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Classical conditioning of the nictitating membrane response in rabbits is a well defined model of cerebellar-dependent motor memory.
This memory undergoes a period of consolidation after the training session, when it is sensitive to reversible inactivations of the
cerebellar cortex, but not of the cerebellar nuclei, with the GABAA receptor agonist muscimol. Here, the temporal properties of this
cerebellar cortex-dependent consolidation were examined using delayed infusions of muscimol in cortical lobule HVI. Cortical infusions
delayed by 5 or 45 min after a conditioning session produced significant and very similar impairments of consolidation, but infusions
delayed by 90 min produced little or no impairment. Behavioral measures indicate that the muscimol infusions produced significant
effects after �30 min and they lasted for a few hours. So, over a time window beginning �1 hr after the end of the training session and
closing 1 hr after that, intracortical activity is critical for consolidation of this motor memory.
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Introduction
Many forms of motor learning are critically dependent on the
cerebellum, but it is still unclear how motor memories are formed
and stored within the cerebellar circuitry. Classical conditioning
of the rabbit eyeblink and nictitating membrane response (NMR)
is a useful model of cerebellar-dependent learning. Local, revers-
ible inactivations of specific cerebellar cortical (Attwell et al.,
2001), cerebellar nuclear (Krupa et al., 1993), or olivary (Welsh
and Harvey, 1998) regions during training all prevent the acqui-
sition of eyeblink NMR conditioning, as measured by an absence
of conditioned responses (CRs) after recovery from the
inactivations.

Failures to acquire and express CRs while discrete regions of
the cortex, nuclei, or olive are dysfunctional, however, do not
necessarily indicate that memory storage is distributed across all
of these levels. Following a plan common to all parts of the cere-
bellum (Voogd and Glickstein, 1998), these regions are con-
nected to form an olivo-cortico-nuclear eyeblink control module
(Yeo and Hesslow, 1998), and potent regulation of olivo-cortical
transmission by an inhibitory nucleo-olivary feedback (Anders-
son et al., 1988) completes an olivo-cortico-nucleo-olivary
(OCNO) loop. Thus, pharmacological manipulation at any node
disturbs activity throughout the loop. So the equivalence of cor-
tical, nuclear, and olivary inactivations in preventing the acqui-

sition of NMR conditioning points to a requirement for a fully
functional OCNO loop but does not localize the plasticity.

Recently, however, cortical and nuclear functions in condi-
tioning have been dissociated by manipulating post-training,
consolidation processes. Inactivation of neurons in cortical lob-
ule HVI, using the GABAA receptor agonist muscimol, immedi-
ately after each of four training sessions prevented the develop-
ment of CRs, but similar post-training inactivation of the
anterior interpositus nucleus did not (Attwell et al., 2002a). So
normal activity around the OCNO loop is important for the ac-
quisition of this motor memory but not for its consolidation.
Thus, intrinsic cerebellar cortical processes are implicated in the
consolidation, consistent with long-standing proposals that mo-
tor learning relies on plasticity in the cerebellar cortex (Marr,
1969; Albus, 1971; Ito, 1982). What post-encoding processes
within the cerebellar cortex are sensitive to manipulations of
GABA transmission and are essential for memory formation?

A first step in answering this question is to define the temporal
properties of these cortical consolidation processes. A consolida-
tion time window has been identified for rabbit NMR condition-
ing using systemic post-training drug treatments (Scavio et al.,
1992), and although they would not have selectively affected cer-
ebellar processes, they suggest a time window during which con-
solidation of NMR conditioning is sensitive to these drugs and
that closes �2 hr after a training session.

