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Signals and Learning Rules Guiding Oculomotor Plasticity
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The learning of motor skills is thought to occur largely through trial and error; however, the error signals and rules controlling the
induction of motor learning have not been fully elucidated. We evaluated the learning rules that translate the sensory and motor cues
available during training into learned changes in the gain and phase of the vestibulo-ocular reflex (VOR) of mice. Contrary to previous
theories, neither the phase of retinal image motion relative to head motion nor the phase of retinal image motion relative to eye movement
could consistently predict the direction of the learned change in the gain of the VOR across all training conditions tested. Instead, the
phase of the gaze movement relative to head motion during training was the best predictor of whether learning would increase or decrease
the gain of the VOR. Learned changes in the phase of the VOR were best predicted by a different cue–the phase of the eye movement
relative to head motion during training. These results provide new constraints on the neural mechanisms implementing the adaptive
calibration of the VOR by cerebellum-dependent motor learning.
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Introduction
To understand the mechanisms supporting motor learning, one
must determine which of the sensory and motor cues present
during training provide the instructive signals guiding learning.
To address this complex issue, we used a relatively simple form of
motor learning, for which the relevant sensory and motor signals
are readily controlled and measured. A systematic analysis of the
signals guiding motor learning in simple behaviors can help to
identify general principles about motor learning that would be
difficult to discern for more complex behaviors. We studied a
form of motor learning that modifies the eye movements driven
by the vestibulo-ocular reflex (VOR). The VOR is a reflexive eye
movement response to a vestibular stimulus, which stabilizes im-
ages on the retina during head motion by generating eye move-
ments in the opposite direction from head motion. If the VOR
fails to stabilize images during head motion, cerebellum-
dependent motor learning can adjust the gain or phase of the
VOR response (Ito et al., 1974; Miles and Fuller, 1974; Gonshor
and Jones, 1976; Robinson, 1976; Kramer et al., 1995; Boyden et
al., 2004; Katoh et al., 2008).

Three hypotheses have been proposed about the cues control-
ling VOR learning. One hypothesis proposed that the co-
occurrence of retinal slip and a vestibular stimulus (head motion)
drives learning (Ito, 1972). A second hypothesis proposed that

the co-occurrence of retinal slip and eye movement drives VOR
learning (Collewijn and Grootendorst, 1979). A third hypothesis
proposed that neurons encoding gaze velocity, in combination
with vestibular signals encoding head motion, drive VOR learn-
ing (Miles and Lisberger, 1981; Lisberger et al., 1984; Shelhamer
et al, 1994). Gaze velocity refers to eye movement in space, which
is affected by both the eye movement relative to the head and the
head motion in space.

It has been difficult to discriminate between these possibilities
because head motion, retinal slip, eye movement, and gaze move-
ment tend to covary under the conditions that are typically used
to study VOR learning in the laboratory (see Fig. 1). Under such
conditions, any of the three sets of cues previously hypothesized
to guide VOR learning seem to be capable of determining
whether learning should increase or decrease the gain of the VOR.

In the present study, we used a broad range of training para-
digms to break the covariation among sensory and motor signals
during VOR learning, to determine which of these signals could
consistently provide the instructive signals guiding learning. We
found that the direction of gaze movement relative to head mo-
tion was the best predictor of whether the gain of the VOR would
increase or decrease during learning, suggesting that gaze velocity
plays a key role in the induction of VOR gain learning.

We also assessed the cues driving learned changes in the phase
of the VOR and found that none of the previously considered
instructive signals for guiding VOR learning was adequate. In-
stead, the phase of the eye movements relative to head motion
during training reliably predicted the direction of learned
changes in the phase of the VOR.

Materials and Methods
All animal protocols were approved by the Stanford University Admin-
istrative Panel for Laboratory Animal Care. Experiments were performed
on 39 adult C57BL/6J male mice (The Jackson Laboratory). Surgical
methods were identical to those described previously (Boyden and Ray-
mond, 2003). While the mouse was under anesthesia, a headpost was
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attached to the top of the skull using anchor screws and dental acrylic,
and a scleral search coil (IET) was implanted on the temporal side of the
right eye just beneath the conjunctiva. The search coil leads were run
subcutaneously to a two-pin connector. Mice were allowed to recover
from surgery for at least 5 d before behavioral testing.

For experiments, the head of the mouse was immobilized by attaching
the implanted headpost to a restrainer. The restrainer was attached to a
turntable (Carco), which delivered a vestibular stimulus by rotating the
mouse about an earth-vertical axis. The restrained mouse was positioned
in the center of a magnetic field generated by a set of 18-inch magnetic
coils (CNC Engineering), which was fixed to the turntable. The magnetic
coils generated signals in the scleral search coil that were related to the eye
position. An analog differentiator and filter with a 300 Hz corner fre-
quency were used to obtain eye velocity from eye position. Gaze velocity
was calculated by summing eye velocity and head velocity. All signals
were digitized at a sampling frequency of 500 Hz.

