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Differential Effects of Cerebellar Inactivation on Eyeblink
Conditioned Excitation and Inhibition
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Department of Psychology, University of Iowa, Iowa City, Iowa 52242

The neural mechanisms underlying excitatory and inhibitory eyeblink conditioning were compared using muscimol inactivation of the
cerebellum. In experiment 1, rats were given saline or muscimol infusions into the anterior interpositus nucleus ipsilateral to the
conditioned eye before each of four daily excitatory conditioning sessions. Postinfusion testing continued for four more excitatory
conditioning sessions. All rats were given a final test session after muscimol infusions. The muscimol infusions inactivated the cerebellar
nuclei, lateral anterior lobe, crus I, rostral crus II, and lobule HVI ipsilateral to the conditioned eye. Acquisition of excitatory conditioning
was completely prevented by muscimol inactivation. In experiment 2, there were four experimental phases. Phase 1 consisted of excita-
tory conditioning. In phase 2, rats were given saline or muscimol infusions before conditioned inhibition training. Phase 3 consisted of
continued conditioned inhibition training with no drug infusions. In phase 4, all rats received a retardation test in which the inhibitory
stimulus was paired with the unconditioned stimulus. Muscimol infusions blocked the expression of conditioned responses during phase
2. However, robust conditioned inhibition was evident in phases 3 and 4. The findings indicate that conditioned excitation and inhibition
depend on different mechanisms.
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Introduction
The standard classical conditioning procedure establishes a pre-
dictive relationship between a conditioned stimulus (CS) and an
unconditioned stimulus (US). After repeatedly pairing the CS
and US, a conditioned response (CR) is elicited by the CS. Vari-
ants of the standard classical conditioning procedure can be used
to produce inhibition of CRs by establishing a second CS as a
predictor that the US will be omitted. A commonly used method
for establishing inhibitory learning is to present standard CS-US
conditioning trials mixed with trials in which the original CS
(CSA) is presented with a second CS (CSX) simultaneously, and
the compound stimulus is not paired with the US (Pavlov, 1927;
Freeman and Nicholson, 1999; Nicholson and Freeman, 2002;
Nolan et al., 2002). As a result of this discrimination training,
CSX will inhibit the CR that would otherwise be elicited by CSA.
Inhibitory associative learning has been a central component in
the most influential theories of associative learning (Rescorla and
Wagner, 1972; Wagner and Rescorla, 1972; Pearce and Hall,
1980) and has been accounted for by a recent neurocomputa-
tional model of associative learning (Mauk and Donegan, 1997).
However, very little is known about the neural basis of inhibitory
learning.

Eyeblink conditioning has been used as a model system for
examining the neural mechanisms of standard (excitatory) clas-

sical conditioning and, to a lesser extent, inhibitory conditioning
(Mis, 1977; Berthier and Moore, 1980; Moore et al., 1980; Yeo et
al.,1983; Blazis and Moore, 1991; Freeman and Nicholson, 1999;
Nicholson and Freeman, 2002; Nolan et al., 2002; Christian and
Thompson, 2003). Excitatory conditioning requires the interme-
diate cerebellum including the interpositus nucleus, anterior
lobe, hemispheric lobule VI, and perhaps other cortical regions
(Christian and Thompson, 2003). Overwhelming evidence from
studies using lesions, unit recording, electrical stimulation, and
reversible inactivation indicates that the memory that is necessary
for excitatory eyeblink conditioning is stored in the cerebellum
(Christian and Thompson, 2003). The most convincing evidence
supporting the idea of memory storage in the cerebellum comes
from studies that used reversible inactivation of the cerebellum
and efferent premotor nuclei. Inactivation of the cerebellar nuclei
that are ipsilateral to the trained eye with muscimol blocks acqui-
sition of eyeblink conditioning in rabbits (Krupa et al., 1993;
Hardiman et al., 1996; Krupa and Thompson, 1997). Muscimol
inactivation of the cerebellum also prevents savings, indicating
that no learning occurred during inactivation. Inactivation of
efferent nuclei or the superior cerebellar peduncle prevents the
expression of CRs during training but has no effect on CR pro-
duction after the inactivation sessions (Krupa et al., 1993; Krupa
and Thompson, 1995). The muscimol inactivation studies indi-
cate that the neural plasticity underlying excitatory conditioning
is established within the cerebellum and the efferent systems are
necessary for motor performance.