Here we identify the onset and offset of the cerebellar cortical,
GABA-sensitive consolidation processes (Attwell et al., 2002a) by
delaying the delivery of cortical muscimol infusions to allow pe-
riods within which consolidation might occur. We reveal a dis-
crete time window for consolidation processes mediated by the
cerebellar cortex and essential for the formation of a motor
memory.
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Materials and Methods
Experimental and control groups
In our previous study (Attwell et al., 2002a), cerebellar cortical lobule
HVI was inactivated 5 min after conditioning sessions. To make compar-
isons with those data, all protocols here were identical to those of the
previous study, except that post-training inactivations were delayed by
45 or 90 min. Data from the previous (5 min delay) subjects are presented
here again to enable comparison and further statistical analysis. Vehicle
infusion controls include those from the previous study together with
three additional subjects. All procedures conformed to UK Home Office,
Animal Procedures regulations.

Surgery
Male Dutch belted rabbits (2.0 –2.2 kg) were implanted with a guide
cannula directed toward the right cerebellar cortical lobule HVI (n � 27).
After intubation under fentanyl/fluanisone anesthesia (0.1/5.0 mg/kg,
i.m.), supplemented with benzodiazepam (0.5 mg/kg, i.v.), each subject
received mannitol (10 –20 ml, i.v.; 1 ml/min) and enrofloxacin antibiotic
(20 mg, i.p.). The rabbit’s head was placed in a head holder, and anesthe-
sia was maintained throughout the operation using halothane
(1.5–2.5%) in a nitrous oxide/oxygen mixture (1:3). The scalp was re-
flected, and bone and dura were removed to expose the right cerebellar
cortex. A 26 ga stainless steel cannula guide (Plastics One, Roanoke, VA)
was then implanted by visual inspection just below the surface of the
lobule. The cannula guide was fixed to the skull with dental cement, and
the scalp was sutured around the implant. Each animal received analgesic
and antibiotic cover for 3 d after the operation (buprenorphine hydro-
chloride, 0.1 mg/d, and enrofloxacin, 20 mg/d). All subjects were housed
individually, allowed food and water ad libitum, and maintained on a 12
hr light/dark cycle for at least 1 week before surgery and throughout the
experiment.

Conditioning protocols
The apparatus and techniques used for conditioning experiments were
similar to those first developed by Gormezano et al. (1962) and have been
described previously (Yeo and Hardiman, 1992). In each subject a mono-
filament loop was sutured in the right nictitating membrane under local
anesthesia (proxymetacaine hydrochloride, 0.5% w/v). Subjects were
held in a close-fitting Perspex restraining stock, and a low-torque poten-
tiometer was attached to the head by clips around the ears and muzzle.
Each subject was placed in a ventilated, sound-attenuating chamber fac-
ing a centrally mounted loudspeaker. The conditioned stimulus (CS) was
a 1 kHz sine wave tone of 410 msec duration and an intensity of 81 dB
(A-scale). Background noise produced by ventilation fans was 57 dB
(A-scale). The unconditioned stimulus (US) was periorbital electrical
stimulation (60 msec train of three biphasic pulses of intensity 2 mA)
through stainless steel clips attached to the skin, one immediately behind
the temporal canthus of the eye, the other immediately below the center
of the lower eyelid. On paired trials the interstimulus interval between
the CS and US onset was 350 msec. The intertrial interval was randomly
selected between 25 and 35 sec.

Habituation session
Before conditioning training commenced, a single habituation session
(session 0) of 25 min allowed adaptation to the novel environment of the
chamber. During this period each subject was placed in the restraining
stock within the conditioning chamber and the nictitating membrane
transducer was fitted. The periorbital clips were attached, but the US and
CS were not presented.

Conditioning sessions
Each conditioning session consisted of 50 trials. In 45 trials the CS and US
were paired, and in 5 trials the CS was presented alone. A CS-alone trial
was presented on every 10th trial. The acquisition training consisted of
four phases with 3 d between each phase.

Phase 1. All subjects received four daily sessions of acquisition training.
After each session, group 5 (from the previous study), group 45, and
group 90 subjects received a cortical infusion of muscimol (3.5 mM; 2 �l
in 0.01 M PBS, pH 7.4) 5, 45, or 90 min, respectively, after the end of the

session. Group S subjects received vehicle (PBS, 2 �l) 5 min after each
session. All infusions were given over 2 min.