Visual motion was delivered by a moving optokinetic drum made of a
white translucent plastic half-dome with black vertical stripes, each of
which subtended 7.5° of visual angle. The optokinetic drum was backlit
by two fiber optic lights (JH Technologies). After recovery from surgery,
oculomotor performance was tested on 2 consecutive days using a range
of vestibular and optokinetic stimuli. A minimum of one day after the
tests of oculomotor performance, motor learning was tested.

Eighteen different visual-vestibular training paradigms were used to
test VOR learning. In all 18 training paradigms, the vestibular stimulus
was the same, with a sinusoidal angular head velocity profile, at 1 Hz,
�10°/s. This vestibular stimulus was paired with 1 Hz sinusoidal
motion of the optokinetic drum, whose speed and phase relative to
the vestibular stimulus varied across training paradigms. The 18
training paradigms included 10 gain training paradigms and 8 gain-
phase training paradigms.

The notation describing each training paradigm denotes the eye move-
ment gain and phase (relative to oppositely directed head motion) that
would stabilize the image of the moving visual stimulus on the retina. In
each case, the ideal eye movement would be equal to (i.e., would track)
the movement of the visual stimulus relative to the head. Normal viewing
conditions, in which the visual stimulus is stationary in the world, require
an eye movement that is equal in speed to the head motion (gain of 1) and
exactly opposite to head motion (phase of 0°), and is hence referred to as
�1. To take another example, the �0.2/�60° paradigm would require a
VOR with a gain of 0.2 (smaller than normal) and a phase such that eye
velocity lags oppositely directed head velocity by 60°.

Animals were exposed to the training stimulus for six 5 min blocks (30
min total training). The peak speed and phase of the eye movements were
measured during the first min and last 5 min of the 30 min training
period. At the beginning of the experiment, and after each block of train-
ing, the VOR was tested in darkness with a 1 Hz, �10°/s sinusoidal
vestibular stimulus. Before the VOR was measured, a bell was rung to
increase the animal’s alertness, followed by an 8 s exposure to the vestib-
ular stimulus in the dark before VOR measurement commenced.

Thirty-nine mice were tested on multiple training paradigms. To allow
the VOR gain to return to baseline between experiments, mice were
placed in their home cages in a normal visual-vestibular environment for
at least 48 h after an increase in VOR gain, and at least 72 h after a decrease
in VOR gain (Kimpo et al., 2005). The order of the training paradigms
was randomized in each mouse.

The eye movement, gaze, and retinal slip trajectories during training
were characterized by their peak speed and phase relative to head motion
or each other. All analyses were performed off-line using MATLAB
(MathWorks) and Microsoft Excel (Microsoft). Multiple cycles of head
and eye velocity were aligned on the zero crossings of head velocity and
then averaged. Any cycle containing a saccade or motion artifact was
excluded. The amplitude and phase of the eye movement were extracted
from a sinusoidal fit to the averaged eye movement. Retinal slip was
calculated as the difference between the visual stimulus motion and the
sinusoidally fit eye movement.

The VOR gain was calculated as the ratio of the eye speed to head
speed, measured in darkness. The VOR phase was calculated as the dif-
ference between the eye velocity phase and the head velocity phase in the

opposite direction. A perfectly compensatory VOR would thus have a
phase of zero. Learned changes in VOR gain were measured as the per-
centage change in VOR gain measured immediately after 30 min of train-
ing, compared with the initial VOR gain measured immediately before
training. Learned changes in VOR phase were measured by subtracting
the phase before training from the phase after training.

The significance of learned changes in the VOR induced by each train-
ing paradigm was determined by comparing the gain and phase of the
VOR measured in the dark before and after the training using a paired
Student’s t test with Bonferroni correction for multiple comparisons.

To quantify the ability of the candidate instructive signals during
training to predict the direction of the learned change in VOR gain or
phase, we calculated the mutual information as follows:

�
x
�

y
p� x, y�log2

p�x, y�

p�x�p�y�

where p(x) is the probability of a particular learning outcome, p(y) is the
probability of a candidate instructive signal taking a particular value
during training, and p(x, y) is the joint probability. There were three
possible learning outcomes that were determined by a paired Student’s t
test with Bonferroni correction; x � {significant decrease in VOR gain,
no significant change in VOR gain, significant increase in VOR gain}. The
same value was assigned to all individual experiments with a given train-
ing paradigm. To compute the information carried by candidate error
signals R-H, R-E, G-H, E-H, and R-G, the variable y was a phase in the
range 0�2�, using bins of 1, 2, 5, 10, or 20°. p(y) was computed from the
phase values from each individual experiment (each mouse on each
training paradigm). To compute the information carried by candidate
error signals Rs, Es, or Gs, the variable y was a peak speed in the range
0�18°/s, with bins of 0.1, 0.2, 0.5, 1, or 2 °/s. p(y) was computed from the
peak speeds in each individual experiment.

Results
VOR learning is induced by pairing a vestibular stimulus with a
moving visual stimulus. Hence, the sensory and motor signals
present during training that are most likely to control the induc-
tion of VOR learning are those encoding the vestibular stimulus
(head motion), image motion on the retina (retinal slip), and/or
correlates of these signals, such as eye movement or gaze move-
ment. We designed a set of training paradigms that elicited dif-
ferent combinations of these signals in mice. We then evaluated
whether the three candidate instructive signals proposed by pre-
vious studies, the direction (phase) of retinal slip relative to head
motion (R-H), the direction (phase) of retinal slip relative to eye
movement (R-E), or the direction (phase) of gaze movement
relative to head motion (G-H), were consistently correlated with
the learned change in VOR gain, and might therefore be driving
the learning.