The present study used muscimol inactivation of the cerebel-
lum to compare the neural mechanisms underlying excitatory
and inhibitory eyeblink conditioning in rats. The first experiment
examined the effects of muscimol infusions into the ipsilateral
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anterior interpositus nucleus on acquisition of excitatory condi-
tioning. The second experiment examined the effects of musci-
mol infusions into the anterior interpositus nucleus on acquisi-
tion of inhibitory conditioning. The third experiment examined
the extent of muscimol inactivation in the cerebellum and brain-
stem using 2-deoxy-D-glucose (2-DG) autoradiography.

Materials and Methods
Experiment 1: effects of muscimol inactivation of the ipsilateral
cerebellum on excitatory eyeblink conditioning
Excitatory eyeblink conditioning in rodents is thought to depend on the
cerebellum (Skelton, 1988; Freeman and Nicholson, 1999, 2000; Nichol-
son and Freeman, 2002, 2003a,b, 2004). However, there are no published
reports on the effects of reversible inactivation of the cerebellum on
acquisition of eyeblink conditioning in rodents. In addition, many inves-
tigators believe that rodents require both cerebellar hemispheres for con-
ditioning (Skelton, 1988; Chen et al., 1996, 1999; Lee and Kim, 2004), but
that belief has never been examined systematically. The only evidence
against bilateral control of eyeblink conditioning in rodents is that early
aspiration lesions of the cerebellar deep nuclei in infant rats abolish con-
ditioning when the rats are more mature (Freeman et al., 1995). The goal
of experiment 1 was to determine whether inactivation of the cerebellar
hemisphere that is ipsilateral to the trained eye with muscimol blocks
acquisition of excitatory conditioning in rats. In phase 1, the rats were
given muscimol (MUS) or saline (SAL) infusions before each of four
training sessions with standard excitatory conditioning procedures (see
below, Conditioning procedure). A second control group was given sa-
line infusions and exposure to the training apparatus, but no stimuli were
presented. All three groups were then given 4 d of excitatory conditioning
with no infusions (phase 2). In phase 3, all three groups were given
muscimol infusions followed by a single session of excitatory condition-
ing. The context exposure (CE) group was necessary to control for the
effects of exposure to the apparatus in the muscimol group, which could
influence performance during phase 2 and affect the ability to detect
savings or the absence of savings. Context exposure during muscimol
inactivation could facilitate conditioning in phase 2, producing what
appears to be savings (Hardiman et al., 1996; Krupa and Thompson,
1997). Although unlikely, context exposure could also impair condition-
ing in phase 2.

Subjects. The subjects were 19 male Long–Evans rats (250 – 400 g). The
rats were housed in the animal colony in Spence Laboratories at the
University of Iowa (Iowa City, IA). All rats were maintained on a 12 h
light/dark cycle with light onset at 7:00 A.M. and given ad libitum access
to food and water.

Surgery. One week before training, rats were removed from their home
cages and anesthetized with an intraperitoneal injection of sodium pen-
tobarbital (60 mg/kg). To reduce respiratory tract secretions and excess
salivation during anesthesia, rats were given injections of atropine sulfate
(0.45 mg/kg). At the onset of anesthesia, the rats were fitted with differ-
ential electromyograph (EMG) electrodes that were implanted in the left
orbicularis oculi muscle in the upper eyelid. The reference electrode was
attached to a stainless steel skull screw. The EMG electrode leads termi-
nated in gold pins in a plastic connector. A bipolar stimulating electrode
(Plastics One, Roanoke, VA) for delivering the shock US was implanted
subdermally, caudal to the left eye. A 23 gauge guide cannula was im-
planted 0.5 mm dorsal to the left anterior interpositus nucleus. A 30
gauge stylet was inserted in the guide cannula. The stereotaxic coordi-
nates taken from bregma were 11.5 mm posterior, 2.3 mm lateral, and 5.2
mm ventral to the skull surface. The plastic connector housing the EMG
electrode leads, the bipolar stimulating electrode, the guide cannula, and
two skull screws were secured to the skull with dental acrylic (Dentsply
International, York, PA). Animals were maintained on 0.006% Sulfatrim
(Alpharma, Baltimore, MD) in water for 4 d after surgery.

Muscimol infusion procedure. Before the muscimol infusions, a stylet
was removed from the guide cannula and replaced with a 30 gauge infu-
sion cannula. The infusion cannula was connected to polyethylene tub-
ing (PE 10; 110 –120 cm), which was connected to a 10 �l gas tight syringe
(Hamilton, Reno, NV). The syringe was placed in an infusion pump

(Harvard Apparatus, Holliston, MA), and 1.0 �l of muscimol (10 nmol)
was infused at a rate of 30 �l/h. The tubing connected to the infusion
cannula was cut and sealed with candle wax. The infusion cannula re-
mained in place for the duration of the experimental session.

