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Summary

The number and diversity of plasticity mechanisms in
the brain raises a central question: does a neural cir-
cuit store all memories by stereotyped application of
the available plasticity mechanisms, or can subsets
of these mechanisms be selectively engaged for
specific memories? The uniform architecture of the
cerebellum has inspired the idea that plasticity mech-
anisms like cerebellar long-term depression (LTD)
contribute universally to memory storage. To test
this idea, we investigated a set of closely related,
cerebellum-dependent motor memories. In mutant
mice lacking Ca®*/calmodulin-dependent protein ki-
nase IV (CaMKIV), the maintenance of cerebellar LTD
is abolished. Although memory for an increase in the
gain of the vestibulo-ocular reflex (VOR) induced
with high-frequency stimuli was impaired in these
mice, memories for decreases in VOR gain and in-
creases in gain induced with low-frequency stimuli
were intact. Thus, a particular plasticity mechanism
need not support all cerebellum-dependent memories,
but can be engaged selectively according to the
parameters of training.

Introduction

Much neuroscience research aims to uncover the fun-
damental algorithm for information storage in each
brain structure specialized for memory storage—e.g.,
the algorithm used by the hippocampus for declara-
tive memories, or by the cerebellum for motor memo-
ries. In vitro studies have revealed a profusion of
plasticity mechanisms throughout such structures (re-
viewed in Hansel et al., 2001; Martin et al., 2000); over
a dozen have been described within the cerebellar cir-
cuit alone (e.g., Armano et al., 2000; Caria et al., 2001;
Coesmans et al., 2004; Hansel and Linden, 2000; Ito
et al.,, 1982; Kano et al., 1992; Lev-Ram et al., 2003;
Nelson et al., 2003; Rancillac and Crepel, 2004; Salin
et al.,, 1996; Smith and Otis, 2003). How are all these
plasticity mechanisms used for memory storage? A
common assumption is that brain structures like the
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cerebellum store memories via stereotyped usage of
their plasticity mechanisms (Albus, 1971; Marr, 1969).
The search for a universal mechanism (or set of mech-
anisms) for memory storage has been particularly
intense in the case of the cerebellum due to its sim-
ple, almost crystalline anatomy. However, another
possibility is that different experiences or paradigms
can engage distinct, combinatorial subsets of the
plasticity mechanisms available in the cerebellar cir-
cuitry. Combinatorial usage of plasticity mechanisms
could allow for more flexibility in memory encoding
than is possible with a stereotyped usage of a set of
mechanisms.

Testing these opposing hypotheses calls for an exper-
imental system that not only stores memories in a form
accessible to behavioral and electrophysiological analy-
sis, but also allows molecular manipulation of candi-
date plasticity mechanisms. The vestibulo-ocular reflex
(VOR) is well-suited for this purpose. During head move-
ment, the VOR stabilizes images on the retina by pro-
ducing eye movements in the direction opposite to the
head, thus preventing blurred vision. Cerebellum-
dependent motor learning keeps the VOR calibrated
by adaptively altering the amplitude (gain) of the reflex
(Ito et al., 1974; Koekkoek et al., 1997; Nagao, 1983;
Robinson, 1976). The formation and storage of motor
memories can be assessed in the laboratory using com-
binations of visual and vestibular stimuli that increase or
decrease VOR gain. The VOR has been a key testing
ground for the leading model of cerebellum-dependent
memory, which goes back more than three decades to
the classical work of Ito (1972, 1982). This model
invokes a universal, indeed unitary, plasticity mecha-
nism, long-term depression of parallel fiber-Purkinje
cell synapses (“cerebellar LTD”) as playing the central
role in motor learning.

We conducted a rigorous test of the idea of a univer-
sally applicable memory mechanism or set of mecha-
nisms for motor memory storage in the cerebellum by
measuring retention of multiple memories in a mutant
mouse in which long-term plasticity was targeted. In
particular, we used knockout mice lacking Ca2*/cal-
modulin-dependent protein kinase IV (CaMKIV) (Ho
et al.,, 2000). These mice offer an advantage in that
they undergo successful induction of cerebellar LTD
but cannot enduringly maintain it (Ahn et al., 1999; Ho
et al., 2000). One can therefore expect the mutant mice
to display normal acquisition of learning, importantly
confirming that all processes necessary for the acquisi-
tion of learning and expression of the learned response
are intact; then, the memories that depend on LTD will
be forgotten, whereas LTD-independent memories will
be retained. Using these mice, we found that neural
plasticity mechanisms such as cerebellar LTD can be
selectively engaged according to the specific parame-
ters of training, even within a narrow class of learning
tasks. This provides critical evidence against the pre-
vailing hypothesis that plasticity mechanisms within
a brain structure are used in a universal, stereotyped
fashion for memory storage.
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Figure 1. Distribution of the CaMKIV Signaling Pathway in the VOR Circuit

(A) Immunostaining for CaMKIV (green) and nuclei (red) in vermis, lateral cerebellum, and flocculus. gc, granule cell layer; Pk, Purkinje cell layer;
ml, molecular layer. Purkinje cells are indicated by arrowheads. (Bottom) Coronal section of mouse brain, reprinted from Plate 79 of Paxinos and
Franklin, 2000, with permission from Elsevier. (Right) Quantitation of Pk cell nuclear CaMKIV, relative to the molecular layer (20-24 cells, 3 wild-
type mice).

(B) Laser capture microdissection of gc and Pk cells. (Left) Original 14 um thick section of the flocculus stained with hematoxylin/eosin; (middle)
after granule cell capture; (right) after Purkinje cell capture. Five of the Purkinje cells are indicated by arrowheads.

(C) Microarray analysis of granule cell-specific (left) and Purkinje cell-specific (right) genes, in granule cell (black bars) and Purkinje cell (white
bars) samples. Bars indicate mean = SEM of gene expression levels (across all array spots for a gene) (n = 18 gc samples, n = 23 Pk samples).
Asterisks indicate significant difference between gc and Pk samples (*p < 0.05; **p < 10™% **p < 1078, unpaired t test). References: GABAu6
(Luddens et al., 1990); Vilip-1 (Bernstein et al., 1999); CalbD28K, calbindin-D28K (Jande et al., 1981); Zebrin Il (Brochu et al., 1990); kitL, kit ligand
(Morii et al., 1992); IP3R, (Nakanishi et al., 1991); Pcp4 (Mugnaini et al., 1987); L7 (Oberdick et al., 1988).