Each training paradigm paired a vestibular stimulus with vi-
sual stimulus motion. The vestibular stimulus consisted of pas-
sive, sinusoidal rotation about an earth-vertical axis at 1 Hz, with
peak velocity of 10°/s. The visual stimulus was provided by sinu-
soidal rotation of an optokinetic drum about the same axis. In
different training paradigms, we varied the speed and phase of the
visual stimulus motion relative to the vestibular stimulus, which
induced a broad range of learned changes in VOR gain and phase.

First, we tested a series of 10 “gain training” paradigms, de-
noted �0, �0.2, �0.3, �0.6, �0.8, �1, �1.2, �1.4, �1.6, and
�2, where the notation “xa” refers to a training stimulus that
required a tracking eye movement gain of “a” relative to head
motion to stabilize the visual stimulus on the retina. Across the 10
gain training paradigms, there was considerable covariation be-
tween candidate instructive signals (Fig. 1, black circles). To
break the covariation, we used a set of eight additional, “gain-
phase training” paradigms, denoted �1/�90°, �0.2/�60°,
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�0.6/�60°, �1/�60°, �1.6/�60°, �1/45°, �0.2/60°, and �1/
60°, where the notation “�a/b°” refers to a training stimulus that
required an eye movement with gain “a” and phase “b°” relative
to oppositely directed head motion to stabilize the visual stimulus
on the retina. Positive values indicate a lag relative to oppositely
directed head velocity. The gain-phase training paradigms re-
duced the covariation between the candidate instructive signals
(Fig. 1, white circles).

Therefore, we assessed which candidate instructive signal
could better predict VOR learning across all 18 training para-
digms: the phase of retinal slip velocity relative to head velocity
(R-H), the phase of retinal slip velocity relative to eye velocity

(R-E), or the phase of gaze velocity relative to head velocity (G-
H). We also assessed five additional candidate instructive signals:
the phase of eye velocity relative to head velocity (E-H), the phase
of retinal slip relative to gaze movement (R-G), the peak retinal
slip speed (Rs), the peak eye speed (Es), and the peak gaze speed
(Gs).

The direction of retinal slip relative to head motion does not
reliably predict the direction of learned changes in VOR gain
One learning rule that has been proposed for the VOR is that the
direction of retinal slip relative to head motion controls the di-
rection of the learned change in VOR gain (Ito, 1972). In partic-
ular, it has been proposed that retinal slip in the opposite
direction from head motion would indicate the need for a bigger
VOR response and induce an increase in VOR gain, whereas
retinal slip in the same direction as head motion would signal the
need for and induce a decrease in VOR gain. Our results were
consistent with this candidate learning rule, if we only considered
the instructive signals available during two of the most com-
monly used training paradigms: one that induced a learned de-
crease in VOR gain and one that induced a learned increase in
VOR gain. In particular, we compared the instructive signals
present during �0 training, in which the visual stimulus moves
exactly with the head during training and induces a learned de-
crease in VOR gain, with the instructive signals present during
�2 training, in which the visual stimulus moves at the same speed
as the head but in the opposite direction, and induces a learned
increase in VOR gain (Fig. 2). The results from the population of
mice tested were tightly clustered. During �2 training, peak ret-
inal slip was closely aligned with peak head motion in the oppo-
site direction (Fig. 2E,F, middle, red histogram aligned with
black bar centered on 180°), but during �0 training, peak retinal
slip was better aligned with peak head motion in the same direc-
tion (Fig. 2E,F, left, blue histogram aligned with white bar).
Thus, the direction, or phase, of retinal slip relative to peak head
motion was different during �0 training versus �2 training, con-
sistent with the hypothesis that the direction of retinal slip rela-
tive to head motion discriminates the need for an decrease versus
increase in VOR gain, and controls the different learned changes
in VOR gain induced by these two training paradigms.

However, this rule failed to account for the learned changes in
VOR gain when we tested a broader range of training paradigms.
For example, during �0.6 training, retinal slip was aligned with
head motion in the opposite direction (Fig. 2E,F, right, blue
histogram aligned with black bar) as it was during �2 training,
although �0.6 training induced a learned decrease in VOR gain,
whereas �2 training induced an increase in VOR gain (Fig. 2I).
More generally, when the full range of 10 gain training paradigms
was considered, it was possible for a decrease, increase, or no
change in VOR gain to be induced when retinal slip was closely
aligned with head motion in the opposite direction during train-
ing (Fig. 3A1,B1, blue, red, and black histograms of R-H values
near 180°).

