-
ditioned stimulus used in the acquisition of learning. In the cur-
rent study, we used somewhat different head movement stimuli
for the acquisition of learning (natural head movements in the
home cage) and the reversal of learning (0.5 Hz sinusoidal head
movements). Nevertheless, natural head movements contain
many different frequencies including 0.5 Hz (Armand and Minor
2001), and therefore, the sinusoidal head movements can be
thought of as a subset of the original head movement stimuli


http://learnmem.cshlp.org/
http://www.cshlpress.com

Downloaded from learnmem.cshlp.org on September 27, 2009 - Published by Cold Spring Harbor Laboratory Press

Reversal of Motor Learning in the VOR

used for the acquisition of learning. Despite this procedural dif-
ference between the current experiments and more standard ex-
tinction paradigms, it is clear that the presentation of head
movements alone drives a reversal of the learned behavioral
changes that does not occur in the absence of the head move-
ments. The anatomical and behavioral similarities between eye-
blink conditioning and VOR adaptation (Raymond et al. 1996)
suggest that this reversal of learning in the VOR may share neural
mechanisms with extinction of classically conditioned eyeblink
responses.

Candidate Neural Mechanisms for the Extinction-Like

Process in the VOR Circuit

There are two main hypotheses concerning which neural signals
trigger changes in the VOR circuit (Ito 1972, 1982; Miles and
Lisberger 1981), and evidence to suggest that both could operate
in parallel (Raymond and Lisberger 1998; Boyden et al. 2003; Ke
and Raymond 2004). One hypothesis is that plasticity is triggered
in the VOR circuit by instructive signals carried by the simple
spike outputs of Purkinje cells (Miles and Lisberger 1981). Pur-
kinje cells exhibit different responses in the presence of visual/
vestibular stimuli that induce learned increases versus decreases
in VOR gain, and it has been suggested that these different neural
responses could trigger the different changes that must occur in
the VOR circuit under such conditions. As learning progresses,
Purkinje cells also exhibit learning related changes in their re-
sponses during performance of the VOR, that is, during head
movements in the dark. Before learning, Purkinje cells show little
response to head movements in the dark, but after learning has
been induced, the Purkinje cells exhibit robust responses to head
movements in the dark, which are similar to those that were
present during the specific visual/vestibular stimulus used to in-
duce learning. More specifically, during visual/vestibular stimuli
that increase VOR gain and during head movements in the dark
in animals with a learned high VOR gain, Purkinje cells increase
their firing during contraversive head movements. During vi-
sual/vestibular stimuli that drive decreases in VOR gain and dur-
ing head movements in the dark in animals with a learned low
VOR gain, the Purkinje cells increase their firing during ipsiver-
sive head movements (Dufosse et al. 1978; Lisberger and Fuchs
1978; Miles et al. 1980a,b; Watanabe 1984; Lisberger et al. 1994;
Partsalis et al. 1995).

Therefore, if the Purkinje cell responses during head move-
ments in the dark were to trigger changes in the VOR circuit,
these changes should continue in the learned direction (Lisberger
1996). In other words, head movements in the dark following a
learned increase in VOR gain should cause a further increase in
gain, and head movements in the dark following a learned de-
crease in gain should induce a further decrease. This predicted
change is the opposite of what was observed (Fig. 3A), suggesting
that Purkinje cells do not provide the instructive signals that
trigger the extinction-like return to normal VOR gain.

