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Motor learning in the VOR: the cerebellar component
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Abstract This paper reviews results that support a model
in which memory for VOR gain is initially encoded in the
flocculus, and in which cerebellar LTD and LTP are
responsible for gain increases and gain decreases, respec-
tively. We also review data suggesting that after it is
encoded, motor memory can either be disrupted, possibly
by a local mechanism, or else consolidated. We show that
consolidation can be rapid, in which case the frequency
dependence of learning is unchanged and we will argue
that this is consistent with a local mechanism of consoli-
dation. In the longer term, however, the available evidence
supports the transfer of memory out of the flocculus. In
new experiments reported here, we address the mechanism
of memory encoding. Pharmacological evidence shows that
both mGIuR1 and GABAg receptors in the flocculus are
necessary for gain-up, but not for gain-down learning.
Immunohistochemical experiments show that the two
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receptors are largely segregated on different dendritic
spines on Purkinje cells. Together with what is already
known of the mechanisms of cerebellar LTD and LTP, our
data suggest that the direction of learning may be deter-
mined by interactions among groups of spines. Our results
also provide new evidence for the existence of frequency
channels for vestibular signals within the cerebellar cortex.
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The vestibulo-ocular reflex (VOR) pathway is perhaps the
most thoroughly studied of all vestibular pathways, and its
response to horizontal rotatory head movements has been
the focus of the most attention. The VOR stabilizes gaze
during head movements, making it possible to move and
see at the same time. The sensory input driving the VOR is
exclusively vestibular. This means that the reflex can
respond rapidly to head velocity and acceleration signals.
However, the vestibular system does not provide feedback
about accurate gaze stabilization; therefore, it is necessary
to recalibrate the gain and phase of the VOR’s response to
movement whenever conditions change in either the sen-
sory or motor periphery. The gain of the VOR can be
increased or decreased; phase leads or lags can also be
introduced. This recalibration is a simple form of motor
learning.

Two conditions are sufficient to cause learning in the
VOR: head movement and a visual error signal. Unlike the
immediate modulation of VOR gain by VOR cancellation
or enhancement, learning causes changes that are expressed
when the VOR gain is measured in darkness. Gain
increases (gain-up learning) can be induced by having cats
wear 2x magnifying lenses during passive rotation, and
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gain decreases (gain-down learning) are induced using
0.25x miniaturizing lenses. Figure 1 illustrates the rapid
learning in the VOR of alert cats. Details of the methods
for Fig. 1 have recently been published (Titley et al. 2007,
2010). In 1 h, during which cats were rotated using a sum-
of-sines waveform that included frequencies from 0.2 to
8 Hz, the gain decreased reliably at 0.5, 2, and 8 Hz. The
learned gain decrease or increase is significant after 30 min
and in fact is most rapid during the first 30 min of learning.

The frequency content of the vestibular signal is an
important parameter that depends on the source of move-
ment (for example, running, walking, or postural changes).
Learning is more effective at frequencies below about 4 Hz
than it is at higher frequencies, both for gain decreases
(Raymond and Lisberger 1996; Broussard et al. 1999) and
for gain increases (Broussard et al. 1999; Fig. 1). Fur-
thermore, when passive rotation is used to control the
frequency of rotation and induce changes in VOR gain, the
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learned change in gain (whether an increase or a decrease)
is greatest at the frequency of rotation (Robinson 1976;
Lisberger et al. 1983; Raymond and Lisberger 1996; de
Zeeuw et al. 1998; Kimpo et al. 2005; Titley et al. 2009).
This selectivity is more pronounced for gain increases than
it is for decreases (Kimpo et al. 2005). The selectivity of
learning has led to the idea that VOR signals are segregated
into frequency “channels” or adaptive filters (Lisberger
et al. 1983), which may be due to properties of the cere-
bellar cortical circuitry (Dean et al. 2010).