Across the set of 10 gain training paradigms, there was a small
but consistent difference between the phase of retinal slip relative
to head motion (R-H) during training paradigms that induced a
decrease in VOR gain (Fig. 3A1,B1, blue histograms and shading;
retinal slip lagged oppositely directed head motion by at least a
few degrees) versus those that induced no change or an increase
in VOR gain (Fig. 3A1,B1, black and red histograms and pink
shading). However, this pattern did not hold across the eight
additional gain-phase training paradigms (Fig. 3A2,B2). In partic-

Figure 1. Covariation between putative instructive signals present during VOR training. A,
During the VOR gain training paradigms (black circles, solid line), the phase of retinal slip
relative to head motion (R-H) was highly correlated with the phase of retinal slip relative to eye
movement (R-E), but the correlation was weaker during gain-phase training (white circles). B,
C, The phase of gaze movement relative to head motion (G-H), plotted relative to R-H or R-E
during training.
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ular, some training paradigms with retinal slip lagging oppositely
directed head motion induced no learning (Fig. 3A2,B2, �1/60°)
or even a trend for an increase in VOR gain (Fig. 3A2,B2, black
arrow, �1/45°), rather than the decrease in VOR gain that would
be predicted based on the gain-training paradigms (Fig. 3B1,B2,

blue shading). Moreover, during some training paradigms, such
as �0.2/�60°, the retinal slip amplitude was low; hence, the
phase of the retinal slip was highly variable across different ani-
mals undergoing the same training, even though the learning
outcome was highly consistent across animals (Fig. 3A2,B2).

Figure 2. Signals present during �0 (left), �2 (middle), and �0.6 (right) training. A, Angular velocity of the visual stimulus about an earth-vertical axis. B, Angular velocity of the head. C,
Example traces showing the eye velocity in one representative animal. Superimposed tic marks indicate the phase of the eye movement responses. D, Normalized histograms showing the phase of
the eye movement responses across the population of animals. Black tic marks indicate the mean of each distribution; gray bars represent the half of the stimulus cycle centered on this value
(Ipsi-eye). E, Retinal slip in the representative experiment shown in C. Retinal slip was calculated as the difference between the visual stimulus motion and the sinusoidally fitted eye movement. F,
Normalized histograms showing the phase of retinal slip across the population of animals. Black tic marks indicate the mean of each distribution. Black and white bars represent the alignment of
retinal slip with head motion in the opposite direction (black bars, contra-head) or same direction (white bars, ipsi-head), respectively. G, Gaze velocity in the representative experiment shown in
C. H, Normalized histograms showing the phase of gaze movements across the population of animals. I, Learned change in VOR gain induced by 30 min of training (mean � SEM). Blue represents
results from training stimuli that induce a learned decrease in VOR gain; red represents results from training stimuli that induce a learned increase in VOR gain.
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Moreover, the phase of R-H did not discriminate training
paradigms that induced an increase in VOR gain versus no
change in VOR gain (Fig. 3B1, black and red histograms) and
therefore does not appear to be the instructive signal controlling
whether learning induces an increase versus no change in VOR
gain. For example, the phase of retinal slip relative to head mo-
tion was very similar during �1.2 and �2 training (Fig. 3B1, p 	
0.3), but �1.2 training induced no learning, whereas �2 training
induced a significant increase in VOR gain (Fig. 3A1). Therefore,
the phase, or timing, of retinal slip relative to head motion (R-H)
during training cannot be the instructive signal that determines
the direction of VOR learning across the full range of training
stimuli.

The phase of retinal slip relative to eye movement does not
reliably predict the direction of the learned change in VOR
gain
A second learning rule that has been proposed for the VOR is that
the direction of retinal slip relative to eye movement, rather than
head motion, controls the direction of the learned change in VOR
gain (Collewijn and Grootendorst, 1979). In particular, if retinal
slip is in the same direction as the eye movement, then that would
indicate that the eye movement needs to be bigger, and the gain of
the VOR should increase; but if retinal slip is in the opposite

direction from the eye movement, then that would indicate that
the eye movement is too big, and the gain of the VOR should
decrease. Accordingly, we observed retinal slip in the same direc-
tion as eye movement during �2 training (red retinal slip histo-
gram in Fig. 2E,F, center aligned with upward deflection of eye
movement trace in Fig. 2C, center and gray bar indicating ipsi-
versive eye movement in Fig. 2D, middle), but in the opposite
direction to the eye movement during �0 training (blue retinal
slip histogram in Fig. 2E,F, left aligned with downward deflection
of eye movement trace in Fig. 2C, left and black bar indicating
contraversive eye movement in Fig. 2D, left), as reported in pre-
vious studies. Thus, the direction of retinal slip relative to the eye
movement discriminated the training paradigm that induced an
increase versus decrease in VOR gain and thus seemed to carry
the information required to trigger the different changes in be-
havior that are induced by these two training paradigms (Fig. 2I).