Apparatus. The conditioning apparatus consisted of four small-animal
sound-attenuating chambers (BRS/LVE, Laurel, MD). Within each
sound-attenuating chamber was a small-animal operant chamber (BRS/
LVE), in which the rats were kept during conditioning. One wall of the
operant chamber was fitted with two speakers that independently pro-
duce tones of up to 120 dB (sound pressure level) with a frequency range
of �1000 –9000 Hz. The back wall of the sound-attenuating chamber was
equipped with a small light. An exhaust fan on one of the walls provided
a 65 dB masking noise. The CS used in training was a 2000 Hz pure tone
(85 dB; range in conditioning chamber, 83– 87 dB). The electrode leads
from the rat’s headstage were connected to peripheral equipment by
lightweight cables that allowed the rat to move freely during condition-
ing. A desktop computer was connected to the peripheral equipment.
Computer software controlled the delivery of stimuli and the recording
of eyelid EMG activity (JSA Designs, Raleigh, NC). One circuit permitted
the delivery of a shock stimulus through a stimulus isolator (model 365A;
World Precision Instruments, Sarasota, FL). Another circuit amplified
differentially (gain, 2000; sampling rate, 250 Hz), filtered (500 –5000
Hz), and integrated (time constant, 20 ms) EMG activity. The intensity of
the shock US was set at two times threshold for eliciting a discrete eye-
blink (range of final current intensity, 2–3 mA; 60 Hz; constant current)
(Skelton, 1988).

Conditioning procedure. The rats were allowed to adapt to the training
environment for 10 min before each training and testing session. The
SAL (n � 5) and MUS (n � 8) groups were given saline or muscimol
infusions into the anterior interpositus nucleus 20 min before each of
four sessions of classical delay eyeblink conditioning procedures (100
trials per day over 4 d; pseudorandom distribution of intertrial intervals
between 18 and 42 s that averaged 30 s), in which a 300 ms tone CS
coterminated with a 25 ms shock US, yielding an interstimulus interval of
275 ms. The CE (n � 6) group was given saline infusions and exposure to
the training apparatus, but no stimuli were presented. The values relayed
to the computer software from the EMG integrator are units representing
voltage values of integrated EMG activity sampled every 2.5 ms with a
time constant of 20 ms. The CR threshold was set at 0.4 V above the
amplified and integrated EMG activity at baseline [the DC offset � (0.4
V/2000/0.0025 s) � DC offset � 0.08 V]. The EMG baseline was usually
zero (except for the DC offset), because the orbicularis oculi muscle does
not exhibit spontaneous or tonic activity (Hesslow, 1994; Pellegrini and
Evinger, 1997). Integrated EMG responses exceeding the threshold value
during the first 80 ms of the CS period were considered startle responses
to the tone CS; responses that exceeded the threshold value during the
last 220 ms of the CS were considered CRs; responses that crossed the
threshold after US onset were defined as URs.

Histology. After training, the rats were killed with a lethal injection of
sodium pentobarbital (150 mg/kg) and transcardially perfused with 100
ml of physiological saline followed by 300 ml of 3% formalin. After
perfusion, the brains were postfixed in the same fixative for a minimum
of 24 h and subsequently sectioned at 50 �m with a sliding microtome.
Sections were then stained with cresyl violet. The locations of the tips of
the infusion cannula were confirmed by examining serial sections.

Experiment 2: effects of muscimol inactivation of the ipsilateral
cerebellum on inhibitory eyeblink conditioning
Neurons in the anterior interpositus nucleus of the rat exhibit activity
profiles that correlate with the acquisition and expression of conditioned
inhibition (Freeman and Nicholson, 1999; Nicholson and Freeman,
2002). During acquisition, the activity of anterior interpositus neurons
develops a neuronal discrimination in which activity during the excita-
tory stimulus (CSA) becomes greater than the activity during the com-
pound stimulus (CSA and CSX), as the rat learns to respond to CSA and
suppress responding to the CSA/CSX compound. After robust discrim-
ination has been established, interpositus neurons show elevated activity
during the CSA but suppressed activity during the CSX in a summation
test (Nicholson and Freeman, 2002). The cerebellar neuronal correlates
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of conditioned inhibition suggest that it might be acquired by the cere-
bellum. The goal of experiment 2 was to determine whether inactivation
of the cerebellar hemisphere that is ipsilateral to the conditioned eye
would block acquisition of conditioned inhibition. In phase 1, the rats
were trained to a criterion of 80% CRs on 2 consecutive days. In phase 2,
the rats were given either saline or muscimol infusions in the anterior
interpositus nucleus before each of five conditioned inhibition training
sessions (see below, Conditioning procedure). Phase 3 involved five ad-
ditional conditioned inhibition training sessions. Phase 4 was a retarda-
tion test in which the CSX was trained as an excitatory stimulus. In the
retardation test, acquisition of CRs to CSX is impaired relative to control
conditions if CSX was established as an inhibitory stimulus during train-
ing (phases 2 and 3).

