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Abstract

Purpose—This paper focuses on motor learning within the saccadic and vestibulo-ocular reflex
(VOR) oculomotor systems, vital for our understanding how the brain keeps these subsystems
calibrated in the presence of disease, trauma, and the changes that invariably accompany normal
development and aging. We will concentrate on new information related to multiple time scales of
saccade motor learning, adaptation of the VOR during high-velocity impulses, and the role of
saccades in VOR adaptation. The role of the cerebellum in both systems is considered.

Methods—Review of data involving saccade and VOR motor learning.

Results—Data supports learning within the saccadic and VOR oculomotor systems is influenced
by 1). Multiple time scales, with different rates of both learning and forgetting (seconds, minutes,
hours, days, and months). In the case of forgetting, relearning on a similar task may be faster. 2).
Pattern of training, learning and forgetting are not similarly achieved. Different contexts require
different motor behaviors and rest periods between training sessions can be important for memory
consolidation.

Conclusions—The central nervous system has the difficult task of determining where blame
resides when motor performance is impaired (the credit assignment problem). Saccade and VOR
motor learning takes place at multiple levels within the nervous system, from alterations in ion
channel and membrane properties on single neurons, to more complex changes in neural circuit
behavior and higher-level cognitive processes including prediction.

1. Introduction

The ocular motor system is ideal to study the control of movement including the adaptive
mechanisms by which the brain maintains the precise calibration necessary for optimal motor
performance. With eye movements, it is easy to measure and quantify the motor output and to
manipulate the sensory input (e.g., movement of the head or movement of objects in the visual
scene). The anatomical and neurophysiological bases of eye movements are well understood,
and a computational approach is easily applied to eye movements to develop analytical models
of normal and abnormal ocular motor control. Here we will concentrate on two ocular motor
subsystems, saccades and the vestibulo-ocular reflex (VOR). We will focus on recent advances
in understanding the vital mechanisms by which the brain keeps these systems calibrated in
the presence of disease, trauma and the changes that invariably accompany normal
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development and aging. For saccades, we will concentrate in new information related to
multiple time scales of motor learning. For the VOR, we will focus on new information related
to adaptation of the VOR during the high-velocity impulses and the role of saccades in VOR
adaptation. For both we will consider the role for the cerebellum. Finally, we will look for ways
in which we can apply what we learn about adaptation to better diagnosis and treatment.
Concerning this last point, it is important to remember that there are constraints on adaptive
capabilities that help diagnosis but may hinder rehabilitation. This is especially so for saccades
and the VOR as they must operate ‘open-loop’ to ensure rapid stabilization of gaze on objects
of importance in the environment. Because ‘immediacy’ is essential for survival in natural
behavior, neither saccades nor the VOR have the luxury of using visual information to update
their motor response before the important part of the movement is over. They must rely on
other mechanisms, including internal feedback, prediction and recalibration, in order to
optimize performance.

Any understanding of the mechanisms underlying adaptation of saccades or the VOR must
consider following complexities: 1) There are multiple time scales of learning, with different
rates of both learning and forgetting (seconds, minutes, hours, days, and months), and once
forgotten, relearning on a similar task may be faster (recall). 2) The pattern of training
influences learning and forgetting, and rest periods between training sessions influence the
retention of learning (consolidation). 3) Different contexts require different motor behaviors;
depending on environmental circumstances (e.g., am | tilted or am | upright) different learned
behaviors must be gated in or out. 4) Deciding where blame resides when motor performance
is impaired is difficult (the credit assignment problem) For example, am | the problem? Is my
motor system at fault? Are my eye muscles weak? Or has there been a change in the
environment or how | perceive it? E.g., have | lost calibration because | am wearing corrective
spectacles? 5) Learning takes place at multiple levels within the nervous system, from
alterations in ion channel and membrane properties on single neurons, to more complex
changes in neural circuit behavior, to higher-level cognitive processes including prediction and
development of purposeful strategies to optimize motor performance.