However, when the full range of training paradigms was con-
sidered, the direction of the learned change in VOR gain could
not be predicted from the direction of retinal slip relative to the
eye movement. For example, during �0.6 training, retinal slip
was in the same direction as eye movement (blue retinal slip
histogram in Fig. 2E,F, right aligned with gray bar in Fig. 2D,
right), as it was during �2 training, although �0.6 training in-
duced a learned decrease in VOR gain, whereas �2 training in-

Figure 3. Learned changes in VOR gain induced by a broad range of VOR gain training paradigms (A1) and gain-phase training paradigms (A2), and the candidate instructive signals present during
training (B–I ). A1, A2, Learned change in VOR gain after 30 min training. Blue (red) bars represent a significant decrease (increase) in VOR gain ( p 
 0.05, Bonferroni-corrected t test). Black
represents no significant learned change in VOR gain. This color code is used throughout all figures. B1, B2, Phase of retinal slip relative to head motion (R–H) during training. Normalized histograms
represent the distributions for the population of animals tested; 180° indicates retinal slip in phase with head motion in the opposite direction (Contra-head), with increasing values representing
increasing phase lag. C1, C2, Normalized histograms showing the phase of retinal slip relative to eye movement during training (R–E); 0° indicates retinal slip in phase with eye movement in the same
direction. D1, D2, Phase of gaze relative to head motion during training (G-H). E1, E2, Phase of eye movement relative to head motion during training (E-H). F1, F2, Phase of retinal slip relative to gaze
movement during training (R-G). G1, G2, Normalized histograms showing peak speed of retinal slip during training (Rs). H1, H2, Peak speed of eye movement during training (Es). I1, I2, Peak speed
of gaze during training (Gs). Blue and pink shading represents range of parameters associated with a learned decrease or increase in VOR gain, respectively, during the gain training paradigms shown
in A1–I1. Light gray shading represents range of parameters associated with no significant gain change. No shading represents parameter space not sampled during gain training. Range of
parameters shaded was determined by mean � SEM of training paradigms at the border. Tic marks above each histogram indicate the mean.
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duced an increase in VOR gain (Fig. 2I). More generally, it was
possible for either a decrease in VOR gain, increase in VOR gain,
or no change in VOR gain to be induced when retinal slip was
closely aligned with eye movement in the same direction (Fig.
3C1,C2, blue, red, and black histograms of R-E values close to 0°).

Across the set of 10 gain training paradigms, the phase of R-E
during training paradigms that induced a significant decrease in
VOR gain (Fig. 3C1, blue shading) lagged the phase of R-E during
training paradigms that induced no change or a learned increase
in VOR gain (Fig. 3C1, pink shading). However, when the gain-
phase training paradigms were also considered, there were several
violations of this pattern. For example, a training paradigm that
induced a decrease in VOR gain (�0.6/�60°) had an R-E distri-
bution highly overlapping with those of training paradigms that
increase VOR gain (Fig. 2C2, blue histogram overlapping pink
shading). Moreover, R-E was similar during training paradigms
that induced no change versus an increase in VOR gain (Fig.
3C1,C2, black vs red histograms). Thus, the learned change in
VOR gain could not be reliably predicted from the phase of reti-
nal slip relative to eye movement during training (R-E).

The phase of gaze velocity relative to head velocity reliably
predicts the direction of the learned change in VOR gain
A third learning rule that has been proposed for the VOR is that
gaze velocity, in combination with vestibular signals, controls the
direction of the learned change in VOR gain (Miles and Lisberger,
1981; Lisberger et al., 1984; Lisberger and Pavelko, 1986;
Shelhamer et al., 1994). During �0 training, gaze velocity was
aligned with ipsiversive head velocity (Fig. 2H, left, blue histo-
gram), whereas during �2 training, gaze velocity led ipsiversive
head velocity, by �90° on average (Fig. 2H, middle, red histo-
gram). During �0.6 training, gaze velocity was aligned with ipsi-
versive head velocity (Fig. 2H, right, red histogram), as it was
during �0 training, consistent with the observation that both
training paradigms induced a learned decrease in VOR gain (Fig.
2I). Moreover, when the full range of training paradigms was
considered, the range of G-H values during the gain-decrease
training paradigms (Fig. 3D1, D2, blue shading) was separated
from the G-H values during training paradigms that either in-
duced a VOR gain increase or no change (Fig. 3D1, D2, pink
shading). Gaze slightly lagged ipsiversive head motion during
training paradigms that induced a learned decrease in VOR gain
but led ipsiversive head motion during training paradigms that
induced a learned increase in VOR gain. G-H had intermediate
values during the training paradigms that induced no change
in VOR gain (Fig. 3D1, D2, gray shading), with one exception,
�1.6/�60°. During �1.6/�60° training, gaze lagged head
motion by more than it did during training paradigms that
induced a decrease in VOR gain; hence, it may have exceeded
the effective range for inducing a learned decrease in VOR
gain.

The G-H values during training predicted not only the mean
learned change in VOR gain across training paradigms, but also
the changes in VOR gain observed in individual experiments.
There was a consistent correlation between the G-H values mea-
sured during a given training session and the learned change in
VOR gain induced in that session (Fig. 4A).

Other candidate instructive signals
We considered five additional candidate instructive signals: the
phase of eye movement relative to head motion (E-H), the phase
of retinal slip relative to gaze (R-G), the peak speed of retinal slip
(Rs), the peak speed of eye movement (Es), and the peak speed of

gaze movement (Gs). None of these could reliably predict the
direction of the learned change in VOR gain induced by the dif-
ferent training paradigms.