Memory consolidation in the VOR

After only 1 h of learning, it is reasonable to ask whether
the newly encoded change in gain is stable when faced by
disruptive stimuli. For other motor systems, we can dis-
tinguish between short-term memory, which is labile, and
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Fig. 1 The VOR gain changes rapidly in both gain-up and gain-down
learning protocols. Cats are rotated using a sum-of-sines velocity
profile for 60 min. For gain-up, magnifying lenses are worn, and for
gain-down, the lenses are miniaturizing. Otherwise, the two protocols
are identical. VOR gain is measured in darkness at 0.5, 2 and 8 Hz.
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For each frequency, the traces to the right show examples of the
averaged eye and head velocity traces, before and after the learning
period. Details of the experimental methods, sample sizes, and
subjects are described in Titley et al. (in press). These data were
obtained in the vehicle control trials
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long-term memory, which becomes progressively less
labile over time (Scavio et al. 1992; Brashers-Krug et al.
1996). The process that converts short-term to long-term
memory is known as consolidation.

Normally, rotation in darkness does not change the gain
of the VOR (Fig. 2a). However, immediately after the
VOR encodes a new memory, rotation in darkness can
change the VOR gain toward its initial value, apparently
disrupting the memory (Cohen et al. 2004; Kassardjian
et al. 2005; Titley et al. 2007; Fig. 2a). For gain decreases,
it is possible to prevent disruption by inserting a 60-min
“neutral period” during which the subject is stationary
with the eyes covered (Titley et al. 2007; Fig. 2b, dotted
line). After the neutral period, disruption is ineffective
(Fig. 2b), indicating that VOR motor memory consolidates
rapidly, at least for gain decreases. After 60 min, gain
increases are only partially consolidated (Titley et al. 2007,
Fig. 2b). It is possible that, as in other memory systems
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Fig. 2 Newly formed memory can be disrupted, but after 1 h of
consolidation, disruption is much less effective. a The VOR gain at
2 Hz increases or decreases rapidly during the learning period (gray
line) and returns to normal during the disruption period (black dashed
line). The disruption stimulus presented alone causes no change (open
symbols). b If a 1-h consolidation period (dotted line) intervenes
between learning and disruption, disruption has a much smaller effect.

(Dudai 2004), such “rapid consolidation” is a process
distinct from longer-term consolidation. Furthermore, rapid
consolidation is independent of the test frequency; in other
words, it does not share the frequency selectivity of the
original learning (Fig. 2c; Titley et al. 2009). One possi-
bility is that rapid consolidation may act at the same set of
synapses that were modified when the memory was enco-
ded. In other words, as has been proposed for the eyeblink
reflex (Cooke et al. 2004), the initial consolidation of VOR
motor memory may take place within the cerebellar cortex.

Extinction of a newly formed memory can be thought of
as new learning that masks the original memory (Robleto
et al. 2004). If this is the case for the VOR, then the fre-
quency dependence that is characteristic of VOR motor
learning should also be characteristic of disruption. How-
ever, we have found that disruption is frequency indepen-
dent and as a result, the frequency tuning that appears
during learning is not lost during disruption (Fig. 2d). This
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Data for a and b from Titley et al. (2007). ¢ When the training
stimulus is a sinusoid, learning is greatest at the training frequency
(filled symbols). After the consolidation period, this is still the case
(open symbols), indicating that consolidation is not frequency
dependent. d Disruption is greatest at frequencies that are different
from the training frequency. e After consolidation, disruption is no
longer effective. Data for c—e from Titley et al. (2009)
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is the case even when single-frequency rotation is used as
the disruption stimulus. In other words, disruption gener-
alizes across stimulus frequencies. However, generalization
does not fully explain the observation that memory is more
easily disrupted at test frequencies that are very different
from the frequency that was used for training (Fig. 2d).
Surprisingly, this is the case even when the same frequency
is used for disruption as for training. For example, if
learning occurred at 1 Hz, disruption using 1-Hz rotation in
darkness is more successful at 8 Hz than at 1 Hz (Titley
et al. 2009).

The concept of frequency channels (Lisberger et al.
1983) is useful in interpreting these results. Frequency
channels in the VOR, if they exist, may be broadly tuned
and overlapping so that neighboring frequencies are
affected by learning at a given frequency. This scenario is
supported by “phase crossover”: During gain-down
learning, at frequencies above the training frequency, the
phase lag between head and eye increases but at frequen-
cies below the training frequency, phase leads may appear
(Lisberger et al. 1983; Raymond and Lisberger 1996;
Kramer et al. 1998; Titley et al. 2009). Phase crossover is
thought to be due to changes in overlapping channels.