(D) Schematic of CaMKIV signaling pathway, with gene expression levels for granule cells (black bars) and Purkinje cells (white bars) plotted for
each molecule. Asterisks are as in Figure 1C. CaMKK, calmodulin-dependent protein kinase kinase; CREM, cAMP-responsive element modu-
lator; HDACS, histone deacetylase 5; CBP, CREB binding protein.

Data points indicate mean = SEM.

Results gami et al., 1992). Our own immunostaining confirmed

that this was the case in adult cerebellar vermis (Fig-

CaMKIV Is Expressed in Purkinje Cells

in the VOR Circuit

We first clarified the anatomical distribution of the ex-
pression of molecules in the CaMKIV cascade. Although
cultured Purkinje cells require CaMKIV for the persis-
tence of LTD (Ahn et al., 1999; Ho et al., 2000), previous
anatomical studies have reported that adult Purkinje
cells contain little CaMKIV (Jensen et al., 1991; Saka-

ure 1A), the region of focus in the earlier immunocyto-
chemical studies. Importantly, however, we found prom-
inent immunoreactivity to CaMKIV in adult Purkinje cells
in cerebellar regions essential for motor learning in the
VOR (flocculus, Figure 1A). We quantified the CaMKIV
fluorescence in the Purkinje cell nucleus, normalizing
this value to the mean fluorescence of the molecular
layer to facilitate between-animal comparisons. CaMKIV
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levels, thus measured, were 4.8-fold higher in floccular
Purkinje cells than in vermal Purkinje cells (p < 1074, un-
paired t test; n = 24 flocculus Purkinje cells, 20 vermis
Purkinje cells, from three wild-type mice; Figure 1A,
right). To pursue this further, we used cDNA microarrays
to probe for transcripts for CaMKIV and related signaling
molecules. mMRNAs were isolated, using laser capture
microdissection, from neurons in the cerebellar region
known to contribute to the horizontal VOR (Balaban
et al., 2000; Ruigrok and Voogd, 2000). We obtained
samples of the Purkinje cell (Pk) and granule cell (gc)
layers of the cerebellar flocculus (Figure 1B). This proce-
dure preserved the transcriptional identity of adjacently
located cell types, as reflected by enrichment of well-
known granule cell- and Purkinje cell-specific mRNAs
in their respective samples (Figure 1C). Transcripts for
CaMKIV were as abundant in the floccular Purkinje cell
population as in the granule cell population, which is
known to express CaMKIV at high levels (Figure 1D).
This was also true for other members of the CaMKIV sig-
naling pathway (Anderson et al., 2004; Bito et al., 1996;
Impey et al., 2002; Kimura et al., 2002; McKinsey et al.,
2000; Means et al., 1997), including elements upstream
of CaMKIV such as L-type calcium channels, calmodu-
lin-dependent protein kinase kinase (CaMKK), and
calmodulin, as well as downstream elements such as
CREB, cAMP-responsive element modulator (CREM),
histone deacetylase 5 (HDAC5), and CREB binding pro-
tein (CBP) (see Figure 1 legend). Thus, the molecular
components required for CaMKIV-dependent signaling
and plasticity were well-represented in adult Purkinje
cells in cerebellar regions that support motor learning
in the VOR. This result supports the idea that CaMKIV
plays a similar role in adult plasticity in certain regions
of the cerebellum, as it does in the cultured Purkinje
cell preparation that has provided a method for studying
the molecular mechanisms of late phase cerebellar LTD
(Ho et al., 2000).

Selective Memory Impairment for an Increase,

but Not a Decrease, in VOR Gain

We induced motor learning in the VOR by pairing head
rotation with rotation of a striped optokinetic drum.
Moving the drum in the opposite direction from the
head (gain-up stimulus; Figure 2A) caused the VOR
gain to increase adaptively, whereas moving the drum
in the same direction as the head (gain-down stimulus;
Figure 2B) caused the VOR gain to decrease. After
30 min of training, the change in VOR gain was mea-
sured, and mice were then placed in darkness for 24 hr
to prevent further adaptive changes. In mice lacking
CaMKIV, learned increases and decreases in VOR gain
were acquired no differently than in wild-type mice (Fig-
ures 2C and 2D; p > 0.80 for increases, p > 0.85 for de-
creases, unpaired t test). This fulfills the expectation
that these mutant mice would have normal learning,
and indicates that any memory impairment is not due
to disruption of the neural processing underlying the ac-
quisition of learning or the ability to perform the learned
response. In contrast to the normal acquisition of motor
learning, memory for the increase in VOR gain was im-
paired in the CaMKIV knockout mice. When the VOR
was remeasured 24 hr later, the learned increase in
VOR gain had declined significantly in the knockout
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Figure 2. Learning and Memory of Changes in VOR Gain in CaMKIV
Knockout Mice

(A) Gain-up stimulus. Optokinetic drum (dashed circle) and head
move in opposite directions, with peak drum speed equal to 50%
of peak head speed.

(B) Gain-down stimulus. The optokinetic drum moves with the same
direction and speed as the head.

(C) Change in VOR gain induced by 30 min of gain-up training, in
CaMKIV knockout (filled symbols; n = 23) and wild-type (open sym-
bols; n = 23) mice. VOR gain is normalized to initial VOR gain. The
data at time point “+24 hours” indicate the VOR gain measured after
a 24 hr memory retention period in darkness (indicated by shaded
bar). (*) indicates a significant difference between wild-type and
knockout mice at a given time point (p < 0.05, unpaired t test). Error
bars were omitted when smaller than the experimental symbols.
(D) Change in VOR gain induced by 30 min of gain-down training, and
memory retention 24 hr later (“+24 hours”), in knockout (n = 20) and
wild-type (n = 20) mice.