Phase 2. All subjects received four daily sessions of training with no
post-training infusions.

Phase 3. Experimental group 5, 45, and 90 subjects, which had received
muscimol during Phase 1, received four additional daily sessions of train-
ing without drug.

Phase 4. To test whether the muscimol infusions in Phase 1 had been in
appropriate locations and fully sufficient to inactivate the critical eye-
blink control regions, we tested in Phase 4 their efficacy in blocking the
performance of conditioned responses that had been established previ-
ously in Phases 1 and 2. The Phase 4 session began with 20 trials (18
paired CS–US trials and 2 unpaired CS trials). Muscimol (same dose,
concentration, and time course as in Phase 1) was then infused. Five
minutes after the start of the infusion, the session continued with 20 trials
(18 paired CS–US and 2 unpaired CS). Similar blocks of 20 trials were
then given at 30 min, 1, 2, 4, 8, and 24 hr after the infusion. In this way, the
effects of muscimol infusion were assessed throughout its time to effects
and recovery.

Histology
In the final stage of the experiment, [ 3H]muscimol in PBS (7 nmol in 2 �l
PBS, containing 1 �Ci/�l) was infused through the injection cannulas for
all subjects at the same position as for the previous infusions. This mus-
cimol dose corresponded to the concentration used in the experimental
phases. Each subject was then given heparin sodium (500 U/kg, i.v.) and an
overdose of pentobarbitone sodium (90 mg/kg, i.v.) 2 hr after the end of the
muscimol infusion. This time corresponded to the maximum drug effect on
behavior during Phase 5. Each subject was perfused transcardially with 0.9%
saline (1 l) followed by 4% formaldehyde solution (2 l). The brain was re-
moved, embedded in gelatin, and cryoprotected in 20% sucrose solution,
and then serial 50 �m frozen transverse sections were cut.

Autoradiography and image analysis
Every sixth brain section was opposed to tritium-sensitive film (Hyper-
film, Amersham Biosciences, Arlington Heights, IL) for autoradiography
together with tritium standards (Microscales, Amersham Biosciences)
for 6 weeks at 4°C. After film development, the sections were stained with
cresyl violet. The autoradiograph of every brain section was imaged with
a monochrome CCD camera and analyzed using standard densitometry
techniques (AIS, Imaging Research); the resultant images were cali-
brated, and their densities were color coded with reference to the tritium
standards as picomoles of muscimol per milligrams of tissue equivalent
(see Fig. 2).

An image of each Nissl-stained section was captured and processed to
reveal the brain edges and granule cell layer boundaries. Composites of
the color-coded densitometry and the brain contours were then made.

Data analysis
A CR was defined as an NMR within the CS–US interval with amplitude
�0.5 mm and with onset latency �35 msec from CS onset (Yeo and
Hardiman, 1992). CR frequency (%CRs) was calculated for each block of
nine paired trials throughout the conditioning sessions.

Data across Phases 1 and 2 were analyzed using Kruskal–Wallis one-
way ANOVA on ranks tests for main group effects during relevant phases
of testing followed, when significant, by Dunn’s post hoc multiple com-
parisons procedure to determine individual changes. Day 5 data analysis
used one-way ANOVA followed by Fisher’s least significant difference
post hoc tests.

Results
Experimental design
The experimental design matched that used in our previous study
(Attwell et al., 2002a), in which infusions of muscimol (7 nmol; 2
�l) into lobule HVI of the cerebellar cortex 5 min after training
had prevented learning of the classically conditioned NMR. Here,
there were three experimental groups. Group 45 subjects received
muscimol (7 nmol; 2 �l) infusions into lobule HVI 45 min after
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conditioning, and group 90 subjects re-
ceived similar infusions 90 min after con-
ditioning. Control group S subjects re-
ceived 2 �l infusions of vehicle 5 min after
conditioning. For purposes of compari-
son, data from the previously published,
5-min-delay muscimol treatment are re-
ferred to here as from group 5.