Broadly tuned, overlapping frequency channels could be
responsible for the unusual pattern of disruption shown in
Fig. 2d. If memory is encoded at the parallel fiber-Purkinje
cell synapse, as previous data suggest (de Zeeuw et al.
1998; Raymond and Lisberger 1998; Hansel et al. 2006;
Titley et al. 2010), and if the channels have a physical basis
in the distribution of activity within the cerebellar cortex,
then Purkinje cells (PCs) that are located at the center of
the channel may have a large proportion of their parallel
fiber inputs active during learning at the center frequency
of the channel. We found that the proportion of the
memory that was lost during disruption increased slightly
as the training and test frequencies diverged (Fig. 2d). The
selective loss would be explained if the speed of stabil-
ization depends on the preponderance of nearby synapses
that have also been modified. Mechanisms for such selec-
tivity, based upon synaptic tagging and capture, have been
described in other brain regions (see for example (Frey and
Morris 1997)).

Mechanisms of memory encoding

A great deal of effort has been directed toward under-
standing the mechanisms that encode memory in the VOR
(for a recent review, see (Boyden et al. 2004)). Relevant
details of the VOR circuitry are illustrated by the diagram
in Fig. 3c. Ito originally proposed that cerebellar long-term
depression at the parallel fiber-PC synapses, or PF-LTD,
was a mechanism for VOR motor learning (Ito 1972). More
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recently, LTP at the same synapses was proposed to con-
tribute (Boyden and Raymond 2003). PE-LTP might be
responsible for gain-down learning while PF-LTD is
responsible for gain-up learning (Boyden and Raymond
2003). Because PCs inhibit neurons in the direct VOR
pathway, a learned decrease in the efficacy of the sensory
input to Purkinje cells would have the downstream effect
increasing the amplitude of the signal transmitted from the
flocculus target neuron (FTN) to the motoneuron (Fig. 3c).

FTNs receive vestibular sensory signals, directly and via
brainstem pathways, which are modified in association
with long-term changes in VOR gain (Lisberger et al.
1994). Whether memory is initially encoded in the floc-
cular cortex or in the synaptic inputs to FTNs has been a
topic of debate. Several authors have proposed that mem-
ory is first encoded in the flocculus and then transferred to
the vestibular nuclei (the “transfer hypothesis”; Galiana
1986; Peterson et al. 1991; Raymond et al. 1996; Broussard
and Kassardjian 2004). We tested this hypothesis by
injecting CNQX, which blocks glutamatergic transmission,
bilaterally into the flocculus (Kassardjian et al. 2005).
When injected immediately after a new memory was encoded,
CNQX prevents the expression of the memory (Fig. 3a).
However, blocking excitatory floccular synapses does not
reverse a gain change that has stabilized over a period of days
(Fig. 3b). Importantly, in the short term, the degree of memory
blockade is correlated with the interference with VOR can-
celation, also a function of the flocculus, but the correlation is
lost in the long term (Fig. 3d). Together, these results indicate
that the flocculus is the site of memory encoding, but not of
long-term memory storage, for the VOR (Kassardjian et al.
2005). These conclusions have now been confirmed in mon-
keys (Anzai et al. 2010).

So far, it is not clear whether the transfer of memory out of
the flocculus is a consolidation mechanism in the sense of
stabilizing memory, or whether transfer simply takes time,
and optimizes some other features of VOR performance (such
as speed). There is evidence that the initial response of the
VOR pathway, which has a latency of only a few msec, par-
ticipates in long-term memory storage (Broussard etal. 1992),
suggesting that speed is optimized. A recent synthesis of
modeling and slice electrophysiology suggests that memory
transfer may begin immediately after memory encoding
(Menzies et al. 2010). This would coincide with the onset of
consolidation, which is detectable within minutes after
learning has occurred. Further data are needed to clarify the
relationship between consolidation and transfer.