A second hypothesis about the neural mechanisms mediat-
ing motor learning in the VOR contends that climbing fibers
provide the neural instructive signal guiding plasticity in the
VOR circuit (Ito 1972, 1982). Climbing fibers respond strongly to
image motion (Maekawa and Simpson 1973; Simpson and Alley
1974), suggesting that they might be suited to trigger the changes
induced when head movements are paired with image motion.
New evidence, however, suggests that climbing fibers can also
respond during head movements in the dark, hence they may be
well poised to induce the extinction-like reversal of learned
changes in VOR gain. When rabbits with a normal, untrained
VOR gain undergo head movements in the dark, climbing fibers
show an increase in firing rate during contraversive head move-

ments, as they do in the presence of visual-vestibular stimuli that
cause a decrease in VOR gain (Simpson et al. 2002). Following
gain decreases, some climbing fibers exhibit responses during
head movements in the dark like those normally seen in the
presence of visual/vestibular stimuli that increase VOR gain (in-
creased firing rate during ipsiversive head movements; Belton et
al. 2002), which could potentially explain the increase in VOR
gain observed when animals with a low learned gain underwent
head movements in the dark (Fig. 3A, low initial gain).

Climbing fiber activity also has been implicated in the ex-
tinction of eyeblink conditioning. Pharmacological manipula-
tions that block inhibition of climbing fibers prevent the extinc-
tion that normally would be induced by presentations of the CS
alone, and manipulations that inhibit climbing fibers cause ex-
tinction during continued CS-US pairings (Medina et al. 2002).
Therefore, it has been hypothesized that inhibition of climbing
fiber activity is the neural signal that triggers extinction in this
paradigm.

Comparison of Different Motor Learning Paradigms

The results presented here show that following several days of
motor learning, VOR gain changes can be reversed substantially
over a very short timescale in the absence of visual input. This
reversal requires head movements when the initial learning re-
sults in a low VOR gain, but not when the learned gain is high,
which suggests that at least two distinct processes govern the
reversal of motor learning in the VOR.

The current results are consistent with previous reports that
learned decreases in VOR gain are more difficult to reverse than
learned increases (Miles and Eighmy 1980; Boyden and Raymond
2003; Kuki et al. 2004). Boyden and Raymond proposed that the
difference in reversal properties could reflect the contribution of
different neural plasticity mechanisms to the acquisition of these
two forms of motor learning in the VOR. The idea of different
mechanisms for learned increases and decreases in gain is also
supported by reports of different pharmacological sensitivities of
gain increases and decreases (Li et al. 1995; Boyden et al. 2003).

Thus, within the VOR circuit, different mechanisms seem to
contribute to the storage and reversal of motor memories for
increases versus decreases in gain. Nevertheless, we find similari-
ties between the reversal of a learned low VOR gain and extinc-
tion in eyeblink conditioning, which suggests that some mecha-
nisms for the reversal of memory may be shared between the
different regions of the cerebellum contributing to these behav-
iors.

METHODS

The subjects in this experiment were one female and three male
rhesus monkeys (Macaca mulatta; 6-15 kg). Monkey L seemed to
have impaired vision in one eye. The eye movements reported for
that monkey were recorded in the eye with apparently normal
vision. Using sterile procedures described previously (Lisberger et
al. 1994; Raymond and Lisberger 1996), animals were implanted
with an eye coil for measuring vertical and horizontal eye move-
ments and a head holder for restraining the head. During experi-
ments, animals were seated in a primate chair to which their
head holder was secured. Head movement stimuli were delivered
using a servo-controlled turntable (Carco) that rotated the ani-
mal, the primate chair, and a set of magnetic field coils (CNC
Engineering) together about a vertical axis. All surgical and be-
havioral procedures conformed to guidelines established by the
U.S. Department of Health and Human Services (National Insti-
tutes of Health) Guide for the Care and Use of Laboratory Ani-
mals (1996) as approved by Stanford University.

VOR Gain Training

Animals were fitted with either 2.2 X magnifying or 0.25 X min-
iaturizing goggles, which they wore in their home cages for up to
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4 wk. The first experiments were conducted after the monkey had
been wearing the goggles for at least 24 h. Following each day’s
experiment (which lasted <2 h), animals were returned to the
home cage with the goggles on until the next experiment. Ex-
periments were most often separated by 24 h and were never
separated by <18 h. After the animals had worn goggles for a
period of several weeks, the goggles were removed and the ani-
mals were allowed at least 1 wk to recover in their home cages
before more experiments were conducted. After removal of the
goggles, the VOR gain returned to normal in ~3 d.

