
Behavioral/Systems/Cognitive

Differential Effects of Cerebellar, Amygdalar, and
Hippocampal Lesions on Classical Eyeblink Conditioning
in Rats

Taekwan Lee1 and Jeansok J. Kim2

1Department of Psychology, Yale University, New Haven, Connecticut 06520-8205, and 2Department of Psychology and Program in Neurobiology and
Behavior, University of Washington, Seattle, Washington 98195-1525

Eyeblink conditioning has been hypothesized to engage two successive stages of nonspecific emotional (fear) and specific musculature
(eyelid) learning, during which the nonspecific component influences the acquisition of the specific component. Here we test this notion
by investigating the relative contributions of the cerebellum, the amygdala, and the hippocampus to the emergence of conditioned eyelid
and fear responses during delay eyeblink conditioning in freely moving rats. Periorbital electromyography (EMG) and 22 kHz ultrasonic
vocalization (USV) activities were measured concurrently from the same subjects and served as indices of conditioned eyeblink and fear
responses, respectively. In control animals, conditioned EMG responses increased across training sessions, whereas USV responses were
initially robust but decreased across training sessions. Animals with electrolytic lesions to their cerebellum (targeting the interpositus
nucleus) were completely unable to acquire conditioned EMG responses but exhibited normal USV behavior, whereas animals with
lesions to the amygdala showed decelerated acquisition of conditioned EMG responses and displayed practically no USV behavior. In
contrast, hippocampal lesioned rats demonstrated facilitated acquisition of conditioned EMG responses, whereas the USV behavior was
unaffected. The amygdalar involvement in eyeblink conditioning was examined further by applying the GABAA agonist muscimol
directly into the amygdala either before or immediately after training sessions. Although pretraining muscimol infusions impaired
conditioned EMG responses, post-training infusions did not. Together, these results suggest that, even during a simple delay eyeblink
conditioning, animals learn about different aspects associated with the behavioral task that are subserved by multiple brain-memory
systems that interact to produce the overall behavior.
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Introduction
Pavlovian or classical eyeblink conditioning is widely used as a
model system to understand the mammalian brain mechanisms
underlying learning and memory (Thompson, 1986, 1990; Yeo,
1991; Raymond et al., 1996; Medina et al., 2002). Behavioral stud-
ies from various animals, including rats, mice, humans, and par-
ticularly rabbits, have shown that eyeblink conditioning occurs
when an initially innocuous conditioned stimulus (CS) (such as
tone or light) is contingently paired with an aversive uncondi-
tioned stimulus (US) (such as air puff or electric shock to the eye
region) that produces a reflexive eyeblink [unconditioned re-
sponse (UR)]. Through CS–US association formation, the CS
becomes capable of eliciting a learned eyeblink [conditioned re-
sponse (CR)] that is closely time locked to the onset of the US
(Schneiderman et al., 1962; Thomas and Wagner, 1964).

Among associative tasks, eyeblink conditioning is particularly
amenable to neurobiological analyses because (1) it involves only
two stimuli, where the onset and offset of CS and US can be
precisely controlled, (2) the CR and UR are discrete behavioral
units that can be accurately and repetitively measured within and
between training sessions, and (3) the CR and UR are anatomi-
cally and behaviorally dissociable. Converging evidence from le-
sion, pharmacological, recording, stimulation, brain imaging,
and genetic engineering studies indicate that the cerebellum is
essential for eyeblink conditioning (Kim and Thompson, 1997;
Medina et al., 2002).

Although most eyeblink conditioning studies focus exclu-
sively on the motor output of interest (i.e., eyeblink), it has been
recognized that animals also learn about emotional aspects asso-
ciated with the task (Lavond et al., 1993). Contrary to eyeblink
CRs, which typically emerge after numerous CS–US pairings, fear
responses (e.g., alterations in heart rate, blood pressure, pupillary
dilation) are observed after only a few CS–US pairings. The de-
velopments of nonspecific emotional and specific motor re-
sponses are referred to as the first phase and the second phase,
respectively, of two-process models of conditioning (Konorski,
1967; Rescorla and Solomon, 1967). It has been postulated that
nonspecific emotional responses facilitate the subsequent acqui-
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sition of specific motor responses (Lennartz and Weinberger,
1992; Mintz and Wang-Ninio, 2001). In support, lesions to the
amygdala, which abolish fear conditioning (Blanchard and Blan-
chard, 1972; Kim et al., 1993; LeDoux, 2000), reduce the CS-
induced reflex facilitation of eyeblink UR and retard the acquisi-
tion of eyeblink CR in rabbits (Weisz et al., 1992). Additionally,
rats that first underwent fear conditioning subsequently dis-
played facilitated motor conditioning (Neufeld and Mintz,
2001). Thus, during eyeblink conditioning, animals exhibit both
eyeblink and fear responses, during which the latter seems to
influence the acquisition of the former.

The present study explored further the two-process models of
conditioning by investigating cerebellar and amygdalar lesion ef-
fects on eyeblink and fear responses concurrently during delay
eyeblink conditioning in rats. Hippocampal lesion effects were
also examined because although this structure is not necessary
(Schmaltz and Theios, 1972; Kim et al., 1995), its neurons be-
come engaged during delay eyeblink conditioning (Berger et al.,
1976; Weisz et al., 1984; Disterhoft et al., 1986), which might
influence conditioning (Kim and Baxter, 2001).