Bidirectional learning

There is a body of evidence supporting the idea that LTD at
the parallel fiber-PC synapse, or PF-LTD, is responsible for
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Fig. 3 Injection of the glutamate antagonist CNQX bilaterally into
the flocculus prevents the expression of a short-term, recently
encoded motor memory, but not of a long-term memory. Panel C
illustrates the experimental design. All synapses indicated in the
diagram are possible sites of plasticity. Those considered most likely
are the granule-cell inputs to Purkinje cells and the canal-afferent
inputs to flocculus target neurons. The CNQX injection included
inputs to Purkinje cells but did not include synapses on flocculus
target neurons. a Following the learning period in a gain-down
protocol (gray bar), the VOR gain at 2 Hz was decreased. After
CNQX was injected bilaterally (black bar, filled symbols), the VOR
gain returned to normal. If the PBS vehicle was injected, the gain did

encoding gain increases (de Zeeuw et al. 1998; Hansel
et al. 2006). If VOR motor learning is to be truly reversible,
as it appears to be, then the underlying changes must be
reversed by LTP at the same set of synapses. A compli-
cating factor is the asymmetry of LTD and LTP. While
LTP can operate by both pre-and postsynaptic mechanisms
(Salin et al. 1996; Lev-Ram et al. 2002), LTD is primarily
postsynaptic (Sakurai 1987; but see (Qiu and Knopfel
2009)). This asymmetry led to the prediction that motor
learning should also be asymmetric, and gain-up learning
might not be capable of truly reversing gain-down learning.
In fact, Raymond and coworkers found that in the mouse,

not change significantly. b When lenses were worn continuously for
3 days, including passive rotation indicated by the gray arrows, the
VOR gain showed a larger decrease. On the third day, there was no
passive rotation; instead, CNQX was injected. The VOR gain did not
return to normal. In d, results from individual cats are represented by
different symbols. For the short-term experiments (circles and
triangles), the effect of CNQX on memory expression was inversely
correlated with the cat’s ability to cancel the VOR, an indicator of
floccular function. In the long-term experiments, cancelation was
affected by the injection, but memory was not. The dashed lines
divide long-term from short-term and PBS (vehicle) from CNQX
injections. Data from Kassardjian et al. (2005)

gain-up learning saturates at a lower value if it is preceded
by gain-down learning than if the animal is naive (Boyden
and Raymond 2003). It should be noted that in the long
term, VOR gain increases and decreases are reversible in
the cat (Titley et al. 2010) as they are in the monkey (Miles
and Eighmy 1980). However, in the short term, they may
be asymmetric. We replicated Boyden and Raymond’s
result in the cat model using sum-of-sines rotation in naive
cats (Titley and Broussard, unpublished data). The results
are shown in Fig. 4. During the experiments shown here,
we switched the cat’s visual field from magnified to min-
iaturized, or vice versa, during the experiment. As was
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Fig. 4 In naive cats, gain-down learning limited subsequent gain-up
learning. a—c show the time course of VOR gain over 2-3 h of
learning in cats that had not previously worn lenses. In “up, up” and
“down, down,” magnifying or miniaturizing lenses were worn for the
entire 2-h protocol. In “down, up, up” and “up, down, down,” the
lenses were changed after the first hour. d and e show summaries of

previously reported in the mouse (Boyden and Raymond
2003), we found a residual effect of gain-down learning
that caused gain-up learning to saturate at a lower value. In
the inverse situation, there was no residual effect of gain-
up learning. These results require verification in more
subjects, but they support the conclusion of Raymond and
coworkers that gain-up learning does not completely
reverse gain-down learning, at least in the short term.

mGluR1 receptors and the two-threshold model

The data we have described so far are consistent with a
scheme in which PF-LTD encodes memory for gain
increases and PF-LTP encodes gain decreases. If this
scheme is correct, disrupting known mechanisms that
contribute to PF-LTD might disrupt gain-up learning
selectively. PF-LTD in slices is known to require mGluR1
receptors (Kano et al. 2008). We were able to disrupt
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the changes in gain and phase at each frequency in each protocol. In
“down, up, up,” the 2 h of gain-up learning failed to increase the
VOR gain above the pre-learning value. However, after “up, down,
down,” the VOR gain was as low as it was after “down, down.”
These results suggest that gain-down learning is not easily reversible

gain-up learning selectively by blocking mGluR1 receptors
bilaterally in the flocculus (Titley et al. 2010) (Fig. 5).
Strikingly, mGluR1 blockade inverts gain-up learning,
resulting in a gain decrease when magnifying lenses are
worn. This observation will be discussed below.