There were four experimental phases
(Fig. 1), each separated by a 3 d rest period.
Phase 1 consisted of four daily condition-
ing sessions of 50 trials. Each session lasted
25 min and contained 45 CS–US (auditory
tone and periocular electrical stimulation,
respectively) paired trials and 5 unpaired,
CS-alone trials. Each conditioning session
in Phase 1 was followed by infusions of
muscimol after 45 min (group 45) or 90
min (group 90). Group S subjects received
saline infusions after a 5 min delay. The
muscimol infusions would be effective,
therefore, during the post-training, puta-
tive consolidation period. During Phase 2,
all subjects received four additional ses-
sions of training, this time without infu-
sions. If consolidation had been impaired
during Phase 1, then performance would
be at baseline levels at the start of Phase 2
and learning should then progress from
the naive condition. Group S control sub-
jects finished training at the end of this
stage. Subjects from groups 45 and 90 (and
group 5 from the previous study) received
additional training but no infusions dur-
ing Phase 3.

All subjects should have reached as-
ymptotic levels of CRs in Phase 3. So fi-
nally, in Phase 4, muscimol was again in-
fused in all subjects from groups 45 and 90,
but this time before a conditioning ses-
sion. The drug effects on CR performance
during this session, and at time points over
the next 24 hr, were monitored to assess
whether during this and earlier phases the drug had been deliv-
ered to the appropriate eyeblink control regions in the cerebellar
cortex.

Infusion sites, infusion efficacies, and
cannulation-related damage
Cannulations and infusions were required to satisfy three criteria
for inclusion in the experiment. These criteria ensured that the
critical cerebellar regions, and only those regions, were affected
by the infusions.

(1) The infusions should be restricted to the cerebellar cortex.
Muscimol inactivation of the cerebellar nuclei successfully blocks
expression of CRs but does not impair consolidation (Attwell et
al., 2002a). Thus, effective CR block in Phase 4 is not, in itself, a
sufficient test of the efficacy of the effects of the drug on the
cortex; migration of the drug into the cerebellar nuclei must be
excluded. This criterion was tested by analysis of the [ 3H]musci-
mol infusion spreads by quantitative autoradiography. Any sig-
nal level above background within the cerebellar nuclei was rea-
son to exclude that subject from its experimental group. This

deliberately conservative strategy required no assumptions about
the correlation between levels of bound drug and their physio-
logical effects, and a recent study that combined electrophysio-
logical recording of the cerebellar cortex with local infusions of
muscimol revealed that autoradiography of radiolabeled musci-
mol provides an accurate estimate of the drug spread (Arikan et
al., 2002). Drug spread in subjects from groups 45 and 90 is
shown in Figure 2 and has been reported previously for group 5
(Attwell et al., 2002a). Location of the cannula tips for all groups
is shown in Figure 3. The location of cannula tips is comparable
and spread of the drug is similar across all groups.

(2) The muscimol infusions should be effective in blocking
function in the critical cerebellar cortical regions. This criterion
was tested in Phase 4. Only if muscimol fully blocked expression
of conditioned responses for at least one block of 10 trials in the
post-infusion period was each subject admitted to its experimen-
tal group.

(3) The cannulation should not have produced permanent
damage sufficient to invalidate assessment of cerebellar function.

Figure 1. Experimental design. The experiment consisted of four phases ( a). Phases 1–3 were each 1 week long, with 4 d of
training and 3 d of rest. Each training day contained a 50 trial session of NMR conditioning (represented by an open square). Phase
1, An infusion of muscimol (7 nmol) (shown as black-filled syringes) was delivered to all experimental subjects. Group 45 and
group 90 subjects received infusions 45 and 90 min, respectively, after the end of the 25 min training session ( b). Group 5 subjects
[described previously by Attwell et al. (2002a)] received infusions 5 min after the sessions. Control group S subjects received
matched infusions of saline (shown as white-filled syringes) 5 min after each training session. Phase 2, No subject in any group
received infusions. Phase 3, The experimental groups continued their training regimen without additional infusion. Phase 4,
Performance testing–sessions 13 and 14: subjects were given a 20-trial block of conditioning before receiving an infusion of
muscimol as in the previous Phase 1. They then received additional 20-trial blocks of conditioning across the subsequent 24 hr
period (distribution of these tests is shown in c).
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To enable this control, the Nissl-stained sections were examined
critically, and subjects with extensive, cannulation-related corti-
cal damage in HVI were excluded from further analysis.