Materials and Methods
Experiment 1: emergence of nonspecific fear and specific motor
responses during delay eyeblink conditioning
Results from previous rabbit studies have shown that during delay eye-
blink conditioning, animals initially display nonspecific fear responses
subsequently followed by discrete eyeblink musculature responses,
which are consistent with two-process models of conditioning (Lavond
et al., 1993). The goal of experiment 1 was to determine whether unre-
strained, freely moving rats also demonstrate two-process-like learning
during delay eyeblink conditioning, using 22 kHz ultrasonic vocalization
(USV) and periorbital electromyography (EMG) as indices of fear and
musculature responses, respectively. Although USV and periorbital
EMG measures have been widely used in fear conditioning and eyeblink
conditioning studies, respectively, in rodents (Shors et al., 1989; Blan-
chard et al., 1991; Chen et al., 1996; Weiss et al., 1999; Lee et al., 2001;
Miyata et al., 2001; Choi and Brown, 2003), the present study is the first
to concurrently assess both responses during eyeblink conditioning.

Subjects. Experimentally naive male Sprague Dawley rats (Charles
River, Kingston, NY), initially weighing 275–300 gm, were housed indi-
vidually in a climate-controlled vivarium on a 12 hr light/dark cycle with
ad libitum access to food and water. All experiments were conducted
during the light phase of the cycle, and all surgical, postoperative care,
and behavioral procedures were performed in strict compliance with the
Yale Animal Resource Center guidelines.

Surgery. Rats were anesthetized via intraperitoneal injection of a 30
mg/kg ketamine and 2.5 mg/kg xylazine mixture (with supplemental
injections given as needed) and placed on a stereotaxic instrument with
nonpuncture ear bars (Stoelting, Wood Dale, IL). The scalp was incised
and small burr holes were drilled for anchoring screws on the skull.
Afterward, animals were implanted subcutaneously with four Teflon-
coated stainless steel wires (0.003 inch bare, 0.0045 inch coated; A-M
Systems, Everett, WA) in the left upper eyelid. The tip of the wire was
exposed (�1.0 mm), bent to a V-shape, and hooked to obicularis oculi
muscles (Basso et al., 1993). Two of the four wires were used to record
differential EMG, and the remaining two wires were used to deliver peri-
orbital shock. The other ends of the wires, along with a ground wire
attached to one of the anchoring screws, were soldered to gold-plated
pins of an Augat socket (TYCO Electronics, Harrisburg, PA), which was
then cemented to the animal’s skull. After surgery, all animals were given
6 d of postoperative recovery and were adapted to handling for 2 d before
training.

Apparatus. Eyeblink conditioning took place in two modular operant
test chambers (27 cm width � 28 cm length � 30.5 cm height; Coul-
bourn Instruments, Allentown, PA), each placed inside a sound-
attenuating chest (Med Associates, St. Albans, VT) and a Faraday field.
The floor grid (composed of 16 stainless steel bars) and base pan of each

chamber were washed thoroughly with tap water and dried completely
before placing each animal in the chamber.

The stimulus presentations were controlled, and EMG–USV data were
simultaneously collected by an IBM-PC Pentium III computer equipped
with a data acquisition board (PCI-MIO-16E-1; National Instruments,
Austin, TX) via a custom-written software (LabVIEW; National Instru-
ments). The tone CS (2.8 kHz sine wave, 82 dB) was produced using a
function generator (4040A; BK Precision, Yorba Linda, CA) and pre-
sented through a speaker mounted on the chamber. The periorbital
shock US (50 Hz, square wave pulses) was delivered using a stimulus
isolator (SD9; Grass Telefactor, West Warwick, RI). The US intensity was
adjusted daily for each animal to a minimal voltage to elicit a reliable
eyeblink response (Skelton, 1988; Chen et al., 1996). The EMG activity
from the eyelid muscle was amplified (1000�) and filtered (300 –5000
Hz) through a differential AC amplifier (model 1700; A-M Systems),
digitized (sampling rate � 10 kHz), and stored to a computer. To prevent
US-induced saturation of the amplifier, the EMG input to the amplifier
was “disconnected” from 5 msec before and after the US with a clamping
device (model 2804; Cambridge Electronics Design, Cambridge, UK).
The animal’s head socket was connected to a ceiling-mounted cable-
commutator assembly (CAY-675–12 slip ring; Airflyte Electronics, Bayo-
nne, NJ) that relayed EMG signals and delivered the US in a freely moving
rat.

For USV data collection, a Mini-3 bat detector (Noldus Information
Technology, Wageningen, The Netherlands) was used to transform high-
frequency (22 � 5 kHz) sounds into the audible range (300 –3000 Hz).
The transformed output from the bat detector was digitized (sampling
rate � 1 kHz) and stored to the computer. Both EMG and USV activities
around the time of CS–US presentations and USV activities during the
intertrial interval (ITI) were monitored and stored for off-line analysis
(see below).

Training procedure. A day before training, each rat was placed in the
eyeblink chamber, with its headstage connected to a cable-commutator
assembly, for 60 min of habituation to the training environment.