On the cellular level, activation of second-messenger
pathways via mGluR1 and release of calcium from intra-
cellular stores is thought to be important for the detection
of coincident climbing-fiber and PF inputs to PC spines
(Wang et al. 2000; Kano et al. 2008). Also, mGluR1
activation causes calcium influx from the extracellular
space (Tempia et al. 2001). Some authors have suggested
that mGluR1 receptors are activated as a result of action
potentials in climbing fibers, which release large amounts
of glutamate (Coesmans et al. 2004). The excess glutamate
could reach mGluR1 receptors that are near the edge of the
postsynaptic density (Nusser et al. 1994).

We found that gain-up learning was replaced by gain-
down learning when mGIuR1 was blocked. This outcome
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Fig. 5 mGluR1 receptor activity in the flocculus is required for gain-
up, but not for gain-down learning. In the gain-up protocol (left
panels), the VOR gain decreased if these receptors were blocked by
the mGluR1 antagonist YM 298198 (open symbols) by local
injections into the flocculus before the learning period. However, in

is consistent with a two-threshold model for motor learning
in which the cytosolic calcium concentration in PCs is the
key determinant of the direction of learning. In this model,
a moderate calcium increase is sufficient to trigger PF-LTP
(lower threshold; Kano et al. 2008), while a greater
increase is required for PF-LTD (higher threshold; Coes-
mans et al. 2004; Jorntell and Hansel 2006). If the lower
threshold is not reached, no long-term plasticity occurs.
Together, the two thresholds determine the direction of
synaptic plasticity. We think that blocking mGluR1 may
restrict calcium levels in PC dendritic spines so that the
threshold for PF-LTP can be reached within at least some
spines, but the threshold for PF-LTD cannot. Then, in the
presence of sensory stimuli that normally evoke LTD, LTP
is evoked instead. In this scenario, gain-down learning
should still be possible, as we found (Titley et al. 2010;
Fig. 5), because the threshold for PF-LTP is below the
limit imposed by blocking mGluR1. Our results indicate

the gain-down protocol (right panels), there was little effect. In both
protocols, PBS vehicle alone (filled symbols) was injected in control
trials before starting the learning protocol. Data from Titley et al.
(2010)

that mGIluR1 receptors are necessary for bidirectional
motor learning in the VOR.

GABAG receptors have a role in learning

Another receptor type that might participate in VOR motor
learning is the GABAg receptor, which like mGluR1 is a
G-protein-coupled receptor. GABAg receptors are present
at the PF-PC synapse, both pre- and postsynaptically
(Kulik et al. 2002), and have been proposed to play a
facilitatory role in cerebellar LTD (Hirono et al. 2001;
Kamikubo et al. 2007). The presumed source of GABA is
the interneurons in the molecular layer. When we blocked
GABAg receptors using the potent, selective antagonist
CGP 52432, we found that once again, gain-up learning
was inverted (Fig. 6). Increasing the activation of either
mGIuR1 or GABAg receptors using agonists slightly
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Fig. 6 GABAg receptor A
activity in the flocculus is s AN
required for gain-up learning.

a Injection of a GABAg
antagonist, CGP 52432, resulted
in a gain decrease in the gain-up
protocol. b When the GABAg
and mGluR1 antagonists were
injected together, learning was
also reversed but was not
completely eliminated (see also
E, YM298198 + CGP 52432).
¢ Injection of the GABAg
agonist baclofen enhanced gain-
up learning. d The effect of
baclofen was partially blocked
by the mGluR1 antagonist (see
also e, YM298198 + baclofen).
e The change in VOR gain
during the gain-up protocol
could be an increase or a
decrease, depending on the type
of drug that was injected. The
different test frequencies are E
represented by the fills in
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improved gain-up learning (Fig. 6). We therefore asked
whether the GABApg receptor made its contribution to
LTD, and hence to gain-up learning, via convergent sec-
ond-messenger pathways that are known to be activated by
the two receptor types (Kamikubo et al. 2007; Rives et al.
2009) or possibly even a direct interaction with the
mGluR1 receptor (Tabata et al. 2004).