Subjects. The subjects were 13 male Long–Evans rats (250 – 400 g). All
other information regarding the subjects was the same as in experiment 1.

Surgery, muscimol infusion procedure, apparatus, and histology. The
methods regarding surgery, muscimol infusions, the apparatus, and his-
tology were the same as in experiment 1.

Conditioning procedure. As in experiment 1, the rats were adapted to
the training environment for 10 min before each training and testing
session. The first phase of training in experiment 2 consisted of excitatory
conditioning using the same procedures as in experiment 1, except that
the tone was 500 ms in duration, and conditioning continued until each
rat reached a performance criterion of at least 80% CRs during two
consecutive training sessions. During phase 2, rats were given either sa-
line (n � 6) or muscimol (n � 7) 30 min before each of five daily
conditioned inhibition training sessions. The conditioned inhibition
procedure consisted of 50 paired trials with the tone CS used in phase 1
followed by the US and 50 trials with the tone CS and a light CS presented
simultaneously without the US. The conditioned inhibition procedure
was designed to establish the light CS as an inhibitory stimulus (Freeman
and Nicholson, 1999; Nicholson and Freeman, 2002; Nolan et al., 2002).
During phase 3, conditioned inhibition training continued in the ab-
sence of infusions. In previous studies, a different stimulus was used as
the reinforced CS in phases 1 and 2 to allow for a summation test after
discrimination training (Rescorla, 1969). The same tone was used in
phases 1–3 of experiment 2 to establish a baseline of CRs in phase 1 that
would be maintained in phase 3 after muscimol inactivation in phase 2.
The baseline of CRs after muscimol inactivation was necessary for detect-
ing discrimination learning in phase 3 that might be established during
muscimol inactivation in phase 2. Phase 4 was the retardation test, con-
sisting of two 100-trial sessions in which the light CS was paired with the
US. If the light CS has been established as a conditioned inhibitor, the rats
should exhibit fewer CRs during training in phase 4 than control rats
given excitatory training with one CS and then transferred to excitatory
conditioning using a new CS (Nicholson and Freeman, 2002). In exper-
iment 2, the critical issue for the retardation test is whether the groups
given muscimol or saline during training show equivalent responding.

Experiment 3: extent of muscimol inactivation within the
cerebellum and brainstem assessed with 2-DG autoradiography
The extent of muscimol induced inactivation within the cerebellum can
be assessed indirectly by examining the spread of labeled muscimol.
However, the critical issue is the extent of direct and indirect cellular
inactivation produced by muscimol, which can be assessed by unit re-
cording or imaging labeled glucose utilization (Martin and Ghez, 1999).
Experiment 3 was designed to determine the extent of muscimol inacti-
vation within the cerebellum and brainstem by examining 2-DG uptake
after muscimol or saline infusions into the anterior interpositus nucleus
with the same infusion procedure and dosage as used in experiments 1 and 2.

Subjects. The subjects were five male Long–Evans rats (250 – 400 g). All
other information regarding the subjects was the same as in experiment 1.

Surgery and muscimol infusion procedure. The methods regarding sur-
gery and muscimol infusions were the same as in experiments 1 and 2.