2. Saccade adaptation

Since saccades are so fast, usually complete in less than 60 ms or so, there is no time for
immediate visual feedback to correct for errors in performance. Hence, the brain must
recognize when saccade performance is imperfect and recalibrate premotor commands to
restore accuracy. What the error signals are that stimulate adaptive recalibration and how such
motor learning is implemented have been investigated since the landmark study of McLaughlin
(1967) (see also comprehensive reviews by Hopps and Fuchs, 2004 and Shelhamer et al.,
2003). McLaughlin used a double target step paradigm in which he imposed a persistent retinal
error after every primary saccade by jumping the target as soon as the saccade toward the first
target began. The first saccade becomes inaccurate requiring a second, corrective saccade to
reach the new target location. Within a relatively small number of trials premotor commands
gradually change so that the initial saccade grows bigger or smaller (depending upon whether
the second target moves farther from or closer to the starting position of the eye). The adapted
saccades persist even when training stops and their return to the pre-training state is gradual,
not abrupt, suggesting that this is a true form of adaptive plasticity rather than a high-level
cognitive strategy.

Variations of this relatively simple double-step paradigm have been used for decades and
considerable knowledge has emerged, not only about how rich and flexible, but also how
complex saccade adaptation can be. Still uncertain are the nature of the error signal(s) that
drive saccade adaptation (visual errors or the motor responses that correct them), the
mechanisms that underlie saccade adaptation occurring on different time scales and within
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different contexts, and the differences between mechanisms that acquire and those that retain
motor learning.

There also is an important caveat when inferring underlying mechanisms from results in the
double-step paradigm. The double-step paradigm presents an error signal that is on the
‘afferent’ side of neural processing for saccades, e.g., as if there has been a ‘change’ in the
world or in how visual information is processed. Saccade adaptation is also called for when
there is a change on the efferent side, e.g., in response to muscle weakness. Indeed, how the
brain deciphers the cause of dysmetria is a nagging unknown. One possibility is ocular
proprioception, which can signal whether or not there is a mismatch between afference
(position of the eye in the orbit) and efference (premotor command), which would be the case
if there were a true muscle weakness.

3. Cross-axis adaptation

4. On axis

Recently, Chen-Harris et al used a short-term (minutes), double-step paradigm (cross-axis) to
elicit saccade adaptation in intact humans (Chen Harris et al., 2008). By having the second
target jump orthogonal (vertical) to the first (horizontal) subjects learned to develop oblique
saccades in response to horizontal target displacement. Furthermore, the adapted saccades were
curved, moving more rapidly toward the second (vertical) target as the saccade neared its end.
This curvature allowed us to dissect learning into two processes with different time scales: a
faster process (sec to min) that primarily occurred late in the saccade, leading to saccade
curvature and a slower process (tens of min) that occurred early in the saccade and altered its
initial direction. The fast and slow mechanisms were evident in both the acquisition and
retention of the novel motor behavior. Thus, the signature of this two-stage process in saccade
learning and forgetting is the way adapted saccades acquire and lose curvature.

One may ask if the fast component of the adaptive response reflects an anticipatory,
predictive, vertical response based on the subject’s expectation of the final location of the
target. If true, the curvature would arise from a cognitive strategy to produce the vertical
component, rather than a lower level, plastic change in motor innervation. Prior evidence
indicates some of the change in saccade amplitude during on-axis adaptation is lost
immediately when the adaptive stimulus disappears, suggesting some role for an anticipatory
strategy rather than more enduring synaptic plasticity (Straube et al., 2001). We would suggest,
however, during cross-axis adaptation the curvature arises from the action of a ‘forward model’
that normally monitors efference copy and, in the case of a discrepancy in what is expected for
accurate saccades, corrects movements as they occur online (Chen Harris et al., 2008; Optican,
2005).

Regardless of the mechanism for the fast time scale adaptation, its prompt acquisition and
relatively quick forgetting (or dismissal if this response is a higher-level cognitive strategy)
gives the brain flexibility and time to determine if there is true dysmetria, and if so, what its
cause might be. Is inaccurate performance merely due to random and transient fluctuations in
neural activity or is there a problem requiring a more enduring repair? This conundrum is the
earliest part of the credit assignment problem. Is the dysmetria due to natural and benign
fluctuations in neural activity, changes that are more enduring in the external sensory
environment, in the internal circuitry of the brain that processes sensory information and issues
motor commands, or in the motor effectors themselves?