To understand how the interaction between the mGluR1
and the GABAg receptors pertains to learning, we
attempted to increase the disruption of learning, preventing
gain-down as well as gain-up learning, by blocking both
receptors simultaneously. If the two receptors are acting by
way of completely separate pathways, the effects of the
antagonists should add, possibly driving the calcium con-
centration below the threshold even for gain-down learn-
ing. However, as Fig. 6a, b, e shows, when CGP 52432 and
YM 298198 were administered together, the effect was
qualitatively the same as the effect of either drug
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individually. This result was consistent with a downstream
interaction between the two receptors, and indeed the
existence of such interactions via diffusible second mes-
sengers, including the phospho-inositol (PI) pathway, has
been demonstrated previously (Kamikubo et al. 2007;
Rives et al. 2009).

If the interaction occurs within individual spines,
blocking the contribution of mGluR1 to the local calcium
concentration might prevent any effect of GABAg activa-
tion by ensuring that calcium remains below the threshold
for LTD. In fact, we found that blocking mGluR1 receptors
inverted gain-up learning even in the presence of the
GABAg agonist, baclofen (Fig. 6¢c, d, e). However, the
inverted learning was slightly increased by baclofen in
the presence of YM 298198, as would be expected with an
additive interaction (Fig. 6, bottom panel). In fact, this
result is consistent with an additive interaction among
spines, in which the total effect of YM 298198 is greater
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than the effect of baclofen, but baclofen still increases the
calcium level in some spines, increasing the total amount
of gain-down learning. The possible nature of this inter-
action is discussed further in a later section.

The frequency dependence of learning was affected
when the direction of learning was inverted (Fig. 6). In all
cases in Fig. 6e where learning was in the correct direction
(a gain increase), the change was greatest at 0.5 Hz, as
expected. However, in all cases where learning was in the
“wrong” direction (a gain decrease), no such pattern was
seen. A possible mechanism for this effect will be dis-
cussed below.

mGluR1 and GABAB receptors are largely segregated

mGluR1 and GABAB receptors have been assumed to be
co-localized within the same dendritic spines (Kamikubo
et al. 2007), because both are clearly present in spines
(Lujan et al. 1997; Fritschy et al. 1999; Kulik et al. 2002;
Rives et al. 2009). Such co-localization would strengthen
the argument for a downstream interaction between the
receptors that determines the direction of learning. We
tested this assumption using double labeling with fluores-
cent antibodies and confocal microscopy. Mice were used
for this experiment, because a high degree of non-specific
labeling was seen when GABAg antibodies were used in
cat tissue. The immunocytochemical procedure of Fritschy
and coworkers (1995) was followed with minor modifica-
tions (see the “Appendix” for details).

The results are shown in Fig. 7 for GABAg R2. The
results for GABAg R1 were qualitatively similar (data not
shown). At low magnification, mGluR1a and GABAg R2
were found to have a partially overlapping pattern of
immunoreactivity localized to the molecular layer
(Fig. 7c). Higher magnification of the molecular layer
revealed a bushy immunoreactive pattern of GABAg R2
labeling (Fig. 7d) that is indicative of PC dendritic stain-
ing. In contrast, mGluR1a immunoreactivity displayed no
distinct pattern at high magnification, with punctate
immunoreactivity throughout the molecular layer (Fig. 7e).
Some of these mGluR1a immunoreactive puncta appeared
to co-localize with GABAg (Fig. 7f). We analyzed co-
localization by random selection and higher magnification
of regions of interest, whereby individual puncta could be
analyzed as objects. Representative images are shown for
mGluR1a and GABAg R2 (Fig. 7g-i). To analyze the
extent of co-localization, a measurement based on the
distance between the geometric centers of mGluR1a and
GABAg R2 immunoreactive puncta was used (Fig. 7j).
Figure 7j only illustrates puncta above the threshold that
we set for co-localization. The results are summarized in
Fig. 7k both for GABAg R2 and for GABAg R1. The

proportion of co-localizing puncta was as follows:
mGluR1a with GABAg R1 (0.085 + 0.012); GABAg R1
with mGluR1 (0.101 £ 0.010); mGluR1la with GABA-
BR2 (0.076 £ 0.012); and GABAg R2 with mGluR1
(0.117 £ 0.013).