On all days of training, animals were presented with a 400 msec tone
CS and a coterminating 100 msec shock US pairing [delay paradigm with
300 msec inter-stimulus interval (ISI)]. Animals received six daily ses-
sions of training; each session consisted of 100 trials arranged into 10
blocks, and each block included 1 CS-alone test trial and 9 CS–US paired
trials. The trials were delivered every 20 – 40 sec (mean ITI 30 sec).

Data analysis. Eyeblink analysis was on the basis of raw EMG signals
(EMG recording starts at 350 msec before the CS onset and continues
until 600 msec after the US offset totaling 1350 msec of sampling) of each
trial. Root mean square (RMS) for every 1 msec period was calculated out
of 10 sampling points

RMS�� 1

10�
i�1

10

x i
2 ,

(x indicates 0.1 msec raw EMG value) of each trial. To determine CR and
UR for each trial, four time windows were defined as follows: (1) pre-CS
period: 350 msec baseline period before CS onset; (2) startle period: 80
msec period after CS onset; (3) CS period: 215 msec period from the
offset of startle period to 5 msec before US onset (for CS–US paired
trials), or 520 msec period from the offset of startle period to 200 msec
after CS termination (for CS-alone trials); and (4) post-US period: 595
msec period after US termination (Fig. 1). As mentioned previously,
EMG was not recorded from the period between 5 msec before and after
US because a clamping device disconnected the amplifier from signal as
well as US-induced artifact.

Trials with either unstable baseline EMG activity during the pre-CS
period or tone-induced startle EMG activity (immediately after the CS)
were excluded from analysis (Chen et al., 1996). An unstable baseline trial
was defined as a trial with three consecutive RMS values of pre-CS period
�0.1 mV. A startle trial was defined as a trial with three consecutive RMS
values during the startle period higher than mean � 4 SDs of the pre-CS
period. For the remaining valid trials, the CR was defined as a trial con-
taining three consecutive RMS values of CS period higher than mean � 4
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SDs of the pre-CS. The percentage of CR was computed as the ratio of the
number of CRs to the number of valid trials. The CR onset latency was
calculated from the first moment when three RMS values exceeded the
mean � 4 SDs of the pre-CS. During the CS period, the maximum RMS
value was considered the maximum CR amplitude, and the moment of
maximum RMS value was defined as the peak CR latency. The residual
UR amplitude was defined as the maximum RMS value during the
post-US period.

The duration of USV was computed from USV data collected through-
out the entire training session. The parameters for USV analysis were on
the basis of the analysis of Brudzynski et al. (1993). A USV call was
defined as an uninterrupted sound at least 300 msec in length. If the
interval between two calls was �50 msec, then the two calls were com-
bined to a single call. Custom programs written in LabVIEW were used to
analyze and display raw EMG and USV data.

Experiment 2: effects of interpositus nucleus, amygdala, and
hippocampus lesions on eyeblink and fear responses
Experiment 1 demonstrated that nonspecific fear and specific eyelid
musculature responses occur during delay eyeblink conditioning in rats.
Because the amygdala is implicated in fear conditioning (Blanchard and
Blanchard, 1972; Kapp et al., 1979; Davis, 1992; Kim et al., 1993;
Fanselow and LeDoux, 1999; LeDoux, 2000) whereas the cerebellum
(i.e., the interpositus nucleus) is essential for eyeblink conditioning
(Thompson, 1986, 1990; Yeo, 1991; Kim and Thompson, 1997; Medina
et al., 2002), the purpose of experiment 2 was to examine amygdalar and
interpositus nucleus lesion effects on the development of conditioned
EMG and USV responses. In addition, hippocampal lesion effects were
investigated because neurons in the hippocampus undergo learning-
related changes during delay eyeblink conditioning (Berger et al., 1976;
Weisz et al., 1984; Disterhoft et al., 1986) that can potentially influence
eyeblink and USV responses.

Subjects, surgeries, and behavioral training. Naive Sprague Dawley male
rats were randomly assigned to one of four groups: sham lesion control
(CONT), interpositus nucleus lesion (IP), amygdala lesion (AMYG), and
hippocampal lesion (HIPP). Bilateral electrolytic lesions were made by
passing constant current (UGO Basile, 3500 Lesion Making Device,
Comerio, Italy) through a stainless steel insect pin (#00) insulated with
epoxylite except for 0.5– 0.75 mm at the tip. The following coordinates

(Paxinos and Watson, 1997) and lesion parameters were used: interposi-
tus nucleus (from bregma, �11.3 mm posterior, �1.8 and � 2.6 mm
lateral, and �6.5 mm ventral; current: 1 mA, 10 sec); amygdala (from
bregma, �2.3 mm posterior, �4.0 lateral and �8.4 mm ventral, �5.0
mm lateral and �8.8 mm ventral; current: 1 mA, 10 sec); dorsal hip-
pocampus (from bregma, �2.6 mm posterior, �1.0 and � 2.0 mm lat-
eral, �4.0 mm ventral, and �4.0 mm posterior, �2.2 and � 3.5 mm
lateral, �4.0 mm ventral; current: 1 mA, 15 sec). For sham controls, the
electrode was lowered 1 mm just dorsal to the lesion sites without passing
current. Next, animals received EMG electrode implant and head socket
cementing in the same manner as in experiment 1. After surgery, animals
underwent recovery and handling as described previously.