adaptation: New findings

Ethier et al recently reinvestigated on-axis double step (gain-increase and gain-decrease)
saccade adaptation asking if there were also two time scales in this type of learning (Ethier et
al., 2008a). They dissected the multiple time scales of learning and forgetting by using a
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deadaptation block after a sustained period of training, in which the direction of the adaptive
stimulus reversed to baseline. Then, in the post-training period, ‘error-clamp trials’” were
introduced. In an error-clamp trial, a saccade is made to a visual target that is extinguished
when the eye begins to move toward the target. After the initial saccade, the subject remains
in darkness for 500-800 ms after which the target reappears and is placed on the fovea. In this
way, there is no error signal and the brain ‘infers’ that the saccade is accurate and there is no
need to change motor performance. The rate of forgetting of both the fast and slow time scale
learning can be revealed using error clamp trials that are unencumbered by error signals that
would promote a return to the pretraining state. Ethier et al. found that after the adaptation and
deadaptation blocks, the initially learned gain change reappeared albeit with a reduced
magnitude. This result showed longer time scale learning was slowly decaying though still
present during the reversed training, and that the two adaptive processes were occurring
simultaneously. These findings support the fast and slow time scale model of short-term
saccade adaptation.

5. Changes in the dynamic properties of adapted saccades

Ethier et al also readdressed the long-standing issue of what happens to the dynamic properties
of saccades. i.e., to their peak velocity — amplitude relationships, or ‘main sequence’, when
they undergo adaptation (Ethier et al 2008b). One problem when addressing this issue is that
there are changes in saccade dynamics simply due to the repetitive nature of the task (Golla et
al., 2008). Saccades slow down in response to a pattern of identically repeating saccades to the
same target positions though they remain accurate in normal subjects. Ethier et al used a novel
control paradigm in which the saccade pattern during adaptation was mimicked in the same
subject on another day but without any error signals to drive adaptation. Then they compared
any changes in the dynamics of saccades during adaptation with those associated only with
repetition. Ethier et al found that gain-decrease but not gain-increase adaptation led to
differences in the dynamic properties (main sequence) of saccades. Using optimal control
theory, they evaluated the “costs’ (time to reach target and accuracy) of a change in saccade
dynamics. Their analysis suggested that it was optimal for the brain to choose a target
remapping strategy with gain-up adaptation and a modification of an internal forward model
with gain-down adaptation. Presumably long-term adaptation mechanisms eventually restore
saccade dynamics, i.e., their main sequence relationships, back to their original pattern, but
how this is accomplished and when this happens is unknown.

5.1. A role for forward models in the control of saccades

As alluded to above, under the credit assignment problem, the brain must face the inevitable
variability in premotor saccade commands from one movement to the next. This variability
has many sources including internal noise and the vagaries in motor commands related to the
degree of attention and the value attached to the intended visual target. Nevertheless, saccades
remain remarkably accurate in the face of fluctuating premotor commands. Internal feedback
is a proposed solution, and the cerebellum has been implicated in this process (Golla et al.,
2008). In this scenario, the cerebellum monitors the progress of the saccade toward its goal.
Should there be a deviation in amplitude or direction from what is needed to complete the
movement accurately, the cerebellum corrects the trajectory and steers the eye to the target
(Optican, 2005). Presumably, the cerebellum uses an efference copy of the on-going position
of the eye during the saccade and compares it with a forward model that allows it to predict
where the eye will end up. Based on this immediate information about saccade trajectory, the
cerebellum can make any necessary corrections promptly online and ensure that the saccade
is accurate. Our own findings are compatible with this formulation; the major adjustment to
the saccade trajectory during repetition fatigue was a delay and a diminution in the later,
deceleration phase of the saccade (Xu, Zee, Shadmehr, unpublished observations).
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We can apply a similar logic should there be a persistent end-point error, i.e., a consistent
pattern of dysmetria. The cerebellum would detect this and then implement a more sustained
change in the saccade premotor command to restore the correct calibration for optimal motor
performance. Here, however, there must be more than just an adjustment toward the end of the
saccade. The initiation of the saccade must also be modified. Indeed firm physiological
evidence based on single unit recordings from the fastigial nucleus points to a role for the
cerebellum in supervising not only the ending of saccades but also their beginning (Robinson
and Fuchs, 2001). The effect of the fastigial nucleus and the corresponding dorsal vermis above
it is to modulate activity that a) drives the beginning of contralateral saccades and b) helps to
end ipsilateral saccades. Our studies in normal humans suggest an early (near the beginning of
the saccade) and a late (toward the end of the saccade) component to saccade adaptation (Chen
Harris et al., 2008). Certainly, there is a persuasive rationale and substantial evidence for this
formulation, which puts the cerebellum in a central position both to compensate for online
variability in saccade commands and to maintain saccade accuracy in the long-term. Even so,
exactly how the cerebellum implements such compensation and learning is unknown (see
below).