(E) Baseline VOR gain for CaMKIV knockout mice (filled gray bars;
n = 30) and wild-type mice (open bars; n = 30).

(F) Baseline gain of the optokinetic reflex (OKR).

(G) Peak retinal image slip velocity during tracking of gain-up and
gain-down stimuli.

Data points indicate mean + SEM.

mice relative to wild-type (“+24 hours” in Figure 2C;
p < 0.01). In striking contrast, memory for a learned de-
crease in VOR gain was intact in the knockout (“+24
hours” in Figure 2D; p > 0.95), as was memory for the
change in VOR timing associated with the decrease in
gain (see Figure S1 in the Supplemental Data). The spe-
cific forgetting of the effects of gain-up training but not
gain-down training indicates a differential use of cere-
bellar LTD or some other CaMKIV-dependent mecha-
nism for memories induced by two closely related, cer-
ebellum-dependent learning paradigms.

We performed control experiments to check whether
the observed behavioral deficits were specifically
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Figure 3. Changes in VOR Gain Induced with

Repeated Gain-Up Training Sessions
24hr Increase in VOR gain induced by three 30 min
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out (filled symbols; n = 13) and wild-type
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related to learning or merely resulted from sensory or
motor deficits that impaired task performance. In a de-
tailed examination of baseline parameters critical for
learning, no difference was found between CaMKIV
knockout and wild-type mice in baseline VOR gain (Fig-
ure 2E; p > 0.45), suggesting normal vestibular function.
Furthermore, knockout and wild-type mice were not sig-
nificantly different in the gain of the optokinetic reflex
(OKR) (Figure 2F; p > 0.60), suggesting normal visual
function. In addition, tracking of the visual stimulus dur-
ing training, and therefore any error signals provided by
the movement of the visual stimulus relative to the eye
(retinal slip), was normal for CaMKIV knockout mice for
both learning tasks (Figure 2G; p > 0.85 for gain-up,
p > 0.55 for gain-down). The normal magnitudes of
VOR, OKR, and tracking of the visual stimulus during
training indicate normal oculomotor function as well.
Along with the magnitude of each of these measures,
their time dynamics were also similar in knockout and
wild-type mice (see phase measurements in the Supple-
mental Data). Thus, the normal sensorimotor perfor-
mance of CaMKIV knockout mice suggests that the
observed difference in retention of increases and de-
creases in VOR gain reflects a true memory impairment.
In this respect, the measurements of baseline VOR,
OKR, and retinal slip buttress the central observation
that CaMKIV knockout mice acquired increases and de-
creases in VOR gain no differently than wild-type mice
(Figures 2C and 2D). From multiple perspectives, knock-
out mice were not deficient in the signal processing re-
quired for the acquisition or expression of learning.
This leads to the conclusion that the clear differences
in the retention of the motor memories must arise from
differences in the plasticity mechanisms used for storing
the motor memories.

Spaced Training Does Not Rescue Memory

for an Increase in VOR Gain

The memory for an increase in VOR gain, although
clearly impaired, was not completely abolished in the
CaMKIV knockout when remeasured after 24 hr (Fig-
ure 2C; p < 0.0001, paired t test comparing retained
VOR to pretraining VOR gain), indicating a CaMKIV-inde-
pendent component of the memory for an increase in
gain. We examined whether this component could com-
pensate for the loss of the CaMKIV-dependent compo-
nent of an increase in gain with the help of additional
training sessions. In CREB mutant mice, repeated train-
ing has been shown to restore spatial memory retention
to normal levels, despite impairments in memory after

and knockout mice at a given time point
90 (p < 0.05, unpaired t test). Data points indi-
cate mean = SEM.

limited training or training with brief intertrial intervals
(Kogan et al., 1997). In addition, a recent study suggests
that cerebellum-dependent adaptation of the OKR is
less dependent on plasticity in the cerebellar cortex
and more dependent on changes in the vestibular nu-
cleus after multiple days of training as compared with
a single training session (Shutoh et al., 2006). Accord-
ingly, we exposed mice to additional training sessions
with the gain-up stimulus. After three gain-up training
sessions separated by 24 hr intervals, memory for an in-
crease in gain was still impaired in the CaMKIV knockout
mice compared to wild-type mice (Figure 3; p < 0.05
after both the second and third retention periods, un-
paired t test). The knockout mice repeatedly reacquired
an increased VOR gain during successive training pe-
riods, only to lose the increase over the next 24 hr reten-
tion interval. Despite the significant forgetting after each
24 hr interval, the gains observed at the 24 hr retention
time points were still significantly higher than baseline
VOR gain (p < 0.05 for all genotypes/time points, paired
t test). This spared component suggests that a CaMKIV-
independent mechanism contributes to the increase in
gain. However, the fact that the spared component of
motor memory was still significantly smaller in the
knockout mouse than in the wild-type mouse, even after
multiple days of training, suggests that CaMKIV makes
an essential contribution to the persistent memory for
an increased VOR gain.

Reducing Training Stimulus Frequency Rescues
Memory for an Increase in VOR Gain

Although multiple training sessions with the same stim-
ulus could not rescue the impairment of increases in
VOR gain, we found that increases in gain could be
made CaMKIV-independent by reducing the rotational
frequency of the training stimulus used to induce learn-
ing (Figure 4). This experiment was prompted by previ-
ous behavioral and electrophysiological observations
in monkeys suggesting that the mechanism of VOR
memory storage may vary with training stimulus fre-
quency (Raymond and Lisberger, 1996, 1998). In addi-
tion to the 1 Hz sinusoidal head and image rotation
used in Figures 1-3, we tested both higher (2 Hz) and
lower (0.5 Hz, 0.66 Hz) frequencies. As observed at
1 Hz, CaMKIV knockout mice displayed normal acquisi-
tion of motor learning after 30 min of gain-up training at
the other stimulus frequencies, which was not signifi-
cantly different from their wild-type counterparts (Fig-
ure 4A; p > 0.25 for 0.5 Hz, p > 0.65 for 0.66 Hz, p >
0.05 for 2 Hz). However, a clear frequency-dependence
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of memory emerged when the learned increases in VOR
gain were remeasured 24 hr later (Figure 4B). With 2 Hz
stimuli, similar to the 1 Hz case described above, there
was partial sparing of the memory for the increase in
VOR gain (p < 0.0001; paired t test comparing retained
VOR to pretraining VOR gain); however, VOR gain de-
clined significantly in knockout mice relative to wild-
type mice (Figure 4B; p < 0.0125). In contrast, for the
lower training frequencies (0.5 Hz, 0.66 Hz), the learned
increase in VOR gain was intact in the knockout 24 hr
after training (Figure 4B; p > 0.45 knockout versus
wild-type for 0.5 Hz, p > 0.65 for 0.66 Hz). We also found
no difference between wild-type and knockout mice for
gain-down learning or memory at any of these four stim-
ulus frequencies (Figure S2). The selective retention of
increased VOR gain at 0.5 Hz and 0.66 Hz indicates
that the reliance on CaMKIV is not universal even for
all forms of gain-up training, but is restricted according
to the training stimulus frequency.