Of the 27 cortex-implanted subjects, 4 were rejected on crite-

rion 1, 3 were rejected on criterion 2, and 5
were rejected on criterion 3, leaving 4 sub-
jects in group 45, 4 subjects in group 90,
and 7 in group S.

Memory consolidation is impaired by
intracortical muscimol infusions given
45 min, but not 90 min, after training
Infusions of muscimol (7 nmol; 2 �l) into
lobule HVI of the cerebellar cortex 45 min
after training severely impaired learning,
but infusions delayed by 90 min did not.
The learning impairment induced by 45
min delayed muscimol was similar to that
induced by 5 min delayed muscimol, re-
ported previously (Attwell et al., 2002)
(Fig. 4). Across Phases 1 and 2, there were
significant group differences (H � 12.780;
df � 3; p � 0.005). Groups 5 and 45 were
significantly different from control group
S (Q � 3.121, p � 0.05; Q � 2.777, p �
0.05, respectively), but group 90 was not
(Q � 1.242, p � 0.05). The impairment of
learning resulting from interference with
post-training processes is clearly evident
on session 5, the first training session that
was not followed by muscimol infusion.
On this session, there was a significant dif-
ference between groups (F(3,19) � 5.326;
p � 0.010). Again, groups 5 and 45 were
significantly different from control group
S (t � 3.794, p � 0.01; t � 2.412, p � 0.01,
respectively), but group 90 was not (t �
1.1048, p � 0.05). Although the difference
was not significant, there was a trend to-
ward CR frequencies lower than those for
the controls in the group 90 subjects in
sessions 3, 4, and 5.

Because all subjects reached asymptote,
none could have sustained significant
cannulation-related damage. Further-
more, the effects of cortical muscimol were
fully reversible because they caused no
long-lasting impairment of essential func-
tion. Importantly, the finding that group
90 subjects acquired CRs at rates similar to
those of controls reveals that four daily in-
fusions of muscimol had no significant cu-
mulative effects to impair learning, and the
effects of muscimol evidently dissipated
entirely within 24 hr, before the next ses-
sion of training began. Thus, the learning
impairment in the group 45 and group 5
subjects must relate to a retrograde inter-
ference with post-training processes rather
than anterograde interference with train-
ing sessions on each following day.

Time window of muscimol-sensitive
consolidation processes
The results of the Phase 4 testing are presented in Figure 5, with
the drug infusion start points offset by a time equivalent to their
delays in Phase 1. For all groups, drug effects began within a few

Figure 2. Localization of muscimol infusions revealed by 3H autoradiography. The spread of [3H]muscimol revealed by auto-
radiography on transverse sections of cerebellum for each subject is shown. Concentration of the bound drug is indicated by the
color code (see inset calibration) in picomoles of muscimol per milligrams of tissue equivalent. On the left are labeled, standard
sections at equivalent coronal levels. The cerebellar nuclei are outlined in pink. crI and crII, Crus 1 and 2 (of ansiform lobe); DPFL,
dorsal paraflocculus; FL, flocculus; HIV–V, HVI, hemispheral lobules 4 –5 and 6 (of Larsell); ND, dentate nucleus; NF, fastigial
nucleus; NI, interpositus nucleus; PM, paramedian lobe; VPFL, ventral paraflocculus; II–X, vermis lobules 2–10 (of Larsell).
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minutes of infusion, and performance fell
to �50% within 30 –50 min and fell to zero
after 2 hr. There was some recovery after 8
hr in groups 5 and 90 and full recovery
after 24 hr.