2-DG procedure and analysis. As in experiments 1 and 2, rats received a
muscimol (n � 3) or saline (n � 2) infusion into the anterior interpositus
nucleus. Twenty minutes after the infusion, each rat received an intra-
peritoneal injection of a glucose analog, 2-DG radiolabeled with 14C (20
�Ci/100 g of body weight; American Radiolabeled Chemicals, St. Louis,

MO) in 0.3 ml of sterile saline. After the 2-DG injection, the rats were
allowed to rest in their home cage during the 45 min of 2-DG uptake. Rats
were then decapitated, and brains were quickly removed, frozen at
�37°C, and stored at �80°C. The brains were sectioned on a cryostat at
40 �m, and every section was kept. Sections were quick dried on glass
coverslips, glued on poster board, and exposed to 14C phosphor imaging
screens for 36 h along with 14C standards (Amersham Biosciences, Ar-
lington Heights, IL). The screens were read and digitized by a phosphor
imaging system (Cyclone Storage Phosphor system; PerkinElmer Life
Sciences, Emeryville, CA). Individual calibration curves were calculated
based on the absolute gray levels of the 14C standards on each film.
Subsequent densitometric measures were then automatically converted
to units of nanoCuries per gram.

Results
Experiment 1
Figure 1 displays the cannula placements in coronal sections of
the cerebellum. The placements of the control groups and the
muscimol group were in or just dorsal to the anterior interpositus
nucleus, except for three placements. One of the missed place-
ments was ventral to the anterior interpositus nucleus, and the
other two were placed in and dorsal to the dentate nucleus.

Muscimol infusion into the anterior interpositus nucleus pre-
vented acquisition of CRs (Fig. 2, sessions 1– 4). Acquisition after
the infusion sessions was nearly identical in the MUS group dur-
ing training and the CE control group (sessions 5– 8). Moreover,
the rates of acquisition for the MUS, CE, and SAL groups did not
differ. The absence of a difference between postdrug sessions in
the MUS group relative to acquisition in the two control groups
indicates that the MUS group did not acquire associative condi-
tioning during initial training (sessions 1– 4). All three groups
showed nearly complete suppression of CRs during the final
muscimol test (session 9), indicating that the cannula placements
in all three groups were equivalent.

Repeated-measures ANOVA on the CR percentage data dur-
ing initial acquisition for the SAL and MUS groups (sessions 1– 4)
revealed an interaction of the group and session factors (F(3,24) �
28.741; p � 0.0001). Post hoc tests indicated that the SAL group
produced more CRs than the MUS group during all four sessions

Figure 1. Coronal sections of the rat cerebellum depicting the cannula placements in exper-
iment 1. The cannula placements for the groups given muscimol (black dots) or saline (gray
dots) during training were in or just dorsal to the anterior interpositus nucleus (IP). The cannula
placements for the group given context exposure (asterisks) were also in or just above the
anterior interpositus nucleus. The � symbols indicate the cannula placements that were clas-
sified as misses. D, Dentate nucleus; F, fastigial nucleus.
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(all comparisons, p � 0.05). It is also evident that magnitude of
the difference increased across sessions. Analysis of CR percent-
age during the second phase of training for all three groups (ses-
sions 5– 8) revealed a significant interaction of the group and
session factors (F(6,39) � 14.75; p � 0.0001). Post hoc test indi-
cated that the percentage of CRs in the SAL group was higher than
in the MUS and CE groups during sessions 5 and 6 (all compar-
isons, p � 0.05). The SAL group also exhibited a higher percent-
age of CRs than the MUS group during session 7 ( p � 0.05). The
CE and MUS groups did not differ during sessions 5– 8.

Savings was assessed statistically by comparing the percentage,
amplitude, and peak latencies of CRs for the first four acquisition
sessions in the SAL (sessions 1– 4) and CE (sessions 5– 8) groups
with the four postdrug sessions in the MUS group (sessions 5– 8)
with repeated-measures ANOVA. There were no significant
group effects or interactions for analyses of CR percentage, am-
plitude, or peak latency. All three analyses revealed significant
effects of the sessions factor (CR percentage, F(3,39) � 106.54, p �
0.0001; CR amplitude, F(3,39) � 11.54, p � 0.0001; CR peak la-
tency, F(3,39) � 7.38, p � 0.0001), which reflected the acquisition
of CRs across sessions in all three groups.

Three of the rats in the MUS group had cannula placements
that were classified as misses based on histological analysis. The
group with missed cannula placements (Fig. 3) exhibited com-
plete suppression of CRs during muscimol inactivation (sessions
1– 4) but then showed substantial savings during the postdrug
acquisition sessions (sessions 5– 8). Savings was indicated by a
higher percentage of CRs in the missed cannula group during
sessions 5 and 6 relative to the CE group (Fig. 3). The perfor-
mance of the group with missed cannula placements indicates
that the highest concentration of muscimol must be infused into
the anterior interpositus nucleus to completely block condition-
ing. Infusions of muscimol into the dentate and perhaps the pos-
terior interpositus nucleus block CR performance but do not
block learning.