None of the sensory or motor performance parame-
ters were significantly different between knockout and
wild-type mice, including baseline VOR gain (Figure 5A;
p>0.15for 0.5 Hz, p > 0.60 for 0.66 Hz, p > 0.35 for 2 Hz),
OKR gain (Figure 5B; p > 0.85 for 0.5 Hz, no data for
0.66 Hz, p > 0.80 for 2 Hz), or retinal slip (Figure 5C, p >
0.50 for 0.5 Hz, p > 0.50 for 0.66 Hz, p > 0.85 for 2 Hz)
during gain-up training. Accordingly, the frequency-
dependence of the effect of CaMKIV deletion cannot

frequency (Hz)

(B) Motor memory retention 24 hr after gain-
up training with 0.5, 0.66, 1, or 2 Hz stimuli.
(*) indicates a significant difference between
wild-type and knockout mice at a given time
point (p < 0.05/4 = 0.0125, Bonferroni-
corrected t test).

Data points indicate mean + SEM.

be attributed to a difference in baseline sensory or motor
performance or available error signals.

We noted, however, that in both wild-type and knock-
out mice, VOR gains were, on average, lower immedi-
ately after the end of 0.5-Hz gain-up training than 24 hr
later (Figures 4A and 4B). This suggested that 0.5 Hz ro-
tation could be inducing VOR habituation, as had been
reported to result from low-frequency rotation in earlier
work (Dow and Anastasio, 1996; Jager and Henn,
1981), including a study in mice (Stahl, 2004). VOR habit-
uation is thought to depend on the vermis (Torte et al.,
1994), where CaMKIV expression is low in the Purkinje
cells but high in the granule cells. If this habituation
were different between CaMKIV knockout and wild-
type mice, such a difference could potentially mask or
masquerade as a difference in the adaptive changes in-
duced by paired visual and vestibular stimuli. Accord-
ingly, we tested whether 30 min of head rotation in the
absence of a visual stimulus had any transient and/or
prolonged effect on VOR gain. We found that 30 min of
head rotation in the dark at 0.5 Hz did indeed induce
habituation of the VOR, but this habituation did not differ
between wild-type and knockout mice (p > 0.95, Fig-
ure 6A). In addition, there was no long-term retention
of the habituation; 24 hr later; both wild-type and knock-
out mice had recovered to their baseline VOR gain (p >
0.30 for both, paired t test comparing retained VOR to
pretraining VOR gain), and there was no difference
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Figure 5. Sensory and Motor Performance Controls

frequency (Hz)

frequency (Hz)

(A) Baseline VOR gain for 0.5, 0.66, 1, or 2 Hz rotation in CaMKIV knockout (filled symbols; n = 21 for 0.5 Hz, n = 20 for 0.66 Hz, n = 23 for 1 Hz, n =25
for 2 Hz) and wild-type (open symbols; n = 23 for 0.5 Hz, n = 18 for 0.66 Hz, n = 23 for 1 Hz, n = 23 for 2 Hz) mice.

(B) Baseline OKR gain.

(C) Peak retinal image slip velocity during tracking of gain-up stimulus.

Data points indicate mean = SEM.
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(A) Changes in VOR gain induced by 30 min of
0.5 Hz head rotation in the dark, for CaMKIV
knockout (filled symbols; n = 14) and wild-
type (open symbols; n = 12) mice.
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between wild-type and knockout mice (p > 0.25, un-
paired t test). Thus, no genotypic difference in habitua-
tion at 0.5 Hz could mask a difference between knockout
and wild-type mice in adaptive learning. A smaller
degree of habituation was observed with 30 min of
1 Hz rotation in the dark (Figure 6B), consistent with ear-
lier reports that VOR habituation is reduced at higher fre-
quencies (Dow and Anastasio, 1996; Jager and Henn,
1981). 24 hr later, this habituation recovered to baseline
levels (p > 0.10 for wild-type, p > 0.20 for knock-
out, paired t test). Once again, neither the habituation
observed at 30 min nor its retention differed between
wild-type and knockout mice (p > 0.85 for habituation
measured at 30 min, p > 0.65 for the habituation mea-
sured 24 hr later, unpaired t test). Therefore, habituation
of the VOR is CaMKIV-independent, and hence cannot
explain our finding of a selective impairment of the
memory for adaptive VOR gain increases, but not gain
decreases, at high training frequencies.

Discussion

We have performed a rigorous test of the idea that the
cerebellar circuit stores all motor memories via stereo-
typed usage of its plasticity mechanisms (Albus, 1971;
Marr, 1969). We found that the plasticity-mediating ki-
nase CaMKIV was selectively engaged for memories of
increases, but not decreases, in VOR gain. Furthermore,
alteration of the training stimulus frequency could com-
pletely alter the CaMKIV dependence of motor memory
storage for an increase in VOR gain. Our results there-
fore challenge the assumption that a universal plasticity
mechanism (or set of mechanisms), applied in a stereo-
typed fashion to appropriate synapses, mediates the
storage of all cerebellum-dependent memories. Below,
we discuss two key conclusions that emerge from our
data: (1) task-selective usage of plasticity mechanisms
may be an important, general property of memory
storage systems, and (2) for the case of the cerebellum,
parallel fiber-Purkinje cell LTD may play a specific, cir-
cumscribed role in memory encoding.