5.2 Behavioral deficits in saccade adaptation with cerebellar lesions

Studies in humans and monkeys with cerebellar lesions have shown deficits in saccade
adaptation. Experimental lesions of the dorsal vermis in the monkey impair short-term
adaptation in response to a double-step paradigm (Takagi et al., 1998; Barash et al., 1999).
Patients with diffuse cerebellar degeneration show deficits in the same type of paradigm
(Straube et al., 2001; Golla et al., 2008). Long-term adaptation, in response to an ocular muscle
weakness for example, is also impaired in monkeys with cerebellar lesions (Optican and
Robinson, 1980). Lesions in thalamic relay neurons (presumably from the cerebellum to
cerebral cortex) interfere with saccade adaptation (Gaymard et al., 2001). Studies in patients
with focal structural lesions in the lateral cerebellar hemispheres also show defects saccade
adaptation (Choi et al., 2008); this suggests that another cerebellar locus, apart from the vermis
and fastigial nucleus, also contributes to saccade adaptation. Finally, the effects of cerebellar
lesions upon visually guided, ‘reactive’ saccades and upon scanning voluntary saccades appear
to be spatially independent (Alahyane et al., 2008). A lesion in the midline vermis affected
adaptation of reactive saccades while a lesion in the lateral hemisphere affected adaptation of
scanning voluntary saccades. Taken together these results suggest a specific role of the
cerebellum in saccade adaptation and that different parts of the cerebellum play different roles
in different types of saccade adaptation.

Golla et al recently showed that cerebellar patients are deficient both in feedback control of
saccade duration during repetitive saccades to the same target, and in the adaptive process in
response to a double-target jump stimulus (Golla et al., 2008). We have also found that the
adaptation deficit in cerebellar patients was greater for the faster learning process. These data
suggest an overarching hypothesis about cerebellar function: the cerebellum prevents saccadic
dysmetria by playing a key role both in compensation for the inherent internal variability in
generating saccade commands and in adapting to persistent end-point errors. A corollary
hypothesis is that the same cerebellar mechanism is involved in the faster time scale learning
and in the compensation for internal variability of saccade commands. Implementation of this
mechanism could be via a forward model of the expectation of the brain of the outcome on
performance of any given premotor command.

6. Vestibulo-Ocular Reflex (VOR) adaptation

As for saccades, the VOR operates open loop; its latency (7—10 ms) is too brief for immediate
visual feedback to correct for errors performance. Accordingly the brain must identify defective
performance and then restore steady gaze so vision is preserved during and just after

Restor Neurol Neurosci. Author manuscript; available in PMC 2010 September 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schubert and Zee

Page 6

movements, the raison d’ étre of the VOR. If the deficit is not too severe, the brain can augment
the amplitude of an inadequate slow phase of the VOR. If the deficit is profound, the brain
must enlist surrogate eye movements such as saccades to substitute for or augment the
inadequate slow-phase response.