There was less variation in E-H across training paradigms that
induced different changes in VOR gain (Fig. 3E1, E2) than the
variation in R-H, R-E, or G-H, especially for the gain training
paradigms; hence, E-H would be a less robust instructive signal.
The direction of the learned change in VOR gain could not be
predicted from R-G because the range of R-G values during train-
ing paradigms that induced a learned decrease in VOR gain (Fig.
3F1,F2, blue shading and histograms) encompassed the range of
R-G values during training paradigms that induced no change in
VOR gain (Fig. 3, black histograms) or a gain increase (Fig. 3, red
histograms). Likewise, the speed of retinal slip (Rs), of the eye
movements (Es), and of the gaze movements (Gs) during training
were not consistently predictive of the occurrence and direction
of the learned change in VOR gain, when all training paradigms
were considered (Fig. 3G–I).

Thus, on average, of the eight candidate instructive signals
assessed, the phase of gaze relative to head motion during train-
ing (G-H) appeared to be the best predictor of the learned change

Figure 4. Gaze relative to head (G-H) was the best predictor of learned change of VOR gain.
A, Joint histogram showing the correlation between G-H and the learned change of VOR gain
across individual training sessions. B, Mutual information about the learned gain change carried
by the phase of gaze relative to head (G-H) and other candidate instructive signals. Mutual
information was calculated in bin sizes of 1, 2, 5, 10, or 20° for G-H, E-H, R-H, and R-G and bin
sizes of 0.1, 0.2, 0.5, 1, or 2 °/s for Rs, Es, or Gs.
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in VOR gain. To quantify this, we calculated the information
carried by each of the eight candidate instructive signals about
whether a training paradigm would induce a significant learned
increase in VOR gain, a significant learned decrease in VOR gain,
or no significant change in VOR gain (Fig. 4B; see Materials and
Methods). The calculation of mutual information considers the
variability across both individual animals and across training
paradigms.

This calculation of mutual information confirmed that G-H
carried more information about the change in VOR gain induced
by each training paradigm than any of the other candidate in-
structive signals. In other words, the learning outcome was best
predicted by G-H during training. As the bin size used to calculate
mutual information increased, corresponding to lower resolu-
tion discrimination of the values of putative instructive signals,
the mutual information decreased. Nevertheless, across all bin
sizes, the maximum information was carried by G-H. Thus,
among all eight candidate instructive signals, the phase of gaze
velocity relative to head velocity (G-H) during training carried
the most information about the direction of the learned change in
VOR gain (Fig. 4B).

Consistent instructive signals throughout the 30 min
training period
The analysis above was based on the candidate instructive signals
available at the beginning of training, during the first minute of
exposure to the visual-vestibular training stimulus. We also mea-
sured the phase of gaze relative to head motion (G-H) at the end
of the 30 min training period and found that it was similar to the
beginning of training (Fig. 5). The same was true of the other
candidate instructive signals considered (data not shown). The
similarity of the candidate instructive signals available at the be-
ginning and end of training suggests that the same “learning
rules” could operate throughout the entire training period.

Instructive signals for learned changes in VOR phase
There have been no previous hypotheses about the signals con-
trolling the induction of learned changes in the phase of the VOR,

although previous studies have demonstrated that the phase as
well as the gain of the VOR can be modified by learning (Shel-
hamer et al., 1994; Kramer et al., 1995; Katoh et al., 2007, 2008;
Andreescu et al., 2011). Therefore, we evaluated whether VOR
phase learning may be controlled by the candidate instructive
signals we measured.

The training paradigms used in the present experiments in-
duced a range of different learned changes in VOR phase (Fig.
6A). In contrast to the learned change in VOR gain, the learned
change in VOR phase could not be consistently predicted from
the phase of gaze relative to head motion (G-H). Values of G-H
present during training paradigms that induced no learned
change in VOR phase (Fig. 6D, black histograms) were highly
overlapping with the values present during training paradigms
that induced a learned phase lag (gold histograms) or phase lead
(green histograms). The values of R-H, R-E, G-H, R-G, Rs, Es, or
Gs also failed to consistently predict the learned change in VOR
phase (Fig. 6B,C,F–I). For example, the range of R-H values
during training paradigms that induced a learned increase in
phase lead (Fig. 6B, green shading) encompassed the range of
R-H values during training paradigms that induced a learned
phase lag (Fig. 6, gold histograms) or no change in VOR phase
(Fig. 6, black histograms), so that the direction of the learned
change in VOR phase could not be predicted from R-H.

The direction of the learned change in VOR phase could be
consistently predicted from the phase of the eye movements rel-
ative to head motion during training (E-H; Fig. 6E). E-H values
during the training paradigms that induced a learned lead in the
VOR phase (Fig. 6E, green shading) were distinct from those
during training paradigms that induced a learned phase lag (Fig.
6E, yellow shading). E-H values during the training paradigms
that induced no change in VOR phase were intermediate between
the values associated with learned phase leads and phase lags (Fig.
6E, black histograms). A calculation of mutual information con-
firmed that E-H was a better predictor of the learned change in
VOR phase than the seven other candidate instructive signals
(Fig. 7).