The puncta in Fig. 7g—i are roughly the size of dendritic
spines, which in Purkinje cells are approximately 0.5 pm in
diameter, and the bright puncta do not appear to be located
within the same spines. Although the mGluRla and
GABAg receptors clearly were co-localized at a few
puncta, the majority of the sites were labeled by only one
of the two antibodies, and quantitative analysis suggested
that the overwhelming majority of the receptors are not co-
localized at the level of individual puncta and therefore are
not co-localized within the same spines. This finding was
surprising given the suggestion by Fritschy et al. (1999)
that at least in the rat, the overwhelming majority of PC
spines contain GABAg receptors. In that study, a sensitive
pre-embedding electron microscopy procedure was used.
Our use of light microscopy may have led to a failure to
detect very low levels of labeling in some spines. However,
it is clear from Fig. 7 that the spines that label most
intensely with the GABAg antibody were not labeled with
the mGLuR1 antibody.

The calcium concentration within individual dendritic
spines is believed to be the most important factor deter-
mining the direction of plasticity at each synapse (Coes-
mans et al. 2004; Jorntell and Hansel 2006). This is
particularly evident in situations where mGluR1 activation
controls calcium signaling (Wang et al. 2000). The crucial
importance of calcium concentrations within spines means
that we must consider interactions between the mGluR1
and GABAg receptors located in different spines as
determining factors in the direction of motor learning. For
example, we considered the possibility that when baclofen
and YM 298198 were administered together in Fig. 6, LTD
and LTP both occurred but at different synapses, and the
result was an effect on VOR gain that is a combined effect
of all of such synapses (similar to a weighted average).
This interpretation is reasonable because in our study the
drugs are injected focally and diffuse outward, resulting in
concentration gradients and possibly different effects at
different distances from the focal point. Such a consensus
may also be the normal mode of operation and the mech-
anism by which the direction of learning is determined. We
asked whether this idea could explain the changes in VOR
gain that occur at different test frequencies. The inverted
learning caused by the mGluR1 antagonist failed to show
the usual pattern of frequency dependence (Fig. 6e). We
can explain this if we assume three things. First, LTP and
LTD both occur at the same time but at different synapses,
and the overall balance of the two processes determines the
direction of learning. Second, 0.5- and 8-Hz responses are
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Fig. 7 Only a small proportion of GABAg and mGluR1 receptors are
co-localized at the subcellular level in the mouse cerebellum.
Photomicrographs of the molecular layer are shown. a, d, g Expres-
sion of GABAg R2. b, e, h Expression of mGluR1. ¢, e, i The merged
composite images. j An image mask was applied to the image in i,
and co-localized immunoreactive puncta were identified based on the
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distance between centres

distance between their centers. k Summary of the co-localization
(n = 6). The red (green) bars in each case represent the number of
mGIuR1 (GABAg) immunoreactive puncta above threshold that are
close enough to GABAp (mGluR1) puncta, divided by the total
number of mGluR1 (GABAg) puncta. Scale bars in a—c represent
50 pum; d—e, 20 pm; g—i, 5 pm
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distributed differently within the floccular cortex, as Dean
and coworkers have suggested (Dean et al. 2010). Third,
0.5 Hz has a larger region of representation than 8 Hz.
If these assumptions are correct, our results for inverted
gain-up learning can be explained by the concentration
gradients generated by diffusion. Concentration gradients
may result in no learning at the injection site, a predomi-
nance of LTP at a short distance from the injection site and
LTD farther from it. Then at 8 Hz, LTP could predominate
completely (if our injection is optimally located), resulting
in a large gain decrease; at 0.5 Hz, the two processes would
be more nearly balanced and the gain decrease smaller as a
result. In sum, the results are consistent with the determi-
nation of the direction of synaptic plasticity by a two-
threshold determination of the direction of plasticity within
spines, and a determination of the direction of learning that
is a consensus among Purkinje cell dendritic spines in the
cortex of the cerebellar flocculus. Our conclusions do not
discount the fact that downstream interactions, via second
messengers, clearly do occur between mGluR1 and GABAg
receptors (Kamikubo et al. 2007; Rives et al. 2009). Since
the receptors are, for the most part, not co-localized in the
same spines, the dendritic branches are the most likely site
for such interactions. These interactions may have a role in
memory processes such as consolidation and disruption.
This possibility is a possible topic of future research.