CR performance indicates the musci-
mol effects over time in Phase 4 and pro-
vides an estimate of the drug action in each
subject during the preceding Phase 1,
when consolidation processes were tar-
geted. The rate of performance decline in
groups 5 and 45 was very similar, although
offset by 40 min for the latter. Because
consolidation was similarly affected in
both of these groups, it appears that the
GABAA-sensitive processes critical for
consolidation do not begin immediately
after the training session. Consolidation
was not significantly impaired in group 90
subjects, so it must have been mostly com-
plete before the drug induced significant
functional inhibition in this group. The
small trend toward lower CR frequencies
across sessions 3, 4, and 5 for group 90
does indicate, however, that a small
amount of consolidation continues be-
yond this time. Thus, the majority of crit-
ical consolidation processes must occur within a defined post-
training time window indicated by the performance-time space
between the disruption profiles of group 45 and group 90 subjects
(Fig. 5, hatched area), and the maximum temporal range of this
space is �1–2.5 hr after infusion. Because consolidation would
have been disrupted when the depth of GABAA agonist reached a
critical level, the actual temporal window would be shorter than
this maximum range. If, for example, the critical drug level cor-
responds to performance decrements of �50%, then, by interpo-
lation from Figure 5, the critical consolidation time window is
60 –120 min after training.

Discussion
We identify a time window beginning �1 hr after the end of the
conditioning session and closing �1 hr later. During this period,
consolidation of NMR conditioning is sensitive to cerebellar cor-
tical application of the GABAA receptor agonist muscimol. This
sensitivity may be limited to manipulations of GABAergic trans-
mission or it may be more general. Previous studies (Hernandez
and Powell, 1983; Scavio et al., 1992) suggest that consolidation
of this same motor memory is sensitive to a range of substances
delivered systemically. Amphetamine, chlorpromazine, and sco-
polamine retard, and the NMDA receptor antagonist ketamine
facilitates, NMR conditioning when infused immediately but not
when delivered 2 hr after training. Other time delays were not
tested, so they would not have uncovered a delayed onset of con-
solidation, as for the GABAA receptor sensitive process revealed
here, but the 2 hr end points are strikingly similar.

On muscimol and cerebellar mechanisms of consolidation
As in our original demonstration of a cerebellar cortex-mediated
consolidation process (Attwell et al., 2002a), we again used mus-
cimol as a cortical inactivator, this time to define the temporal
properties of consolidation. Compared with protein synthesis
inhibitors (PSIs) used in related studies (Bracha et al., 1998;
Gomi et al., 1999), the use of this receptor ligand had two advan-

tages. First, it allowed autoradiographic assessment of the spread
of drug (Fig. 3) as a strong internal control ensuring localization
to cortical lobule HVI. Second, it permitted a final performance
test (Phase 4), so the consolidation time window could be esti-
mated from the performance–time space revealed in Figure 5.

Although the use of muscimol allowed a precise characteriza-
tion of the time course of these consolidation processes, it un-

Figure 3. Cannula locations. Cannula tip positions for all subjects in groups S, 45, and 90 and group 5 [from Attwell et al.
(2002a)].