Testing Procedures

During an experiment, the animal was seated in a primate chair
and its head was restrained using the implanted head holder. The
chair was secured to the turntable. Once the animal’s head was
fixed, the goggles were removed and the eye coil was calibrated
by having the monkey fixate a small visual target at a number of
locations. Within 10 min of the goggles being removed, the
lights were turned off. At no time during the setup were the
animals allowed to experience combined visual and vestibular
stimulation when they were not wearing goggles. All experi-
ments were conducted in a room specially designed to keep all
light out, and this was checked periodically by the experimenters
by adapting to the darkness in the room for 15 min and searching
for stray light. To further control for possible light leaks into the
room, some experiments on Monkey B were conducted while the
goggles remained on throughout the hour of head movements in
the dark (Fig. 4).

In some experiments, animals were rotated at 0.5 Hz, =10°/
sec for 1 h. During this period, the VOR was recorded at various
time points without disrupting the continuous rotation of the
animal. In a subset of these experiments on Monkeys B and D,
the period of uninterrupted 0.5-Hz head movements was both
preceded and followed by 1 min each of 0.5-Hz, 1-Hz, 2-Hz, and
5-Hz head movements for the purpose of measuring changes in
VOR gain at different frequencies.

In some experiments, the VOR was measured by delivering
a 0.5-Hz head movement for 1 min before and after 1 h of sitting
stationary in the dark. A subset of these experiments on Monkeys
B and D included 1-min tests at each of 0.5 Hz, 1 Hz, 2 Hz, and
5 Hz before and after the hour of sitting stationary in the dark.
Therefore, the animals received at most 5 min of head move-
ments before the hour of sitting in the dark. Experiments in
which the animal experienced 1 h of head movements in the
dark and experiments in which the animal experienced 1 h of
sitting stationary in the dark were usually conducted on alternate
days.

To keep the animals alert, they were rewarded with a drop of
juice every 1.5-2.5 sec for keeping their eyes within 15° of
straight ahead gaze in the dark. If the eye movement traces
showed the characteristic irregular eye velocity drift and lack of
spontaneous saccades suggesting that an animal was beginning
to fall asleep, it was wakened by experimenters using auditory
stimulation.

VOR Measurements and Data Analysis

Voltages related to eye and head velocity were recorded on-line at
a sampling rate of 500 Hz per channel. Eye velocity traces were
edited off-line to remove saccades (see Lisberger et al. 1994; Ray-
mond and Lisberger 1996). Sine wave cycles were aligned on zero
crossings of the head velocity and averaged. Only cycles in which
the monkey maintained its gaze within 15° of straight ahead
were included in the averages. Most averages included at least 10
cycles, but a few included fewer than 10 cycles. Averaged eye and
head velocity were analyzed using Fourier analysis. The gain of
the VOR was calculated as the ratio of the amplitude of the fun-
damental component of the eye velocity to the amplitude of the
fundamental component of the head velocity. Gain changes are
reported as the difference between the gain measured after 1 h of
rotating or sitting in the dark and the gain measured before the
1-h period.

Except where noted, statistical significance was assessed us-
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ing a Student’s T-test. The use of monkeys in this study necessi-
tated a relatively small number of experimental subjects; there-
fore, replications from all four monkeys were pooled to calculate
significance across conditions. This method treated each mea-
surement as equal and weighted the contribution from each
monkey by the number of measurements in that monkey. The
plots in Figures 2-5 show data from each monkey individually so
that the reader can assess monkey-to-monkey variability. With
four monkeys, statistical tests that treat the average of all repli-
cations from a given monkey as one data point (n = 4 for each
experimental condition) are not accurate. Nevertheless, T-tests
done in this manner yielded quantitatively similar results.
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