During training, animals were presented with 350 msec tone CS and
100 msec shock US pairings (delay paradigm with a 250 msec ISI). Con-
trol and hippocampal lesion groups underwent six daily sessions of train-
ing, whereas interpositus nucleus and amygdala lesion groups received
three additional daily sessions of training (for a total of nine sessions) to
assess lesion effects more comprehensively. Each session consisted of 60
trials arranged into 6 blocks, and each block included 1 CS-alone test trial
and 9 CS–US paired trials. The ITI was 40 – 60 sec (mean 50 sec). Exper-
iment 2 used 350 msec tone CS, 50 sec ITI, and 60 trials per session
(instead of 400 msec tone CS, 30 sec ITI, and 100 trials per session in
experiment 1) because lengthening the ITI/ISI ratio facilitated the devel-
opment of eyeblink CR, which compensated for the reduction in the
number of CS–US paired presentations.

Behavioral analyses were performed as described in experiment 1 with
minor changes to accommodate the different CS duration and ISI used.
The duration of the pre-CS period and startle period were the same;
however, the CS period and post-US period were now as follow: (1) CS
period: 165 msec period from the offset of startle period to 5 msec before
US onset (in CS–US paired trials), and 470 msec period from the offset of
startle period to 300 msec after CS termination (in CS-alone trials), and
(2) post US period: 645 msec period after US termination.

Histology. At the completion of behavioral testing, the subjects were
overdosed with ketamine HCl and xylazine and perfused intracardially
with 0.9% saline followed by 10% buffered formalin. The brains were
removed and stored in 10% formalin for at least 2 weeks and then stored
in 30% sucrose solution for 24 hr before being sliced. Transverse sections
(50 �m) were taken through the extent of the lesion site, mounted on
gelatinized slides, and stained with Prussian Blue and cresyl violet dyes.
The full extent of each lesion site was examined microscopically, and
subjects with inaccurate lesion placements were excluded from the sta-
tistical analysis.

Experiment 3: effects of reversible inactivation of amygdala on
eyeblink and fear responses
Experiment 2 indicated that amygdalar lesions retard the acquisition of
conditioned EMG responses and abolish the fear-induced USV behavior.
Because electrolytic lesions damage both cells and fibers of passage, how-
ever, it is unclear whether the amygdalar lesion effects on conditioned
EMG and USV responses were caused by damaging intrinsic amygdalar
neurons or fibers that course through the amygdala. Thus, the present
study used the GABAA receptor agonist muscimol to pharmacologically
inactivate amygdalar neurons during eyeblink conditioning. Addition-
ally, because several studies have reported that immediate post-training
inactivations of the amygdala can impair memory consolidation pro-
cesses in other brain-memory systems (McGaugh, 2002), we also exam-
ined whether muscimol infusions immediately after eyeblink training
sessions can influence the development of eyeblink CRs.

Subjects and surgeries. Naive Sprague Dawley male rats were implanted
with 26 gauge guide cannulas (Plastic One, Roanoke, VA) bilaterally into
the basolateral nucleus of the amygdala (from bregma: �2.3 mm poste-
rior, �5 mm lateral, �7.7– 8.0 mm ventral). Implanted cannulas were
cemented to four anchoring screws on the skull. Dummy cannulas were
inserted into the implanted cannulas to maintain patency of the guide
cannulas. Next, animals underwent EMG electrode implant and head
socket cementing in the manner described in experiment 1. During 5–7 d
of postoperative recovery, the rats were adapted to handling, and each
dummy cannula was removed and replaced with a clean one.

Figure 1. Conditioned EMG analysis. A, Rectified raw EMG signals during a CS–US paired trial
and four time windows corresponding to (1) Pre-CS, (2) startle, (3) CS, and (4) post-US periods.
B, Rectified raw EMG signals during a CS-alone trial and three time windows representing (1)
Pre-CS, (2) startle, and (3) CS periods. Horizontal black bars indicate CS and US onset– offset.
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Drugs and behavioral training. Muscimol free-base (Sigma-Aldrich, St.
Louis, MO), dissolved in artificial CSF (ACSF) (10 mM, pH �7.4) was
microinfused into the amygdala (bilaterally) by backloading the drug up
a 33 gauge internal cannula into polyethylene (PE 20) tubing connected
to 10 �l Hamilton microsyringes (Hamilton Company, Reno, NV). The
internal cannula protruded 1 mm beyond the guide cannula. An infusion
volume of 0.3 �l (per side) was delivered using a Harvard PHD2000
syringe pump (Harvard Apparatus, South Natick, MA) over the course of
3 min (at a rate of 0.1 �l/min). The internal cannula remained in place for
at least 30 sec after the infusions before being pulled out.

Animals were randomly assigned to one of four groups: ACSF infu-
sions before training days 1–3 (CONT); muscimol infusions before train-
ing days 1–3 (pretraining MUSC); muscimol infusions immediately after
training days 1–3 (post-training MUSC); and muscimol infusions before
training days 5–7 (preretention MUSC). Approximately 10 min after
ACSF or MUSC infusions, pretraining and preretention groups under-
went eyeblink training in the same manner as in experiment 2. The
post-training MUSC animals received muscimol infusions immediately
after undergoing eyeblink training. Behavioral analyses were performed
as described in experiment 2.