Figure 4. Cortical muscimol effects on learning. Acquisition of conditioning, expressed as
session %CRs for groups S, 5 [replotted from Attwell et al. (2002a)], 45, and 90.
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doubtedly will have led to disturbed activity around the OCNO
loop by depression of the spontaneous activity of Purkinje cells
(Attwell et al., 2002a). So the disturbance of consolidation that we
report here, and previously, might be attributed to interference
with “perseverative” activity around the loop or a shifting of in-
formation from cortical to nuclear levels. Our previous finding
that post-training, muscimol inactivation of the cerebellar nuclei
did not disturb consolidation, despite the inevitable OCNO loop
disturbance and the occluded GABAergic signaling from cortex
to nuclei, was evidence against this suggestion and so too are the
current findings. Perseverative processes of consolidation (Mül-
ler and Pilzecker, 1900), as proposed for episodic memory for-
mation in which additional or subsidiary storage locations be-
come engaged (Buzsaki, 1998; McClelland et al., 1995; Sirota et
al., 2003), are active over several weeks (Riedel et al., 1999;
Shimizu et al., 2000). The consolidation time window identified
here is short at just 2 hr, similar to consolidation time windows
identified using local infusions of PSIs in other memory systems
(Freeman et al., 1995; Schafe and LeDoux, 2000). Because the
application of PSIs impairs consolidation processes at the infu-
sion site, the similarity of the temporal windows identified here
and with PSIs in the other studies is consistent with the sugges-
tion that local, intracortical consolidation processes for NMR
conditioning were affected here.

Because group 90 subjects consolidated relatively normally,
the effects of muscimol could not be anterograde on the following
training session. Thus, the group 45 (and previous group 5) mus-
cimol effects were retrograde on the previous session. There are
three main possibilities for these retrograde amnestic mecha-
nisms. First, inhibition of the postsynaptic neuron by the GABAA

receptor agonist may have directly compromised postsynaptic
processes essential for consolidation. Second, the GABAA recep-
tor agonist will have disturbed local intracortical activity that
could be important for consolidation. For example, information
transmission from granule cell to Purkinje cell and granule cell
theta activity (D’Angelo et al., 2001) would be strongly inhibited.

Although oscillatory activity has not been directly linked to mem-
ory consolidation in the cerebellum, it is strongly implicated in
hippocampal consolidation processes (Sirota et al., 2003). Third,
the change of cortical activity produced by muscimol would pro-
vide a different “context” signal. If the cerebellum begins to com-
pensate for this new context, then the new learning could occlude
the recent plasticity for NMR conditioning, still labile for up to 2
hr after the session. A similar interference with recent motor
memory is seen when a second, conflicting task is learned within
4 hr of the first (Brashers-Krug et al., 1996).

The leading candidate mechanism for memory storage in the
cerebellar cortex is parallel fiber long-term depression (LTD)
(Albus, 1971; Gilbert, 1975; Ito, 1982; Raymond et al., 1996; Yeo
and Hesslow, 1998; Hansel et al., 2001; Koekkoek et al., 2003;
Linden, 2003). There is little to suggest, from in vitro studies, that
after induction there is a delayed GABAA-sensitive stabilization
phase, but a recent in vivo study has revealed a parallel fiber–
Purkinje cell plasticity with very similar temporal properties
(Jörntell and Ekerot, 2002). Purkinje cell cutaneous receptive
fields were significantly decreased by pairing parallel fiber beam
stimulation with naturally occurring, spontaneous climbing fiber
activation. Parallel fiber stimulation unrelated to climbing fiber
inputs resulted in significant expansion of the Purkinje cell cuta-
neous receptive fields. The parallel fiber–Purkinje cell synaptic
changes underlying these long-lasting receptive field changes be-
gan slowly and reached asymptote 1–2 hr later (Jörntell and Ek-
erot, 2002), a time window very similar to that of muscimol-
sensitive consolidation processes reported here.

On the completeness of consolidation block and the
sufficiency of cortical consolidation mechanisms
Groups S and 90 both reached asymptotic levels of CR perfor-
mance on sessions 6 –7, whereas groups 45 and 5 reached asymp-
tote on sessions 8 –9. Thus, manipulation of post-training pro-
cesses in Phase 1 for these short delay groups did not produce a
learning impairment directly equivalent to the complete loss of
those four training sessions. Similarly, in other studies, subjects
with cortical or nuclear inactivations effective during each of four
daily training sessions, to prevent acquisition of conditioning,
also go on to learn somewhat more rapidly than naive subjects
(Hardiman et al., 1996; Attwell et al., 2001), with savings equiv-
alent to about one session of training. In the present study, how-
ever, the savings are more closely equivalent to two sessions of
training for the group 5 and 45 subjects, so some memory storage
outside the cerebellar cortex cannot be ruled out.