Task-Selective Mechanisms of Memory Storage

The classical model of Ito attributed both an increase
and a decrease in VOR gain to a single synaptic plastic-
ity mechanism by suggesting that cerebellar LTD oper-
ates independently on parallel fibers that are active at
different times during the VOR (Ito, 1982). Specifically,
this model suggested that LTD of parallel fibers firing

§ (B) Changes in VOR gain induced by 30 min of
g 1 Hz head rotation in the dark, for CaMKIV
knockout (closed symbols; n = 8) and wild-
—H— type (open symbols; n = 8) mice.
30 h:;%?s Data points indicate mean + SEM.

training time (min)

during ipsiversive head turns would mediate an increase
in VOR gain, whereas LTD of parallel fibers firing during
contraversive head turns would mediate a decrease in
VOR gain. However, behavioral differences between in-
creases and decreases in the gain of the VOR (Boyden
and Raymond, 2003; Cohen et al., 2004; Kuki et al.,
2004; Miles and Eighmy, 1980) suggested that these mo-
tor memories might be stored with different plasticity
mechanisms (Boyden and Raymond, 2003). This predic-
tion was borne out here by our finding of a key molecular
difference between the way increases and decreases in
the gain of the VOR are stored—namely, that they are af-
fected differentially by CaMKIV deletion. The dissocia-
tion between the effects of CaMKIV disruption on in-
creases and decreases in VOR gain, and between the
effects on increases in VOR gain induced at different
training frequencies, leads to a clear conclusion: in-
creases in gain induced with high-frequency training
must engage different cellular/molecular plasticity
mechanisms than those recruited by decreases in gain
orincreases in gain induced with low-frequency training.
It is important to note that this central conclusion about
task-selective usage of plasticity mechanisms in the
VOR circuit holds even if CaMKIV deletion causes addi-
tional neural changes beyond disruption of cerebellar
LTD. This finding requires the revision of old models
that attributed a universal role in motor learning and
memory to specific cellular/molecular plasticity mecha-
nisms such as cerebellar LTD: plasticity mechanisms
within the VOR circuit are selectively recruited during
certain training paradigms and not others.

Is task-selective plasticity a general feature of mem-
ory storage systems? There is tantalizing evidence for
such specific memory mechanisms in the hippocampus,
based on mutant mouse studies (Bach et al., 1995; Pe-
ters et al., 2003). Deletion of CaMKKGp, a kinase upstream
of CaMKIV, affected spatial long-term memory but not
contextual fear memory, despite the hippocampal de-
pendence of both learning paradigms (Peters et al.,
2003). However, this finding appears to conflict with
other work (Abel et al., 1997; Wong et al., 1999), includ-
ing a study showing that CaMKIV impairment in the fore-
brain affects contextual fear conditioning (Kang et al.,
2001). In such complex behaviors, it is possible that
multiple aspects of memory processing, including the
storage, consolidation, and even retrieval of memories
could depend on details of the training. More studies
are needed to resolve these questions and to put the
behavioral findings in the context of circuit function.
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Cerebellar LTD as a Task-Selective

Plasticity Mechanism

Although the general limitations of molecular interven-
tional approaches preclude incontrovertible conclu-
sions regarding the specific role of cerebellar LTD in
VOR learning, our results are nevertheless highly sug-
gestive. Earlier studies of motor learning in mice lacking
LTD induction obtained inconsistent results: some stud-
ies reported more dramatic impairments than others,
with the majority reporting greater impairment than we
detected in the CaMKIV knockout (Aiba et al., 1994;
De Zeeuw et al., 1998; Feil et al.,, 2003; Ito, 1982;
Koekkoek et al., 2003; Li et al., 1995; Nagao and lIto,
1991; Shibuki et al., 1996; Van Alphen and De Zeeuw,
2002; Welsh et al., 2005). It is possible that the experi-
ments that found greater behavioral impairments dis-
rupted not only LTD itself, but also the patterns of spik-
ing activity important for the induction of plasticity at
other sites in the circuit (Hansel and Linden, 2000; Maffei
et al., 2003; Smith and Otis, 2003; Wall, 2003). Here we
minimized such complications by focusing on a mutant
with normal induction but impaired persistence of LTD.
The behavioral results in these mice paralleled the LTD
physiology: removing CaMKIV selectively disrupted
memory while sparing the acquisition of learning across
all the motor tasks we examined, even those that en-
gaged CaMKIV for memory storage. This allowed us
to distinguish between memories that were preserved
and those that were forgotten, in the absence of
confounding factors that disrupt the acquisition or
expression of learning, making it more likely that the
behavioral deficits observed can be attributed to the
disruption of long-lasting cerebellar LTD, rather than
other, nonspecific effects of the mutation.

Our results provide partial support for the classical hy-
pothesis that cerebellar LTD mediates motor memory
(Albus, 1971; Ito, 1982; Marr, 1969), since the CaMKIV
knockout mice, which lack long-lasting cerebellar LTD,
forget increases in VOR gain relative to wild-type mice.
However, in these same mice, other motor memories
are completely spared, which suggests a circumscribed
role of LTD in motor memory storage as opposed to the
universal role assumed in most accounts of cerebellar
function.

A New Model: Combinatorial Selection of Plasticity
Mechanisms for Cerebellar Memory Storage

Prior behavioral experiments and in vivo electrophysio-
logical recording studies laid the groundwork for our
current analysis of cerebellar memory storage. The
role we have delineated for cerebellar LTD allows us to
synthesize prior and current results into a unifying model
of cerebellar operation for multiple changes in the VOR
(Figure 7).