Histology. At the completion of behavioral testing, the subjects’ brains
were removed and stored in the same manner as in experiment 2. Trans-
verse sections (50 �m) were taken through the extent of the cannula
placement, mounted on gelatinized slides, and stained with cresyl violet
dye. An observer unaware of the behavioral data determined the loca-
tions of the cannula tips, and subjects with inaccurate cannula place-
ments were excluded from the statistical analysis.

Results
Experiment 1
Figure 2 shows the mean percentage of conditioned EMG and the
mean USV duration across 6 d of training in unrestrained, freely
moving rats. As can be seen, conditioned EMG responses gradu-
ally increased across training sessions, whereas USV responses
were initially robust but declined across training sessions. These
observations are supported by a linear trend analysis, (eyeblink
CR%: F(1,30) � 29.89, p � 0.01; USV duration: F(1,30) � 7.97, p �
.01), and are thus consistent with two-process models of condi-
tioning (Konorski, 1967; Rescorla and Solomon, 1967).

Experiment 2
Figure 3 represents composites of cerebellar, amygdalar, and hip-
pocampal lesions on the basis of a reconstruction of lesion extents
(Paxinos and Watson, 1997). Cerebellar lesions included the an-
terior interpositus nucleus, portions of the overlying cerebellar
cortex, and adjacent dentate nucleus and medial fastigial nucleus.
Amygdalar-lesioned brains had damage to lateral, basolateral,

and central nuclei of the amygdala and small portions of overly-
ing striatum. Brains with hippocampal lesions had damage to the
dorsal hippocampus and overlying cortex.

Figure 4A displays the mean CR percentages from CONT
(n � 12), IP (n � 9), AMYG (n � 9), and HIPP (n � 10) lesion
animals. A two-way ANOVA with the first six daily sessions of
training as a repeated measure indicates significant main effects
of group (F(3,36) � 25.35; p � 0.01) and day (F(5,180) � 27.36; p �
0.01), and a significant group � day interaction (F(15,180) � 4.24;
p � 0.01). Newman–Keuls post hoc tests reveal that the HIPP
lesion group showed a significantly higher CR percentage than
the control group, whereas interpositus and amygdala lesion
groups displayed significantly lower CR percentages than con-
trols (all p � 0.05). Further analyses comparing CR percentages
from the last day of training (day 6 for CONT and HIPP groups,
day 9 for AMYG and IP groups) indicate a significant group
difference (one-way ANOVA; F(3,36) � 15.09; p � 0.01). Specifi-
cally, IP lesion animals displayed a significantly lower CR per-
centage than other groups (all p � 0.05; Newman–Keuls).

Analyses of the CR amplitude (Fig. 4B) produced results sim-
ilar to the CR percentage (main effects of group: F(3,36) � 5.05,
p � 0.01; days: F(5,180) � 10.18, p � 0.01; group � day interac-
tion: F(15,180) � 2.34, p � 0.01). As can be seen, the CR amplitudes
increased over training days for all groups except for the IP lesion
group, and HIPP animals exhibited significantly larger CR am-
plitudes compared with other groups during the first 6 training
days ( p � 0.05). Interestingly, although the AMYG lesion ani-
mals acquired the CR percentages slower than the CONT animals
(Fig. 4A), the mean CR amplitudes during 6 d of training were
similar between the two groups (Fig. 4B) ( p � 0.05). This finding
suggests that the relatively sparse CRs displayed by AMYG ani-
mals during the first 6 d of training are just as robust as the
relatively frequent CRs displayed by CONT animals.

The temporal characteristics of the CRs were compared
among CONT, AMYG, and HIPP groups by analyzing the CR
onset latencies (Fig. 4C) and the CR peak latencies (Fig. 4D) on
the last day of training. The IP lesion animals were excluded
because they did not exhibit CRs. A one-way ANOVA indicated
significant group differences in the CR onset latency (F(2,28) �
3.78; p � 0.05). Neither AMYG nor HIPP lesion animals reliably
differed from CONT animals, but HIPP animals exhibited a sig-
nificantly shorter CR onset latency than AMYG animals ( p �
0.05). Although the shorter CR onset latency of the hippocampal
lesion animals is congruent with previous findings in rabbits
(Port et al., 1985) and might reflect the disruption of temporal
processing of stimuli, there were no reliable group differences in
the CR peak latency (one-way ANOVA; F(2,28) � 1.02; p � 0.05).

The mean USV duration for 6 training days was analyzed to
compare the emotional response among the CONT, AMYG, IP,
and HIPP groups (Fig. 4E). A one-way ANOVA indicates a sig-
nificant group difference in the USV duration (F(3,36) � 5.9; p �
0.01). Subsequent post hoc tests revealed that the AMYG lesioned
animals emitted significantly less USV compared with other
groups (all p � 0.05; Newman–Keuls). No differences in USV
were observed among the CONT, IP, and HIPP groups ( p �
0.05). To better appreciate USV behavior both within a session
and across training sessions, Figure 5 depicts sample USV pat-
terns from typical animals in CONT, IP, and HIPP groups. As can
be seen, USV responses decrease both as a function of trials
within a session and as a function across training sessions. The
mean USV call durations for 6 training days were not significantly
different among groups (one-way ANOVA; F(2,30) � 1.06; p �

Figure 2. Mean percentage of conditioned EMG (�SE) and mean USV duration (�SE) mea-
sured from unoperated rats (n � 6) during the six daily training sessions.
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0.05). It appears then interpositus nucleus
and hippocampal lesions do not alter USV
behavior (Fig. 5D).