Gain (ratio of eye velocity to head velocity) is the usual quantitative measure of performance
of the VOR. Experimental studies typically couple head motion with an unnatural pattern of
target motion to elicit VOR adaptation. Image motion on the retina during head motion —retinal
slip — is the primary error signal that drives adaptation of the VOR, and the adaptive response
to this stimulus is robust (e.g., Gauthier and Robinson, 1975; Gonshor and Jones, 1976).
Depending on the direction of the motion of the target relative to the motion of the head, the
amplitude of the VOR will increase or decrease. The duration of exposure is also important
for the consolidation of new learned behaviors, perhaps enabling new protein synthesis for
long-term memory construction (Mzcgaugh and Roosendaal, 2002; Barzilai et al., 1989). As
an example, exposure to artificial retinal slip during rotation of the head for minutes to hours
will increase the VOR gain from 10%—-35% of that requested depending of the individual and
the specific pattern of stimulation (Tilikete et al., 1993; Tilikete et al., 1994; Shelhamer et al.,
1994; Yakushin et al., 2003; Schubert et al., 2008a). In contrast, exposure to an adaptation
stimulus lasting hours to days produces gain changes of 60% to 100% of the adaptive demand
(Melvill Jones et al., 1988; Istl-Lenz et al., 1985; Miles and Eighmy, 1980; Miles and Braitman,
1980; Clendaniel et al., 2001; Kuki et al., 2004). Recent findings comparing short and long-
term gain training show differences that may have important implications for clinical
rehabilitation. Longer duration training of the VOR results in a larger in VOR gain compared
with shorter exposure times. This learned memory, however, is forgotten more quickly.
Interestingly, learned low gains are more resilient; they required hours of up training for
restoration, to baseline. Learned high gains, however decay spontaneously, only requiring
minutes of down training to return to baseline (Boyden and Raymond, 2003; Kuki et al., 2004).
These data suggest the VOR has two time scales for learning and reversal, in part, depending
in whether the adaptive change is up or down (Boyden and Raymond, 2003).

Adaptive changes in the VOR gain to retinal slip are greater when the error signal is gradually
incremented than presented in its entirety (Schubert et al., 2008a). Using an incremental
velocity error in normal subjects, the VOR increased by a mean 17% during active head
impulses with head velocities greater than 130 deg/sec. This adaptation also transferred to
passive head impulses in most subjects. In patients with unilateral vestibular hypofunction,
exposure to the graded incremental retinal slip also increased the VOR during active head
impulses by mean 18% better than the —6% that occurred with abrupt learning. Some of the
patients also showed VOR gain adapt for passive head impulses. With this paradigm, corrective
or ‘compensatory’ saccades (CS), in the same direction as the inadequate slow phases were
recruited during training.

7. VOR adaptation induced by position and alternate error signals

Although retinal slip is probably the most effective means to stimulate VOR adaptation, other
error signals may also contribute. These include position error signals (Eggers et al., 2003),
imagined motion of the target (Jones et al., 1984), strobe light (Mellvill Jones and Mandl, 1979)
and tracking of images stabilized on the retina (flashed after images) (Shelhamer et.al., 1995).
Exposure to persistent optokinetic stimulation without concurrent head rotation may also drive
VOR adaptation (Tilikete et.al., 1994).

Eggers et al. asked normal subjects to view a stationary target that changed its position at the

onset of an unpredictable whole-body rotation (position error signal). With this position-error
stimulus, subjects increased the gain of the slow phase of the VOR by 5%-16%, depending on
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the individual. Interestingly, subjects also recruited saccades to augment the slow-phase
response, which, in the same individuals did not happen during VOR adaptation using retinal
slip signals (Eggers et al., 2003). Recently, we investigated the use of an incremental position
error signal to adapt the VOR during high-velocity, activated head impulses (Scherer and
Schubert, 2009). Subjects made active head impulses while viewing a target that moved with
a progressively increasing position error (target was off during head rotation then flashed on
in a new target direction opposite of the head position). In a separate experiment, the position
error was always 5% of the change in head position. Both paradigms were designed to increase
VOR gain. VOR increased with a range of 6 to 15% during active head impulses, and depending
on the subject, as much as 7% when tested with passive head impulses. Interestingly, the largest
amount of gain change occurred only for the paradigm with the smallest increment in error
signals (constant 5%). These findings suggest that position error signals, like velocity errors
drive adaptation that can occur in a context different from the adapting stimulus (active and
passive) and occurs best when the error signals are small. The position error paradigm also
recruited compensatory saccades to augment the VOR.