Previous measurements of the vestibular sensitivity of
Purkinje cells in the VOR circuit suggested that the ves-
tibular parallel fiber input to Purkinje cells is greatest
during ipsiversive head movement (Lisberger and
Fuchs, 1978; Lisberger et al., 1994; Miles et al., 1980;
Pastor et al., 1997; Raymond and Lisberger, 1997; Stone
and Lisberger, 1990). This observation raised the possi-
bility that LTD of the prevailing, ipsiversive-responding
(vestibular type |) parallel fibers could make a bigger
contribution to increases in VOR gain than LTD of the

vestibular

input visual

input

eye
movement

=P neural pathway in VOR circuit
+ = P instructive signal guiding plasticity
gain-up
gain-down
\ CaMKIV-dependent plasticity
Q\ CaMKIV-independent plasticity

Figure 7. Selective Engagement of Plasticity Mechanisms for Cere-
bellar Memory Storage

A model that integrates previous and current behavioral and physi-
ological data. Solid lines indicate the brainstem (vestibular input —
medial vestibular nucleus (mvn) — eye movement) and cerebellar
(vestibular input — granule cells (gc)/parallel fibers (pf) — Purkinje
cells (Pk) — mvn) pathways for the VOR. Candidate neural instruc-
tive signals (dashed lines), which convey information about the re-
quired direction of learning, include the Purkinje cells and the climb-
ing fibers (cf) from the inferior olive (io) (Ito, 1982; Miles and
Lisberger, 1981). These two signals could regulate plasticity at dif-
ferent sites (gray ovals) in the VOR circuit. Purkinje cells carry infor-
mation about the required direction of learning for low training stim-
ulus frequencies only, whereas climbing fibers carry instructive
signals during both high- and low-frequency training (Raymond
and Lisberger, 1998). Thus, during low-frequency training, Purkinje
cells could induce CaMKIV-independent plasticity (open lightning
bolts) in the mvn, whereas during high-frequency training, learning
would rely on climbing fiber-triggered plasticity in the cerebellum.
CaMKIV-dependent (filled lightning bolts) pf-Pk LTD (Ahn et al.,
1999; Ho et al., 2000) could increase VOR gain (red), and CaMKIV-
independent (open lightning bolts) pf-Pk LTP (Lev-Ram et al.,
20083; Salin et al., 1996) could decrease VOR gain (blue).

weaker input from contraversive-responding (vestibular
type ll) parallel fibers could make to decreases in VOR
gain. This prediction was confirmed by our finding of
no significant impairment of decreases in VOR gain in
the LTD-deficient mice. How is the decrease in VOR
gain implemented? Behavioral studies of the reversal
properties of increases and decreases in VOR gain (Boy-
den and Raymond, 2003; Cohen et al., 2004; Kuki et al.,
2004; Miles and Eighmy, 1980) led us to formulate
a model in which LTD of ipsiversive-responding vestib-
ular parallel fibers supported increases in VOR gain,
whereas LTP of the same set of synapses supported de-
creases in VOR gain (Boyden and Raymond, 2003). The
plausibility of this model was bolstered by the discovery
that both LTD and LTP exist at parallel fiber-Purkinje
cell synapses, and that they have different reversal
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properties (Coesmans et al., 2004; Lev-Ram et al., 2003).
Our study of the CaMKIV knockout is consistent with the
inverse-mechanism model, since the disruption of LTD
selectively disrupted increases, but not decreases, in
VOR gain. One potential caveat is that the CaMKIV inde-
pendence of parallel fiber LTP, assumed in the current
model, has not been tested; further experiments may re-
quire revision of the model. Note also that increases in
gain induced with high-frequency stimuli were partly
spared in the CaMKIV knockout, suggesting that
CaMKIV-dependent mechanisms such as cerebellar
LTD are only a subset of the changes supporting these
memories.

Our finding that high-frequency-induced increases in
gain were impaired in the CaMKIV knockout, whereas
low-frequency-induced changes were spared, provides
support for a second idea raised by earlier studies:
memories produced by high- and low-frequency train-
ing use plasticity mechanisms at different sites in the
VOR circuit. Behavioral differences in the generalization
of changes induced with high- versus low-frequency
training stimuli hinted that different plasticity mecha-
nisms were engaged at different training frequencies
(Kimpo et al., 2005; Raymond and Lisberger, 1996). Sub-
sequent electrophysiological recordings of candidate
neural instructive signals provided additional evidence
that the neural instructive signals controlling the induc-
tion of plasticity in vivo might vary with the rotational
frequency of the training stimulus (Raymond and
Lisberger, 1998). The induction of cerebellar LTD is
controlled by climbing fibers, whereas plasticity in the
vestibular nuclei may be controlled by the output from
the Purkinje cells (Miles and Lisberger, 1981). At high fre-
quencies, the climbing fibers, but not Purkinje cells,
carry information about the required direction of learn-
ing, implicating climbing fiber-triggered cerebellar LTD
in learning under such conditions. At low frequencies,
however, both climbing fibers and Purkinje cells convey
instructive signals, raising the possibility that learning
could be mediated preferentially by Purkinje cell-trig-
gered plasticity in the vestibular nuclei, and could be
less-dependent on cerebellar LTD. Indeed, we observed
completely intact VOR memory at low frequencies, lend-
ing support to the idea that plasticity could be preferen-
tially engaged in the vestibular nuclei during low-
frequency VOR training (Figure 7).

Our results from the CaMKIV mutant mouse provide
amolecular basis for understanding several prior behav-
ioral and physiological results in the context of a cohe-
sive model of cerebellar operation. The task-selective
use of plasticity mechanisms may allow for multiple
strategies of information encoding, each appropriate
for the specific demands of a particular training condi-
tion or instance of memory storage.

Experimental Procedures

Behavioral experiments were performed on 93 CaMKIV knockout
mice (backcrossed >12 generations to C57BL/6 mice from Charles
River Labs [Wilmington, MA] and bred in the Stanford Research An-
imal Facility) and 88 wild-type mice on the C57BL/6 background
(from Charles River Labs), 8 to 16 weeks old. All procedures were ap-
proved by the Stanford Administrative Panel for Laboratory Animal
Care (APLAC). All experiments were done blind to mouse genotype.
Protocols for mouse headpost and eye coil surgery, experimental

equipment, and behavioral protocols were similar to those de-
scribed previously (Boyden and Raymond, 2003).