Experiment 2
The SAL and MUS groups acquired initial excitatory condition-
ing at the same rate and reached the same level of responding by
the end of phase 1 training (Fig. 4, sessions 1–5). During phase 2,
the SAL group initially responded at high levels to the reinforced

tone CS (T�) and the unreinforced tone/light compound stim-
ulus (TL�) but exhibited progressively stronger suppression of
responding to TL� (Fig. 4, sessions 6 –10). In contrast, CR per-
formance in the MUS group was suppressed during both T� and
TL� trials throughout phase 2 training (Fig. 4, sessions 6 –10).
However, when T� and TL� discrimination training continued
in phase 3, both groups exhibited substantial discrimination. The
magnitude of discrimination was very similar in the SAL and
MUS groups, indicating complete retention of both the excita-
tory conditioning and discrimination despite the suppression of

Figure 2. Mean � SE CR percentage for rats given MUS or SAL infusions into the anterior
interpositus nucleus before sessions 1– 4. A second control group was given saline infusions into
the anterior interpositus nucleus and exposed to the training context during sessions 1– 4. All
three groups were given additional training during sessions 5– 8 with no infusions. Muscimol
was infused into the anterior interpositus nucleus in all three groups before training session 9. Figure 3. Mean � SE CR percentage during the postinfusion sessions for rats given context

exposure, muscimol with accurate or missed (MUS MISS) cannula placements, and during the
initial training sessions for the group given saline. The higher percentage of CRs in the MUS MISS
group on session 1 relative to the CONTEXT and SAL groups indicates savings after initial training
with muscimol inactivation. The CR percentage for all of the groups during the posttraining
muscimol test is displayed on session 5.

Figure 4. Mean � SE CR percentage for rats given saline (triangles) or muscimol (circles)
during conditioned inhibition training. Phase 1 of training involved excitatory conditioning
with a tone conditioned stimulus. Phases 2 and 3 consisted of 100-trial sessions (6 –15) of
conditioned inhibition training, which involved excitatory conditioning trials as in phase 1 and
trials with a simultaneous stimulus compound of the tone and a light stimulus, which was not
paired with the unconditioned stimulus (T�/TL�). The percentage of CRs occurring during
excitatory trials and compound stimulus trials is depicted by black and white symbols, respec-
tively. The final training session was a retardation test in which the light was paired with the
unconditioned stimulus (L�). D, Drug; ND, no drug.
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CRs during phase 2. Both groups also showed equivalent perfor-
mance during the retardation test.

The number of sessions to attain the acquisition criterion dur-
ing phase 1 was compared with a t test, which revealed no group
difference (mean sessions to criterion, SAL � 5.6, MUS � 5.8).
Repeated-measures ANOVA compared the percentage of CRs
during the two trial types (T� vs TL�) in the SAL and MUS
groups during phases 2 and 3 across training sessions. A signifi-
cant interaction was obtained for the group, trial type, phase, and
sessions factors (F(4,44) � 3.101; p � 0.03). Post hoc tests indicated
that the SAL group exhibited a higher percentage of CRs during
T� trials relative to TL� trials during all of the training sessions
in phases 2 and 3 (sessions 6 –15; all comparisons, p � 0.05). In
contrast, the MUS group exhibited a higher percentage of CRs on
T� trials relative to TL� trials during phase 3 (sessions 11–15; all
comparisons, p � 0.05) but not during phase 2 (sessions 6 –10).

The SAL group also exhibited a significantly higher percentage
of CRs during T� trials relative the MUS groups during the first
postdrug training session (session 11; p � 0.05). The group dif-
ference in CR percentage during session 11 raised the possibility
that the magnitude of discrimination was lower in the MUS
group, which would suggest that MUS treatment during phase 2
caused a slight impairment in inhibitory conditioning. An addi-
tional repeated-measures ANOVA examined the magnitude of
discrimination (CRs during T� trial minus CRs during TL�
trials) in the SAL and MUS groups across sessions during phase 3.
No group effects were detected in the analysis of discrimination
magnitude suggesting that inhibitory conditioning was com-
pletely unaffected by MUS during phase 2 training.

No group differences were detected by ANOVA for the retar-
dation test (phase 4, sessions 17 and 18). Both groups showed
slowed acquisition relative to appropriate control groups, which
produce �70% CRs on the first session (Nicholson and Freeman,
2002).