To check for possible lesion effects on
US sensitivity, which can contribute to dif-
ferences in conditioned EMG and USV re-
sponses among groups, the ratio of resid-
ual UR amplitude to US intensity was
computed. Although the UR/US ratio of
amygdala lesion animals was smallest nu-
merically, there were no reliable group dif-
ferences (one-way ANOVA; F(3,36) � 1)
(Fig. 4F).

Experiment 3
Figure 6A depicts the mean percentage of
conditioned EMG from CONT (n � 6),
pretraining MUSC (n � 6), preretention
MUSC (n � 6), and post-training MUSC
(n � 5) groups. A two-way ANOVA with
the first three daily training sessions as a
repeated measure reveals significant main
effects of group (F(3,19) � 7.37; p � 0.01),
day (F(2,38) � 21.44; p � 0.01), and a sig-
nificant group � day interaction (F(6,38) �
4.07; p � 0.01). Although the pretraining
MUSC group did not develop conditioned
EMG, the post-training MUSC group ac-
quired CRs comparable with the CONT
group (Newman–Keuls; p � 0.05). As with
conditioned EMG data, USV was impaired
only in pretraining MUSC animals during
the first three training sessions (Fig. 6B)
(two-way ANOVA: F(3,19) � 12.46, p �
0.01; Newman–Keuls: p � 0.05). In
contrast to conditioned EMG, there
were no significant main effects in day

Figure 4. Lesion effects on eyeblink CRs and USVs. A, Mean percentage of CR (�SE) during daily training sessions from control
(CONT:E, n�12), interpositus nucleus lesion (IP:f, n�9), amygdala lesion (AMYG:�, n�9), and hippocampus lesion (HIPP:
�, n � 10) animals. B, Mean CR amplitude during 6 d of training session. C, Mean CR onset latency during the last day of training
session. D, Mean CR peak latency during the last day of training session. E, Mean USV duration recorded during 6 d of the training
session. F, Mean ratio of residual UR amplitude to US intensity.

Figure 3. Histological reconstructions of lesion sites. Numbers indicate distance in millimeters posterior to the bregma. A, Interpositus nucleus lesions. B, Amygdala lesions. C, Hippocampus
lesions. Gray areas represent the largest lesion, and black areas represent the smallest lesion on a given section.
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(F(2,38) � 1.00; p � 0.05) and group � day interaction (F(6,38)

� 1). Thus, only pretraining muscimol infusion prevented the
acquisition of CRs and expression of USV.

In Figure 6C, the mean CR percentage from days 4 –9 of the
pretraining MUSC group was compared with those of CONT and
post-training MUSC groups. The pretraining MUSC animals ac-
quired CRs at a similar rate after withdrawal of muscimol infu-
sions compared with other groups (F(2,14) � 1.60; p � 0.05).

To examine muscimol effects on animals that already ac-
quired CRs (i.e., preretention MUSC group), CR percentages and
USV were compared between muscimol infusion sessions (days
5, 6, and 7) and no infusion sessions (days 1, 2, 3, 4, 8, and 9) (Fig.
6D). A t test revealed that muscimol infusions into the amygdala
on day 5 significantly reduced CR percentages and USV when
compared with day 4 (%CR: t(10) � 2.98, p � 0.05; USV: t(10) �
2.78, p � 0.05); however, the performance of eyeblink CRs and
USV fully recovered in the eighth session in contrast to the sev-
enth session (%CR: t(10) � 4.78, p � 0.01; USV: t(10) � 3.95, p �
0.01). In short, animals that acquired eyeblink CRs �50% during
four successive training sessions did not express learned CRs and
USV during sessions of muscimol infusions but exhibited fully
recovered CRs and USV after withdrawal of muscimol. Pretrain-
ing and preretention effects of muscimol cannot be accounted for
by alterations in US sensitivity or UR, because the ratio of residual
UR to US intensity did not differ between infusion and no infusion
days (Fig. 6E). Figure 6F shows a composite of the bilateral infusion
sites in the basolateral amygdalar complex on the basis of a recon-
struction of cannula placements (Paxinos and Watson, 1997).

In summary, inactivating the amygdala via muscimol infu-
sions not only slowed the development of eyeblink CRs but also
impaired the expression of learned CRs and abolished USV
behavior.

Discussion
The results from the present study demonstrate that consistent
with the two-process models of conditioning (Konorski, 1967;
Rescorla and Solomon, 1967), rats exhibit two successive stages of
nonspecific emotional (fear) and specific musculature (eyelid)
learning during delay eyeblink conditioning. Whereas the USV
responses (signifying fear) were initially robust and decreased
across training sessions, the conditioned EMG responses (indi-
cating eyeblink learning) were initially small and increased across
training sessions (experiment 1). Moreover, lesions to the cere-
bellum, the amygdala, and the hippocampus produced dissimilar
effects on conditioned eyeblink and USV responses (experiment
2). Specifically, cerebellar lesions (targeting the IP nucleus) effec-
tively blocked the acquisition of eyeblink CRs without affecting
fear-induced USV behavior, whereas amygdalar lesions impaired
USV and slowed the acquisition of eyeblink CRs. Hippocampal
lesioned animals, on the other hand, exhibited normal USV and
facilitated acquisition of eyeblink CRs.