Surgical Protocols

Mice were anesthetized and three screws were implanted in the
skull. An 80 turn copper scleral search coil was implanted under
the conjunctiva of the eye, and held in place with n-butyl cyanoacry-
late glue (Vetbond). Eye coils allow stable and repeatable precision
in the measurement of mouse eye movements, over timescales from
milliseconds to days (Boyden and Raymond, 2003), and coil
methods are therefore particularly reliable for measuring learning-
and memory-related changes in the VOR (Coesmans et al., 2003;
De Zeeuw et al., 1998; Kimpo et al., 2005; Kistler et al., 2002; Koek-
koek et al., 1997; van Alphen et al., 2001). The twisted wire leads
were threaded through the top of the eye, emerging from under
the scalp near bregma, and soldered to a 2 pin connector. This con-
nector and a plastic headpost (placed approximately over lambda)
were cemented with dental acrylic to the screws.

Equipment

During each behavioral experiment, the head of the mouse was im-
mobilized by placing it in a custom-made restrainer to which its
headpost was fixed. Vestibular stimuli were delivered to the mouse
by rotating this restrainer, which was mounted on a computer-
controlled turntable (Carco IGTS, Pittsburgh, PA). Optokinetic stim-
uli were applied by rotating a hemispherical drum (30 cm in diameter,
white with black vertical stripes subtending 7.5° visual angle),
mounted on a motor with shaft encoder. The drum was backlit by
two 60 watt bulbs placed approximately six inches outside the
drum. A silvered acrylic mirror was placed under the mouse to
provide nearly full-field visual motion. Magnetic field coils (CNC
Engineering, Seattle, WA) fixed to the turntable provided the signals
for measuring eye position using the mouse’s scleral search coil.

Behavioral Protocols

On the sixth day after surgery, each mouse was acclimatized to head
restraint for two 15 min sessions. During the first of these sessions,
the mouse’s scleral search coil was calibrated by rotating the mag-
netic field coils sinusoidally (+10°/s peak velocity) around the
mouse, which was held stationary in darkness. During the second
15 min acclimatization session, the VOR gain, OKR gain, and eye
movement responses to the gain-up and gain-down stimuli were
measured.

The VOR gain was measured by delivering 0.5, 0.66, 1, or 2 Hz
+10°/s peak velocity sinusoidal turntable rotations in the dark. Mea-
surements were taken in 30 s blocks. Any cycle containing a saccade
or motion artifact was deleted from the analysis. Head and eye ve-
locity traces were aligned on the zero crossings of head velocity,
and then averaged. Fourier analysis was then used to extract ampli-
tude and phase from the averaged traces (Boyden and Raymond,
2003). The VOR gain was calculated to be the ratio of the eye velocity
amplitude to the head velocity amplitude, and the VOR phase was
calculated to be the eye velocity phase minus the head velocity
phase, minus 180°. A perfectly compensatory VOR would thus
have a phase of zero. We adopt the sign convention that negative
phase indicates peak eye velocity preceding peak head velocity,
and positive phase indicates peak eye velocity following peak
head velocity (note that this is opposite to the sign convention
used in Boyden and Raymond, 2003). The OKR gain was measured
by delivering 0.5, 1, or 2 Hz +10°/s peak sinusoidal rotation of an il-
luminated striped optokinetic drum, and calculated as the ratio of
averaged eye velocity amplitude to averaged drum velocity ampli-
tude.

We induced motor learning in the VOR by pairing head rotation
with rotation of the optokinetic drum. The gain-up stimulus con-
sisted of +10°/s peak velocity, sinusoidal turntable rotation paired
with oppositely directed +5°/s, sinusoidal drum rotation (with both
speeds measured relative to the external world; Figure 2A). This con-
figuration is sometimes referred to as an x1.5 stimulus. For the gain-
down stimulus, the illuminated drum was held stationary relative to
the mouse, while +£10°/s sinusoidal turntable rotation was delivered
(Figure 2B). This configuration is sometimes referred to as an x0
stimulus. The frequency of the sinusoidal rotation for gain-up and
gain-down stimuli was 0.5, 0.66, 1, or 2 Hz. Habituation experiments
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involved +£10°/s sinusoidal turntable rotation in the dark at either 0.5
or 1 Hz. For each training session, mice were trained in three 10 min
periods. After each 10 min period, the VOR was measured during
two 30 s blocks of turntable rotation in the dark. In between the
two blocks, a bright light lasting approximately 1/6 s was flashed
to maintain animal alertness, followed by an 8 s pause before begin-
ning the second block of eye movement measurement (Boyden and
Raymond, 2003). The two blocks were averaged in a weighted fash-
ion so that each cycle would make equal contributions to the final
value of the VOR. In addition, measurements were made of the eye
movements in the presence of the gain-up or gain-down stimuli at
the beginning of the first 10 min training period. Retinal image slip
was calculated by extracting the amplitude and phase from the av-
eraged difference between optokinetic drum velocity and eye move-
ment velocity. To test memory retention, mice were transferred to
a completely dark chamber for 24 hr periods following training.
The transfer itself was also done in darkness; the investigator
wore night vision goggles.

Some mice were run on more than one experiment, in which case
mice were allowed to rest in their home cage with normal light-dark
cycles until VOR gain had recovered to normal (at least 2 days after
training, which allowed the gain to return to its naive value; Boyden
and Raymond, 2003; Kimpo et al., 2005). For these mice, experiment
order was randomized. No mouse was run on the same experiment
more than once. All VOR data acquired during learning were normal-
ized by dividing by the mouse’s baseline VOR, measured at the be-
ginning of the experiment. Phase changes during learning were
measured with respect to each mouse’s initial phase. Raw values
of baseline VOR gain and phase are shown in Figures 2 and 5 and
Figure S1.