7.1. Compensatory saccades as an adaptation to abnormal peripheral VOR function

Patients with peripheral vestibular deficits show impaired gaze stabilization and consequently
their visual acuity degrades during head rotation (Herdman et al., 1998; Schubert et al.,
2002a). When the deficit is marked, patients substitute other types of eye movements to
augment the diminished slow-phase component of the VOR. These include CS (Kasai and Zee,
1978; Bloomberg et al., 1991; Maurer et al., 1998; Tian et al., 2000; Della Santina et al.,
2002; Schubert et al., 2002b; Schubert et al., 2008b; Weber et al., 2008; Weber et al., 2009).
Patients with vestibular hypofunction naturally adopt CS as a strategy to assist gaze
stabilization, whether or not patients can be trained to use them is unknown.

Recently, Weber et al quantified VOR deficits in patients with vestibular hypofunction using
head acceleration ranges from 750 to 6000°/sec (Weber et al., 2008). They describe “covert’
or occult saccades, similar to CS, which occur during the head rotations, making them difficult
to observe clinically. The frequency and amplitude of covert saccades increased as head
velocity increased. Interestingly, the occurrence of the covert saccades was related to severity
of vestibular hypofunction: Patients with partial vestibular function due to intratympanic
gentamycin injection generated about three times as many covert saccades as hormals, but only
half as many as patients with unilateral vestibular deafferentation.

Covertand CS appear to be similar. Their latencies are similar to ‘express’ saccades (~100 ms)
and much less than volitional saccades (~200 ms). This unique saccade is present during both
predictable and unpredictable head rotations (Della Santina et al., 2002; Fischer et al., 1984;
Baloh et al., 1975). CS occur at latencies suggesting they could be triggered from neck
prioprioception or from changes in activity on intact, contralateral vestibular afferents in the
case of unilateral vestibular hypofunction. They may also be pre-programmed (or predictive),
for example, if the head movement is active or if the head movement is passive but also
predictable. CS can reduce gaze error sizably, e.g., 28-59% for ipsilesional head rotations
(Segal and Katsarkas, 1988; Tian et al., 2001). We extended these findings by studying patients
with unilateral vestibular hypofunction (UVH) and bilateral vestibular hypofunction (BVH)
and comparing the difference in gaze stability when CS occurred during a predictable versus
unpredictable head impulse. In UVH subjects during active head impulses (predictable), gaze
position error was reduced by 63%, while during unpredictable passive impulses, by only 35%.
For BVH subjects, we found that each active head impulse included a CS; for passive head
impulses, gaze position error reduced 54% (Schubert, 2002b). These data suggest that when
the patient is aware (active or predictable) of the intended head rotation, the brain recruits a
compensatory saccade more often.
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The translational VOR (tVOR, otolith-mediated) also benefits from the symbiotic relationships
between the VOR and saccades. Shelhamer et al. adaptively increased the gain of the tVOR in
normal human subjects by exposing them to lateral sinusoidal translations and out of phase
target motion for 20 minutes (Shelhamer et al., 2000). Subjects learned to make saccades in
response to translation of the head in the direction of the slow eye movements. These CS
accounted for 32% of the tVOR after adaptation. Therefore, both the semicircular canal and
otolith-mediated VOR can use compensatory saccades to help stabilize gaze during motion of
the head.

CS are also modifiable with training. We measured eye rotations during a functional gaze
stability task (dynamic visual acuity) in which normal subjects were asked to identify letters
that flashed on a monitor during active head rotations with velocities exceeding 120 deg/sec.
There was a trend toward a direct relationship between the frequency of compensatory saccades
and the demand of the visual acuity task. Subjects made more CS during active head rotations
when letters flashed compared to when no letter flashed. We also examined the effects of an
exercise program designed to improve gaze stability during active head movements in patients
with chronic UVH (Schubert et al., 2008b). There was a combined 40% + 13% increase in the
number of CS used during the acuity task. The slow-phase gain of the VOR also increased on
average 35% during the acuity task. In the same patients, the VOR gain did not change during
passive head impulses, suggesting the salutary effect with active rotations of the head was from
the exercise program and not natural recovery. These findings support the notion that CS
become part of an adaptive strategy for vestibular loss that can be recruited with rehabilitation
exercises. In contrast, one patient with UVH who showed partial recovery of labyrinthine
function (VOR gain with passive head impulses improved over time) had a 47% reduction in
the frequency of CS during visual acuity testing with ipsilesional head rotations (Schubert,
2006). This suggests an inverse relationship between the recruitment and amplitude of CS and
the VOR gain for passive head rotations.