Thus, E-H carried the most information about the direction of
the learned phase change (Fig. 7). The values of E-H measured at
the end of 30 min training were similar to those measured at the
beginning of training (Fig. 8), confirming that E-H provides con-
sistent instructive signals throughout the training period. There-
fore, we hypothesize that the “learning rule” controlling VOR
phase learning is that a learned phase lead is induced if, during
training, eye movements lead head motion in the opposite direc-
tion by more than about 30° (Fig. 6E, green shading), whereas a
phase lag is induced if, during training, eye movements lag oppo-
sitely directed head motion by more than �40° (Fig. 6E, yellow
shading).

Discussion
Behavioral instructive signals
By comparing the VOR learning induced by a broad range of
training paradigms, we obtained new constraints on the instruc-
tive signals and learning rules guiding this form of cerebellum-
dependent motor learning. In contrast, if we limited our analysis
to the two training paradigms commonly used in laboratories to
induce a learned decrease (�0) or increase (�2) in VOR gain,
then all of the learning rules previously proposed to control VOR
learning would seem to work. For this limited set of two training
conditions, the direction (phase) of retinal slip relative to head
motion (R-H), the direction (phase) of retinal slip relative to eye
movement (R-E), and the direction (phase) of gaze movement

Figure 5. Consistent phase of gaze relative to head (G-H) throughout the training period.
G-H during the last 5 min of training ( y-axis) was similar to that during the first min of training
(x-axis). Each point represents the results from one of the 18 training paradigms. Dotted line
indicates diagonal. Blue (red) points represent results from training paradigms that induced a
significant decrease (increase) in VOR gain ( p 
 0.05, Bonferroni-corrected t test). Black rep-
resents no significant learned change in VOR gain.
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relative to head motion (G-H) each distinguished the �0 training
paradigm from the �2 training paradigm and thus seemed to
carry the information required to determine the appropriate di-
rection of the learned change in VOR gain (Ito, 1972; Collewijn
and Grootendorst, 1979; Mandl et al., 1981; Miles and Lisberger,
1981; Lisberger et al., 1984; Scudder and Fuchs, 1992a; Shelhamer

et al., 1994). However, when a broader range of training condi-
tions was examined, only G-H consistently signaled the direction
of the learned change in VOR gain.

None of the previous hypotheses about the signals controlling
VOR learning could account for the observed changes in VOR

Figure 6. Learned changes in VOR phase induced by the different training paradigms (A), and the candidate instructive signals present during training (B–I ). Green bars and histograms represent
results from training paradigms that induced a significant learned lead in VOR phase ( p 
 0.05, Bonferroni-corrected t test). Gold bars and histograms represent training paradigms that induced
a learned lag in VOR phase ( p 
 0.05, Bonferroni-corrected t test). Black bars and histograms represent training paradigms that induced no significant change in VOR phase. Green shading
represents parameter ranges associated with learned phase lead (mean � SEM at the border); yellow shading represents range of E-H values associated with learned phase lag; gray shading
represents range of E-H values associated with no learned change in VOR phase; no shading represents parameter space not sampled. B, D, E, Bottom, Black and white bars represent the alignment
with head motion in the opposite direction (black bars, contra-head) or same direction (white bars, ipsi-head), respectively. C, Bottom, Black and gray bars represent the alignment with
contraversive (black) or ipsiversive (gray) eye movement. F, Bottom, Black and checkerboard bars represent the alignment with contraversive (black) or ipsiversive (checkerboard) gaze movement.

Figure 7. Highest information about learned phase change carried by the phase of eye
relative to head (E-H). Mutual information was calculated in either bin size of 1, 2, 5, 10, or 20°
for G-H, E-H, R-H, and R-G or bin size of 0.1, 0.2, 0.5, 1, or 2 °/s for Rs, Es, or Gs.

Figure 8. Consistent phase of eye movement relative to head motion (E-H) throughout training
period.E-Hduringthelast5minoftraining(y-axis)wassimilartothatduringthefirst5minoftraining
(x-axis). Green, black, and gold points represent results from training paradigms that induced a
learned lead, no change, or lag in VOR phase, respectively. Dotted line indicates diagonal.
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phase induced by the full set of training paradigms tested. In-
stead, the direction of the learned change in VOR phase was best
predicted by the phase of the eye movement relative to head
motion during training (E-H). Thus, different cues seem to con-
trol the induction of learned changes in the phase versus the gain
of the VOR, consistent with previous reports of different plastic-
ity mechanisms for VOR phase learning versus VOR gain learn-
ing (Katoh et al., 2007, 2008). Based on the values of G-H and
E-H during training, different combinations of gain and phase
changes would result (Fig. 9).

It has been suggested that different species might use different
instructive signals for VOR learning. In particular, primates
might use different signals than other species (Lisberger et al.,
1984; Scudder and Fuchs, 1992a; Shelhamer et al., 1994) because
similar experiments in primates and rabbits have yielded differ-
ent hypotheses about the cues controlling VOR learning (Col-
lewijn and Grootendorst, 1979; Miles and Lisberger, 1981).
When we use the �0 and �2 training protocols in mice that have
been used in other species, our results are consistent with the
results from other species, and with all of the hypotheses that have
been proposed based on the results from other species. It is only
when we compare across a broader range of training protocols
that we were able to distinguish between the different hypotheses
about the cues controlling learning. Thus, it is the use of an ex-
panded range of training protocols rather than the use of mice
that supports our new conclusions.