We excluded from the analysis any experiments in which VOR
gains were unreliable because too few sinusoidal cycles of eye
movement remained for averaging after exclusion of cycles contain-
ing saccades or motion artifacts at either of two critical time points—
the beginning of the experiment (which provides the baseline VOR to
which all subsequent measurements were normalized) or the end of
the experiment (which provides the critical 24 hr memory retention
time point). The threshold value for exclusion was that less than 5 cy-
cles were collected for a 0.5 or 0.66 Hz experiment, or that less than
10 cycles were collected for a 1 or 2 Hz experiment. This criterion re-
sulted in the exclusion of 5 experiments from analysis out of a total
of 288 experiments conducted—one 2 Hz gain-up wild-type, one
0.5 Hz gain-up knockout, one 0.66 Hz gain-up wild-type, one
0.66 Hz gain-down knockout, and one 0.5 Hz dark rotation wild-type.

Immunostaining

Adult (8- to 16-week-old) wild-type C57BL/6 mice were perfused
with 0.5% heparin in room temperature PBS, followed by cold 4%
paraformaldehyde, at a rate of 10 mL/min for 30 min. The cerebellum
was removed and postfixed overnight, then cut into 50 um coronal
sections in PBS with a Vibratome. Slices were permeabilized with
0.25% Triton and 100 mM glycine, blocked in donkey serum, then
stained with goat-anti-CaMKIV (Santa Cruz Biotechnology) and
To-Pro-3. Slices were mounted with Vectashield, and different re-
gions of the cerebellum were imaged on a Zeiss LSM510 confocal
with a 40x objective (optical section 1 um). Maximum intensity pro-
jections 10 um thick were created for the sample images in Figure 1.
Quantitation of CaMKIV in Purkinje cell nuclei was performed by
identifying Purkinje cell nuclei in single optical sections by their char-
acteristic appearance with To-Pro-3 staining and normalizing the
signal to CaMKIV staining in the molecular layer of that same optical
section. No CaMKIV staining was observed in CaMKIV knockout
mice. Statistics were done with Excel.

Microarray Procedures

Thirty-five adult (8- to 16-week-old) C57BL/6 mice (which had under-
gone previous behavioral protocols) were anesthetized with isoflur-
ane, and the brains were removed quickly, embedded in OCT, and
frozen in a dry ice-ethanol mixture. The interval between decapita-
tion and complete freezing was <3 min. The brain was warmed up
to —20°C and cut into 10-14 um sections with a cryostat. Serial cor-
onal sections were placed on slides, dipped in 100% ethanol, and
stained with hematoxylin and eosin, followed by both dehydration
with increasing concentrations of ethanol and finally xylene.

We focused on two cell types, the Purkinje and granule cells of the
dorsal flocculus. We used an Arcturus PixCell Il laser capture micro-
dissection scope to capture cells from the appropriate areas, ob-
taining ten samples per cell type per mouse. We estimate that
each Pk sample contained about 50-100 Purkinje cells, and that
each gc sample contained a few thousand granule cells. Granule
cell samples were captured before Purkinje cell samples to reduce
contamination of the smaller Purkinje cell samples by granule cell
material. Samples were removed with lysis buffer (Qiagen) and
then kept at —80°C. For each mouse, all the samples of a given
cell type were pooled; samples from different mice were not pooled.

Total RNA was isolated using RNEasy kits (Qiagen) and amplified
in two rounds of in vitro transcription (IVT) (Ambion). IVT-amplified
samples were hybridized to microarrays if the end product after
the second amplification round was of concentration >0.2 pg/ul,
and at least ten times the negative control signal (measured after
two amplification rounds of a null sample). Due to the small starting
sample sizes, samples often were rejected due to insufficient quan-
tity for hybridization: thus, 18/35 granule cell samples and 23/35
Purkinje cell samples survived this quality control process and
were subsequently run on arrays (41 total).

Mouse cDNA microarrays (“MM arrays”) were obtained from the
Stanford Functional Genomics facility (http://www.microarray.
org/). We used a “type II” experiment design, where all samples
were hybridized against a common reference sample. The reference
sample comprised mRNA extracted from neonatal and adult brain
and liver, twice amplified. We used standard protocols for cDNA la-
beling, array hybridization, washing, scanning, and data analysis
(http://cmgm.stanford.edu/pbrown/protocols/index.html). Briefly,
6 ng of amplified RNA was reverse transcribed with random hexam-
ers and Superscript Il (Invitrogen), labeled with Cy5-dUTP. The am-
plified brain-liver RNA was reverse transcribed, labeled with Cy3-
dUTP. The labeled sample and reference were hybridized for 17 hr
on the arrays, then washed and scanned on a GenePix scanner.
Spots were analyzed semiautomatically with GenePix 3.0 (Axon In-
struments). We used standard criteria for spot quality: spots with
red-green regression correlation <0.6 or signal/background ratio
<2.5 were not used. We extracted the difference between the
mean signal and the mean background (defined as the region out-
side the spot, with a radius 3x the radius of the spot) for both the
Cy5 and Cy3 channels, and computed the resultant Cy5/Cy3 ratio.
Each array was normalized by setting the mean of the Cy5/Cy3 ra-
tios, over all spots on the array, to be 1. Statistical analysis was car-
ried out by applying an unpaired, two-tailed t test without Bonferroni
correction (Excel) to genes of interest, an appropriate test since only
preselected genes were analyzed (Piedras-Renteria et al., 2004). If
more than one spot was present on the array for a given gene,
data were pooled across spots. All raw and processed data is pub-
lished on the Stanford Microarray Database (http://genome-www.
stanford.edu/microarray).

Statistics

All statistics were performed using Excel (t tests, paired or unpaired)
and Statview (ANOVA). The t test was used to compare CaMKIV ver-
sus wild-type data, using a criterion for significance of p < 0.05.
Whenever all four training frequencies were considered (e.g., Fig-
ures 4 and 6, and Figure S2), we utilized a Bonferroni-corrected
threshold p value for declaring significance (p < 0.05/4 test frequen-
cies = 0.0125). None of our conclusions about which genotypic
differences in memory retention are significant and which are not
significant are dependent on whether the p values were Bonfer-
roni-corrected. The results from the t tests are also consistent with
the values obtained from a two-factor ANOVA (see the Supplemental
Data), which confirmed our conclusion that the CaMKIV depen-
dence of gain-up memory was frequency selective.

Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/51/6/823/DC1/.
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