Similar to the amygdalar lesion effects, targeted infusions of
the GABAA receptor agonist muscimol into the amygdala before
training sessions blocked USV responses and slowed the acquisi-
tion of eyeblink CRs (experiment 3). In previously trained ani-
mals, pretesting infusions of muscimol impaired USV behavior
and markedly reduced the expression of eyeblink CRs. As musci-
mol increases Cl� ion conductance across cell membranes (Feld-
man et al., 1997), presumably the drug effects are caused by in-
hibiting or reducing neuronal activities in the amygdala. In
contrast to pretraining muscimol effects, however, immediate
post-training infusions of muscimol into the amygdala failed to
affect the acquisition of eyeblink CRs. Together, these findings
suggest that neuronal activity in the amygdala during delay eye-
blink conditioning is critically involved in mediating fear-
induced behaviors (such as USV) and in influencing cerebellar-
dependent conditioned eyeblink responses. Moreover, the
formation (or consolidation) of conditioned eyeblink memory in
the cerebellum does not require post-training amygdalar activity,
as has been reported with other behavioral tasks (McGaugh,
2002).

Aversive tasks, such as eyeblink conditioning, have been pro-
posed to engage two stages related to different aspects of learning
(Rescorla and Solomon, 1967; Wagner and Brandon, 1989; Len-
nartz et al., 1992). During conditioning, animals quickly establish
conditioned emotional responses (CERs) in the first stage and
then gradually learn the specific motor CR in the second stage.
Thus, the nonspecific emotional response emerges faster than the
specific motor CR and contributes to the development of the
specific motor CR. Two-process models of conditioning predict
that if animals do not develop CERs they will learn specific motor
CRs slowly (Wagner and Brandon, 1989). Our results support
this notion because animals with amygdalar lesions or muscimol
infusions did not exhibit the nonspecific fear-induced USV and
they required considerably more trials to acquire eyeblink CRs.

Two-process models of conditioning can be applied to eye-
blink conditioning by positing that the amygdala is involved in
the first process of emotional responses whereas the cerebellum
(i.e., interpositus nucleus) is essential for the second process of
eyeblink CR acquisition. A considerable body of evidence indi-
cates that the amygdala is a critical structure in emotional learn-
ing and expression (Lavond et al., 1993; Davis, 1997; LeDoux,
2000). Studies using rabbits have revealed that animals exhibit
conditioned bradycardia (decreased heart rate) responses during
the early phase of eyeblink conditioning (Yehle, 1968; Lavond et

Figure 5. Examples of USV patterns emitted from a typical control ( A), interpositus nucleus
( B), and hippocampus ( C) lesion animals during eyeblink conditioning across trials and days.
Colors represent the magnitudes of USV duration. D, Mean USV call durations during 6 d of
training sessions (�SE). Those in the amygdala lesion group are not included because they did
not emit USVs.
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al., 1984). Amygdala lesions have been
shown to abolish conditioned bradycardia
and reflex facilitation of nictitating mem-
brane responses and retard the learning of
eyeblink CR (Weisz et al., 1992; Chachich
and Powell, 1998). Conversely, electrical
stimulation of amygdalar central nucleus
has been found to decrease heart rate and
increase nictitating membrane response
amplitudes (Whalen and Kapp, 1991). In-
terestingly, the amygdalar lesion-induced
retardation of eyeblink CR learning rate
seems more dramatic in rats (the present
study) than in rabbits (Weisz et al., 1992).
This might reflect species difference in the
emotional (fear) state or procedural differ-
ences (e.g., eyeblink conditioning in freely
moving rats vs restrained rabbits), or both.
Regardless, these findings indicate that the
amygdala modulates the development of
eyeblink CRs by establishing early emo-
tional states.

In eyeblink conditioning, an abun-
dance of evidence indicates that the cere-
bellum is the essential site of CS–US infor-
mation convergence and plasticity
underlying motor CRs (Thompson, 1986,
1990; Kim and Thompson, 1997; Medina
et al., 2002). Lesions of the interpositus
nucleus have been found to block eyeblink
CRs but not heart rate (fear) conditioning
in rabbits (Lavond et al., 1984, 1985). The
present results are consistent with previ-
ous findings in that interpositus nucleus
lesions impair the development of condi-
tioned motor responses without affecting
fear responses (Mintz and Wang-Ninio,
2001). In addition, unlike amygdalar le-
sions, cerebellar lesions do not prevent re-
flex facilitation in rabbits (Weisz and Lo-
Turco, 1988). Thus, our results in
conjunction with other available evidence
indicate that the cerebellum is critically in-
volved in motor learning of the second
stage but uninvolved in emotional responses of the first stage in
two-process models of conditioning.