Because primates can use smooth pursuit eye movements
to track small targets, which creates retinal slip of background
images, retinal slip might provide a less reliable instructive
signal for the VOR in primates. Therefore, it has been rea-
soned that primates might use gaze velocity rather than retinal
slip to control VOR learning (Lisberger et al., 1984). Our re-
sults suggest that gaze velocity also plays a key role in the
induction of VOR learning in nonprimate species, in particu-

lar mice, which are not capable of smooth pursuit eye move-
ments. Thus, the instructive signals controlling VOR learning
may be shared across species, from rodents to primates.

Our results suggest that learned changes in VOR gain and
phase can be induced by the activity of neurons encoding head
motion and neurons encoding gaze or eye velocity, respectively.
All three signals converge at putative sites of plasticity in the
cerebellar flocculi and vestibular nuclei (Dufossé et al., 1978;
Miles et al., 1980b; Watanabe, 1984’ Lisberger and Pavelko, 1988;
Lisberger et al., 1994a; Lisberger et al., 1994b; Lisberger, 1994;
Pastor et al., 1994; Partsalis et al., 1995; Menzies et al., 2010).
Vestibular signals encoding head motion are conveyed to the
vestibular nuclei from the vestibular afferents, and to the cerebel-
lar flocculus via mossy fibers. Eye velocity, which seems to control
VOR phase learning, is conveyed to the flocculus by the mossy
fibers, is encoded by a subset of Purkinje cells in the flocculus,
and also drives firing in some neurons in the vestibular nuclei and
possibly the climbing fibers (Noda et al., 1987; Scudder and
Fuchs, 1992b; Frens et al., 2001). Gaze velocity, which seems to
control VOR gain learning, is encoded by a major subset of Pur-
kinje cells in the flocculus (Miles et al., 1980a, b; Miles and Lis-
berger, 1981; Lisberger et al., 1994a). It has been proposed that
the Purkinje cells drive plasticity downstream in the vestibular
nuclei (Miles et al., 1980b; Watanabe, 1984; Lisberger and Pavelko,
1988; Lisberger et al., 1994a, b; Lisberger, 1994; Nguyen-Vu et al.,
2013). It is conceivable that the signals carried by these neurons
could also influence the induction of plasticity at synapses onto the
Purkinje cells.

It is striking that retinal slip was not the best predictor of VOR
gain or phase learning. In our experiments, the vestibular stimu-
lus was the same across training conditions, and it was the motion
of the visual stimulus that varied and ultimately controlled the
learning. Moreover, there is considerable evidence that cerebellar
climbing fibers contribute to the induction of plasticity in the
cerebellar cortex, and in the flocculus, the climbing fibers encode
retinal slip (Ito, 1972; Simpson and Alley, 1974; Barmack and
Simpson, 1980; Stone and Lisberger, 1986; Weber et al., 2003;
Coesmans et al., 2004; Wu et al., 2010; Nguyen-Vu et al., 2013;
Guo et al., 2014; Kimpo et al., 2014). Previous models of VOR
learning have proposed that climbing fibers encoding retinal slip
signals interact with a mossy fiber input to the cerebellum carry-
ing signals related to head motion (Ito, 1972) or eye movement
(Collewijn and Grootendorst, 1979; Porrill and Dean, 2007).
However, our results suggest that it was not the retinal slip cre-
ated by the visual stimulus, but the motor consequence of retinal
slip (i.e., eye velocity or gaze velocity) that dominate learning.

It is possible that retinal slip also makes some, albeit more
minor, contribution to learning. In primates, manipulation of a
visual background can affect VOR gain learning without affecting
gaze velocity, suggesting that retinal slip also plays a role in learn-
ing (Ke et al., 2009). Thus, more than one set of instructive signals
may operate in the VOR circuit to control learning. Our analysis
identified the instructive signals that dominate learning across
the full set of training conditions tested, but the contributions of
different instructive signals may vary across training conditions
because there is evidence that different mechanisms mediate dif-
ferent aspects of VOR learning (Kimpo et al., 2005; Boyden et al.,
2006; Kimpo et al., 2014). Moreover, more complex combina-
tions of instructive signals than the eight candidate instructive
signals tested in the current study may also contribute to learning
(Shelhamer et al., 1994). The use of multiple sets of cues to guide

Figure 9. Overlap of the learning rules for learned changes in VOR gain (red, black, or blue
filled circles, representing a learned increase, no change, or decrease in VOR gain, respectively)
and VOR phase (green, black, or yellow circle outlines, representing a learned lead, no change,
or lag in VOR phase, respectively), based on the phase of gaze relative to head motion (G-H,
ordinate) and the phase of eye movement relative to head motion (E-H, abscissa).
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learning could enable the VOR circuit to respond adaptively to a
broader range of conditions.
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