Experiment 3
Analysis of 2-DG autoradiographs from rats given saline or mus-
cimol indicated that uptake of 2-DG was reduced substantially in
the cerebellar hemisphere infused with muscimol (Fig. 5). The

area of inactivation included the ipsilateral fastigial nucleus, an-
terior interpositus nucleus, posterior interpositus nucleus, den-
tate nucleus, lateral anterior lobe, crus I, rostral crus II, and lobule
HVI. The cerebellar nuclei and neighboring cortex in the con-
tralateral hemisphere were unaffected by muscimol (Fig. 5). Rats
given saline infusions showed no reduction in 2-DG uptake, with
strong bilateral 2-DG uptake in all the deep nuclei, vestibular
nuclei, and throughout the gray matter of the cortex. The stron-
gest 2-DG uptake was observed bilaterally in the vestibular, inter-
posed, and cochlear nuclei. No increase in 2-DG uptake was ob-
served in the inferior olive contralateral to the muscimol infusion
(Fig. 5). However, muscimol induced increases in inferior olive
activity might be observed with higher-resolution metabolic im-
aging techniques.

Discussion
Acquisition of excitatory eyeblink conditioning in rats was com-
pletely blocked by muscimol inactivation of the cerebellar hemi-
sphere that is ipsilateral to the trained eye (experiment 1). The
rats given muscimol during 4 d of training showed no evidence of
savings in postdrug training sessions relative to control groups
that received equivalent training or context exposure for 4 d be-
fore training (Fig. 2). In contrast, rats given muscimol inactiva-
tion of the ipsilateral cerebellar hemisphere acquired conditioned
inhibition (experiment 2) (Fig. 4). The eyeblink CRs of rats were
suppressed by muscimol inactivation during conditioned inhibi-
tion training, but the rats given muscimol exhibited robust dis-
crimination during postdrug training sessions. The magnitude of
discrimination during postdrug training in the group given mus-
cimol was as robust as the magnitude of discrimination in the
control group, indicating that acquisition of conditioned inhibi-
tion was completely unaffected by muscimol inactivation of the
ipsilateral cerebellar hemisphere.

The findings of the current study indicate that the cerebellum-
based models of conditioned inhibition must be modified. Inac-
tivation of the cerebellar hemisphere that is ipsilateral to the
trained eye completely prevented excitatory conditioning but
had no effect on conditioned inhibition. The neural mechanisms
of conditioned inhibition are, therefore, not occurring in the
same tissue as the mechanisms underlying excitatory condition-
ing. This conclusion is seemingly inconsistent with previous
studies that found strong correlations between single unit activity
in the ipsilateral anterior interpositus nucleus and the amplitude/
time course of eyelid CRs during conditioned inhibition training
and testing (Freeman and Nicholson, 1999; Nicholson and Free-
man, 2002). Neurons in the anterior interpositus nucleus show
increased activity when CRs are produced and suppressed activity
when CRs are inhibited. However, the striking neuronal corre-
lates of conditioned inhibition in the anterior interpositus nu-
cleus (Freeman and Nicholson, 1999; Nicholson and Freeman,
2002) are probably best thought of as correlates of learning-
specific plasticity occurring in another neural system. The neu-
ronal inhibition observed in the ipsilateral anterior interpositus
nucleus during presentations of inhibitory CSs may be driven by
extracerebellar structures that modify cerebellar or pontine activ-
ity. For instance, neuronal activity in the red nucleus exhibits a
stronger correlation with CR suppression during conditioned in-
hibition training than neuronal activity in the interpositus nu-
cleus in rabbits (Britton et al., 2000; Brown et al., 2000). Inhibi-
tory learning in the red nucleus could affect eyeblink CRs by
directly modifying excitatory input to the facial nucleus or
through feedback to the pons. Some of the other potential candi-
dates for precerebellar mediation of conditioned inhibition have

Figure 5. An autoradiograph showing uptake of 2-DG radiolabeled with 14C (black indicat-
ing strongest 2-DG uptake). This example demonstrates the area of inactivation after injection
of muscimol (10 nmol) through a cannula centered in the dorsal anterior interpositus nucleus.
The white dotted line indicates the boundary of change in 2-DG uptake on the side injected with
muscimol. Areas of inactivation include the fastigial nucleus (FN), interposed nuclei (IP), lateral
anterior lobe (Ant), crus I (CI), rostral crus II, and lobule HVI.
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been eliminated. For instance, lesions of the hippocampus (So-
lomon, 1977) or neodecortication (Moore et al., 1980; Yeo et al.,
1983) do not abolish acquisition or retention of conditioned in-
hibition. However, stimulation and lesion studies indicate that
the nucleus of Darkschewitsch, the interstitial nucleus of Cajal,
and the anterior red nucleus play roles in conditioned inhibition
(Mis, 1977; Berthier and Moore, 1980; Blazis and Moore, 1991).
Current studies are examining precerebellar mechanisms of con-
ditioned inhibition.