It is generally accepted that different brain regions subserve
multiple memory systems and become engaged in learning about
different aspects associated with a given behavioral task (Lavond
et al., 1993; Thompson and Kim, 1996; Kim and Baxter, 2001).
For example, the cerebellum is essential for motor learning, the
amygdala is critical for conditioned fear responses, and the hip-
pocampus is required for spatial and relational memory (Squire
and Zola, 1996; Thompson and Kim, 1996; Eichenbaum 2001;
Medina et al., 2002); however, these brain regions appear to be
involved in modulating other aspects of behavioral tasks. For
instance, brain regions other than the cerebellum differentially
influence the acquisition of the motor CR even in a simple delay
paradigm. Specifically, the amygdala accelerates the acquisition
of eyeblink CR by evoking emotional responses, increasing
arousal and attention to CS (Gallagher et al., 1990; Weisz et al.,
1992). The hippocampus is not required for delay eyeblink CR or
fear responses, but nevertheless, hippocampal lesions produce

facilitated learning of CR in delay conditioning (Schmaltz and
Theios, 1972; Port et al., 1985; Christiansen and Schmajuk, 1992;
the present study). The hippocampus is thought to participate in
the processing of contextual and temporal information (Hoehler
and Thompson, 1980; Good and Honey, 1991; Penick and So-
lomon, 1991; Kim and Fanselow, 1992; Phillips and LeDoux,
1992; Kim et al., 1995). Thus, it is possible that hippocampal
lesion effects on delay eyeblink conditioning (i.e., facilitation)
might be attributable to the hippocampus being engaged in pro-
cessing contextual information that would normally interfere
with the formation of CS–US association in the cerebellum (Kim
and Baxter, 2001). In support of this, other manipulations that
reduced or altered hippocampal functions have also been shown
to facilitate acquisition of delay eyeblink conditioning (Berger,
1984; Port et al., 1985; Shors et al., 1992; Chen et al., 1995).
Additionally, the hippocampus is necessary for complex eyeblink
learning, such as trace conditioning (Moyer et al., 1990; Kim et
al., 1995), latent inhibition (Solomon and Moore, 1975), dis-
crimination reversal conditioning (Berger and Orr, 1983), and

Figure 6. Effects of pretraining, preretention, and immediate post-training muscimol infusions on eyeblink CRs and USVs. A,
Mean CR percentage (�SE) from CONT (E, n � 6), pretraining MUSC infusion (ƒ, n � 6), preretention MUSC infusion (�, n �
6), and post-training MUSC infusion (�, n � 5) groups. (Filled symbols denote training sessions with muscimol infusions.) B,
Mean USV duration recorded during training sessions. C, Comparison of mean CR percentage (�SE) displayed by pretraining
MUSC, CONT, and post-training MUSC groups during equivalent sessions (M1, M2, and M3 indicate sessions with pretraining
muscimol infusions). D, Mean CR percentage and USV duration (�SE) of preretention MUSC group (M5, M6, and M7 indicate
sessions with pretraining muscimol infusions; *p � 0.05; **p � 0.01). E, Effects of muscimol infusions on the ratio of residual UR
amplitude to US intensity. F, Location of muscimol infusion sites on the basis of a reconstruction of injection cannula placements
in the basolateral amygdalar complex (pretraining MUSC, f; preretention MUSC, E; post-training MUSC, �).
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context shift (Penick and Solomon, 1991). The recent studies on
trace eyeblink conditioning in glutamate receptor subunit �2
mutant mice also emphasizes the role of the hippocampus in
eyeblink conditioning (Kishimoto et al., 2001; Takatsuki et al.,
2003).

The fact that separate brain regions (e.g., the cerebellum, the
amygdala, and the hippocampus) influence different aspects of
eyeblink conditioning suggests an interaction between these neu-
ral structures. Whalen and Kapp (1991) suggested that amygdala
projections to the lateral tegmental field of the brainstem contrib-
ute to increased arousal and eyeblink UR amplitudes. The hip-
pocampus can modulate the CS and US inputs via projections to
the pontine nucleus and the dorsal accessory olive (Berger et al.,
1986; Steinmetz et al., 1988; Schmajuk and DiCarlo, 1992). In
addition, the amygdala projects to the hippocampal formation,
including a CA1 area, the subiculum, and the entorhinal cortex
(Krettek and Price, 1977; Aggleton, 1986). The present findings
suggest that the projection from the amygdala to the cerebellum
(e.g., via the lateral tegmental field) normally exerts an excitatory
influence on the acquisition of eyeblink CRs (Fig. 7). On the
contrary, the output from the hippocampus to the cerebellum
(e.g., via the pontine nucleus and the dorsal accessory olive) nor-
mally exerts an inhibitory influence on eyeblink learning. One
prediction from this notion is that combined amygdalar and hip-
pocampal lesions would have compensating effects on the devel-
opment of eyeblink CRs. We found, however, that combined
lesions resulted in slow CR acquisition (similar to the amygdala
lesion), suggesting that the amygdala exerts a stronger influence
on the cerebellum than the hippocampus in delay eyeblink con-
ditioning (our unpublished data).

In conclusion, the cerebellum, the amygdala, and the hip-
pocampus contribute differentially to delay eyeblink condition-
ing. The cerebellum is essential to establish the CS–US associa-
tion for conditioned eyeblink responses but is not necessary for
emotional responses. The amygdala contributes to the develop-
ment of eyeblink CR by eliciting emotional responses. The hip-
pocampus, on the other hand, is not critical for either emotional
or eyeblink responses but affects eyeblink CRs perhaps by pro-
cessing contextual information during conditioning. Thus, even
during a simple delay eyeblink conditioning task, animals learn
about different aspects associated with the behavioral task, and
the overall behavior is a result of interactions between different
brain-memory systems.
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