Other mechanisms for VOR motor learning

Perhaps the most striking observation among the results in
Fig. 6 is that in many situations, gain-down learning is
substituted for gain-up learning, but in no situation were we
able to completely eliminate gain-down learning. When we
used a gain-down protocol, none of the drugs that we tested
prevented learning (Fig. 5; additional data not shown).
This would be surprising in a simple two-threshold model
in which postsynaptic calcium completely determines both
the direction and the amount of learning. Our observations
are consistent with other mechanisms, in addition to cere-
bellar LTP and LTD, that contribute to gain-down learning
and are unaffected by postsynaptic calcium. Two well-
established examples are presynaptic LTP (Salin et al.
1996) and bidirectional plasticity at excitatory synapses on
inhibitory interneurons in the cerebellar cortex (Jorntell
and Ekerto 2002). Such alternate mechanisms can be
important, as most recently indicated by a study in which
abolishing PF-PC LTP selectively affected gain-up learn-
ing (Schonewille et al. 2010). The study employed a PC-
specific calcineurin knockout mouse. Interestingly, the
knockout also showed changes in excitability of Purkinje
cells. Further study of this knockout may yield significant
insights into VOR motor learning.

Summary

In this review, we summarize results supporting the initial
encoding of motor memory in the flocculus, by cerebellar
LTD and LTP. We also mention evidence that after it is
encoded, motor memory can either be disrupted or else
consolidated. Previously published results indicate that
consolidation can be rapid, in which case the frequency
dependence of learning is unchanged, consistent with a
local mechanism of consolidation. In the longer term,
however, the available evidence supports the transfer of
memory out of the flocculus. We also describe some new
results suggesting that both mGluR1 and GABAg receptors
in the flocculus are necessary for gain-up, but not for gain-
down learning, and that the two receptors are largely seg-
regated on different dendritic spines on Purkinje cells.
Together with what is already known of the mechanisms of
cerebellar LTD and LTP, our data suggest that the direction
of learning may be determined by interactions among
groups of spines.
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Appendix
Methods for immunohistochemistry

Two adult C57/B16 mice were deeply anesthetized with
ketamine (75 mg/kg) and xylazine (5 mg/kg) before
transcardial perfusion with 0.1 M PBS followed by fixative
(4% para-formaldehyde containing 15% picric acid, pH
7.40). The brains were removed, bisected sagittally along
the midline, and postfixed for an additional 2 h at room
temperature. The brains were then transferred to a citrate
buffer (pH 4.5) and stored overnight at 4°C. Next, brains
were irradiated in a microwave oven, on low power, for
3 min in fresh citrate buffer before cryoprotection in 10%
DMSO for 3 h at room temperature. Finally, the brains
were flash frozen and embedded in O.C.T. compound
(Sakura-Finetek, USA) before sagittal sectioning of 30-pm
sections.

Unmasking of GABAg epitopes was accomplished by
the treatment of the free-floating sections with porcine
pepsin (Sigma; 0.5 mg/ml in 0.2 N HCI) for 3 min at 37°C
(Nagy et al. 2004). The sections were incubated in a
blocking solution containing 5% goat serum (Sigma) and
0.3% Triton X-100 for 1 h at room temperature before
overnight incubation at 4°C in primary antibodies diluted
in blocking solution. After washing in 0.1 M PBS, the
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sections were incubated for 2 h with secondary antibodies
diluted in 5% goat serum at room temperature and then
washed again in 0.1 M PBS before being mounted in
ProLong Gold Antifade (Molecular Probes, Invitrogen).
Visualization of immunostaining was done on a Zeiss LSM
510 confocal microscope. Co-localization was analyzed
using object-based methods in the JACoP plugin (Bolte and
Cordelieres 2006) for Image J, version 1.43u (NIH).

Anti-GABAg R1 and R2 (1:100) antibodies were pur-
chased from Neuromab. The anti-mGluR1a-specific anti-
body was generated as previously described (Hampson
et al. 1994), and the secondary goat anti-mouse DyLight
488 (1:1,000) and goat anti-rabbit DyLight 549 (1:1,000)
antibodies were purchased from Jackson Immunoresearch.

Three 100x images were taken from each of the two
mice and within each of those three images, another four
were taken at 500x and averaged. Each 100x field of view
was counted as an independent sample.
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