The cerebellum-based models of conditioned inhibition
would still be partially viable if the cerebellar areas not affected by
muscimol in the current study are capable of acquiring inhibitory
conditioning independently of the cerebellar areas that are nec-
essary for acquisition of excitatory conditioning. Experiment 3
revealed that most of the vermis and contralateral hemisphere
were not affected by the muscimol infusion. The unaffected cer-
ebellar areas may be sufficient for acquisition of conditioned in-
hibition. Evidence for distributed cerebellar cortical circuitry in
eyeblink conditioning can be found in a study that used electrical
stimulation of the cerebellar cortical surface to identify eyeblink
microzones in cats (Hesslow, 1994). Blink microzones were iden-
tified based on the presence of short-latency climbing fiber re-
sponses to peripheral stimulation and delayed eyelid EMG activ-
ity after cortical stimulation. Multiple eyeblink microzones were
found in the C1 and C3 zones of the cortex in lobules V, VI, VII,
and the rostral paramedian lobule. One implication of these find-
ings is that eyeblink microzones not affected by muscimol infu-
sions in the current study might be capable of acquiring condi-
tioned inhibition. However, a recent study that depleted Purkinje
cells throughout the cerebellar cortex using the immunotoxin
OX7-saporin found impaired acquisition of conditioned inhibi-
tion, but all rats with Purkinje cell depletion acquired robust CR
inhibition (Nolan and Freeman, 2005). The findings of Nolan
and Freeman (2005) suggest that cerebellar cortical areas spared
in the current study might play a role in conditioned inhibition
but extracerebellar structures must also be necessary.

The findings of experiment 1 indicate that eyeblink condition-
ing in rats depends on the cerebellar hemisphere that is ipsilateral
to the conditioned eye. This finding is consistent with a previous
study that found that early lesions of the rat interpositus nucleus
and overlying cortex blocked acquisition of eyeblink condition-
ing in juvenile rats (Freeman et al., 1995). However, Skelton
(1988) noted that a preliminary unpublished study found that
rats with unilateral lesions of the cerebellar nuclei were not as
impaired on eyeblink conditioning as rats given bilateral lesions
of the nuclei. Subsequent studies found that bilateral lesions of
the interpositus nucleus block conditioning in mice and rats
(Chen et al., 1996, 1999; Lee and Kim, 2004). In contrast to all of
the other published reports, a recent study using mice indicated
that bilateral lesions of the interpositus nucleus did not abolish
CRs (Koekkoek et al., 2003). The lesions in this study were accu-
rately placed in the interpositus nucleus but were partial and may
have missed the essential part of the nucleus. The current finding
of complete loss of excitatory conditioning with unilateral mus-
cimol inactivation in rats indicates that the deficits in eyeblink
conditioning produced by bilateral lesions in previous rodent
studies are probably primarily caused by damage in the ipsilateral
cerebellum.

The current study was designed to inactivate the cerebellar
hemisphere that is ipsilateral to the trained eye. It was not de-
signed to examine the effects of selective inactivation of the ante-
rior interpositus nucleus. Indeed, the muscimol infusion used in
the current experiments affected all the ipsilateral cerebellar nu-

clei and the neighboring cortical areas (Fig. 5). Moreover, the
findings of experiment 1 do not prove that the memory for eye-
blink conditioning is stored within the cerebellum in rats, as
demonstrated in rabbits (Christian and Thompson, 2003). Addi-
tional studies are required to examine the roles of specific cere-
bellar nuclei and structures that are efferent to the cerebellum in
rodent eyeblink conditioning.

In conclusion, the neural mechanisms of eyeblink condi-
tioned excitation and inhibition differ substantially. Excitatory
eyeblink conditioning is blocked by muscimol inactivation of the
cerebellar hemisphere that is ipsilateral to the conditioned eye. In
contrast, conditioned inhibition is completely unaffected by in-
activation of the ipsilateral cerebellar hemisphere. Conditioned
inhibition probably depends on cerebellar areas that were not
inactivated in experiment 2 and precerebellar systems. The goal
of current research is to identify the precerebellar and cerebellar
cortical systems that are necessary for conditioned inhibition.
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