To epitomize, these data suggest that the brain uses whatever error signals available to optimize
gaze stability during and after head motion, even if they are self-created error signals using
one’s imagination. The data also support the idea that the brain creates a new internal model
of the perceived relationship of its head and eyes to the external environment, and then uses
error signals based on that model to drive adaptive processes. In a sense, this is similar to the
idea proposed about optimization of saccades, in which an internal forward model of what
should happen is compared with what is actually happening.

7.2. Physiological correlates of saccade and VOR adaptation

In experimental animal, many neurons in the brain change their activity in relation to behavioral
changes associated with saccade and VOR adaptation. With saccade adaptation, there are
changes in neurons in the brainstem, superior colliculus, cerebellar vermis and fastigial nuclei
(Desmurget et al., 2000; Fujita et al., 2002; Scudder and McGee, 2003; Hopp and Fuchs, 2005;
Takeichi et al., 2005; Robinson et al., 2006 Takeichi et al., 2007; Kojima et al., 2007; Kojima
et al., 2008; Soetedjo et al., 2008; Catz et al., 2008; Golla et al., 2008; Medina and Lisberger,
2008). Lesions in the cerebellum also interfere with saccade adaptation. Likewise,
experimental animals undergoing VOR adaptation show changes in neural activity in the
vestibulocerebellum and in the portions of the vestibular nuclei that receive projections from
the Purkinje cells (Miles etal., 1980; Miles and Lisberger, 1981; Lisberger etal., 1994; Partsalis
et al., 1995; Blasquez et al., 2000; Hirata and Highstein., 2001; Blazquez et al., 2006).
Furthermore, lesions in the cerebellar flocculus impair adaptation of the gain and the direction
of the VOR (Schultheis and Robinson, 1981; Zee et al., 1981; Lisberger et al., 1984; Rambold
et al., 2002; Kassardjian et al., 2005).

Restor Neurol Neurosci. Author manuscript; available in PMC 2010 September 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schubert and Zee

Page 9

We do not know how these physiological findings relate to the different time scales of motor
learning and the associated issue of the segregation of the substrates for the acquisition and the
retention of motor learning. For the vestibuloocular and optokinetic reflexes, physiological
studies in experimental animals including those with genetically engineered mutations in the
cerebellum support a functional and anatomical dichotomy for different time scales of motor
learning (Nagao, 1992; Raymond and Lisberger, 1998; van Alphen et al., 2001; Titley et al.,
2007; Broussard and Kassardjian, 2004). Whether or not we can translate these data to the
simple hypothesis that the Purkinje cells in the cerebellar cortex are critical for acquisition and
short-term learning and the deep nuclei for maintenance and long-term learning is unknown.
Any theory of motor learning by the cerebellum must take into account the multiple cell types
in the cerebellar cortex, many of which could play a role in synaptic plasticity. Furthermore,
changes in activity during motor learning in the fastigial nuclei for saccades or in the cerebellar
recipient portions of the vestibular nuclei for the VOR might not only mirror changes in
Purkinje cell activity but also reflect direct synaptic plasticity driven by collaterals from axons
that are destined for Purkinje cells. These complexities and unknowns make it still difficult to
ascribe a specific functional role for the cerebellum in motor learning.

8. Implications for physical rehabilitation

The saccade and vestibular ocular motor systems show a remarkable degree of adaptive
flexibility. When the VOR is inadequate, saccades and any residual vestibular generated eye
movements work together for gaze stability. Data from animal studies suggest that exposure
to retinal slip during head rotation are necessary to increase the gain, and any new memory
due to such combined visual-vestibular stimulation only persists with continued exposure.
Likewise short-term enhancement of the gain of the VOR when there is vestibular hypofunction
is well established, yet how long this learned behavior can be retained without additional
training is unknown. To increase an abnormally low VOR gain, training with progressively
increasing small retinal slip errors is more effective than with sudden, large errors.

In the case of vestibular hypofunction, the capability of both the saccadic and vestibular systems
to undergo modification provides a platform for rehabilitation. The challenge is to design a
physical therapy program, that incorporates and optimizes both adaptive strategies
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