Electrophysiology has revealed changes in the cerebellar cor-
tical flocculus (Ito, 1982) and at floccular target neurons in the
medial vestibular nucleus during gain modification of the hori-
zontal vestibulo-ocular reflex (VOR) (Miles and Lisberger, 1981;
Raymond et al., 1996; Raymond, 1998), and electrophysiology
combined with muscimol inactivation of the flocculus has pre-
sented a strong case for cortical and vestibular nucleus changes
during similar gain modifications of the vertical VOR (Zhang et
al., 1995a,b), indicating that there is learning-related plasticity in
the cerebellar cortex and at its efferent targets. Therefore, dual-
level learning processes in the cerebellar cortex and in the cere-
bellar nuclei might mediate eyeblink–NMR conditioning (Ray-
mond et al., 1996). For eyeblink conditioning, it is suggested that
excitatory mossy fiber collateral synaptic input to the cerebellar
nuclei could be potentiated, allowing increased drive from the CS
to the motor pools. Cortical learning of CS–US timing relation-
ships would then provide appropriate inhibitory control over the
nuclei to sculpt the CR (Medina et al., 2001, 2000). Claims for this

Figure 5. Effects of muscimol on CR performance provide a measure of the temporal window
for previous consolidation deficits. CR performance levels from Phase 4 testing are shown. The
infusion time points (arrows) for each group are offset on the x-axis by a time equivalent to their
delay in Phase 1 so the performance decline estimates temporal aspects of the drug effects, as
they would have occurred in Phase 1. Consolidation was similarly impaired in groups 5 and 45,
and much less in group 90, so essential consolidation processes occur in the performance-time
space indicated by hatching. If the critical drug level for consolidation effects corresponded to
performance decrements of 50%, then the critical consolidation time window would have been
60 –120 min after training.
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form of nuclear plasticity in eyeblink conditioning depend on the
unmasking of short latency, CS-driven responses (SLCRs) by dis-
abling cerebellar cortical inhibition by lesion or neuropharmaco-
logical methods (Perrett et al., 1993; Garcia and Mauk, 1998).
The conditions necessary for generating SLCRs are poorly under-
stood. In some instances, infusions of the GABAA receptor antag-
onist picrotoxin at the cerebellar nuclei have released SLCRs
(Garcia and Mauk, 1998; Medina et al., 2001), but in other in-
stances they have not (Attwell et al., 2002b; Bao et al., 2002).
Successive applications of muscimol and picrotoxin to the cere-
bellar nuclei reportedly block cortical inhibition but balance nu-
clear excitability to release SLCRs (Bao et al., 2002). The specific
suggestion that this nuclear learning involves potentiation of ex-
citatory mossy fiber collateral input is consistent with morpho-
logical evidence of synaptic changes in the cerebellar nuclei after
eyeblink conditioning (Kleim et al., 2002) but not with recent in
vitro studies. These have shown long-term potentiation and LTD
at inhibitory synapses on cerebellar nuclear neurons and use-
dependent post-synaptic excitability changes (Aizenman et al.,
1998, 2000).

With this range of experimental evidence, firm conclusions on
the presence and importance of learning-related plasticity in the
cerebellar nuclei would be premature. Certainly, our own evi-
dence does not exclude it; however, the present study demon-
strates clear evidence for consolidation processes mediated by the
cerebellar cortex, and they occur within a relatively discrete 2 hr
time window. This identification now allows studies in which
selective, but short-lasting, substances that target both cell-
surface receptors and intracellular molecules are applied. With
the recent identification of the importance of Purkinje cell pro-
tein kinase C for eyeblink conditioning (Koekkoek et al., 2003),
parallel fiber LTD is an obvious experimental target for further
analysis of cerebellar cortical memory consolidation
mechanisms.
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