
NMDA Receptor Antagonism in the
Lateral/Basolateral but Not Central Nucleus
of the Amygdala Prevents the Induction of
Facilitated Learning in Response to Stress
Tracey J. Shors1 and Pramod R. Mathew2

1Department of Psychology and Center for Neuroscience
Rutgers University
Piscataway, New Jersey 08903 USA
2Department of Psychology and Program in Neuroscience
Princeton University
Princeton, New Jersey 08544 USA

Abstract

Exposure to an acute stressful event
facilitates classical eye-blink conditioning in
the male rat. The facilitation persists for
days after the stressor and its induction is
prevented by antagonism of the
N-methyl-D-aspartate (NMDA) type of
glutamate receptor. To determine whether
NMDA receptor antagonists prevent the
facilitated conditioning by activity in the
amygdala, a competitive antagonist, AP5,
was injected bilaterally into the
lateral/basolateral versus central nuclei of
the amygdala. Local injection of
D,L-2-amino-5-phosphonovaleric acid (AP5)
into the lateral/basolateral nucleus before
stressor exposure prevented the facilitated
learning 24 hr later, whereas antagonism in
the central nucleus before stressor exposure
did not. To determine when the necessary
activation occurs, AP5 was injected into the
lateral/basolateral nucleus before versus
after exposure to the acute stressful event.
Blockade of NMDA receptors before but not
after stressor exposure prevented the
facilitated acquisition of the conditioning in
response to stress. These results suggest that
exposure to a stressful event transiently
activates NMDA receptors in basolateral/
lateral nuclei of the amygdala and thereby

induces a persistent enhancement of
associative learning.

Introduction

It is well known that memories are heavily in-
fluenced by emotions and specifically that expo-
sure to stressful and emotional events can affect
the acquisition of new memories. Several years ago
we reported that rats exposed to an aversive and
presumably emotional event in one context learn
to associate discrete pieces of information at a fa-
cilitated rate in a different context (Shors et al.
1992; Servatius and Shors 1994; Shors and Serva-
tius 1995, 1997). In the study, rats were exposed to
a stressor of restraint and intermittent tail shocks.
Twenty-four hours later, they were trained on the
classically conditioned eye-blink response, in
which an auditory conditioned stimulus (CS) pre-
dicts the occurrence of an aversive unconditioned
stimulus (US) to the eyelid. Rats previously ex-
posed to the stressor exhibited a rapid acquisition
of the conditioned response (CR). The effect was
not directly attributable to sensitization or pseudo-
conditioning, because stressed rats exposed to ex-
plicitly unpaired presentations of the CS and the
US did not respond to the CS alone, yet they ex-
hibited facilitated learning upon their first expo-
sure to paired training (Servatius and Shors 1994).
In subsequent studies it was determined that the
minimum stressor necessary to evoke the en-
hanced acquisition consisted of 30 1-mA tail shocks
(Shors and Servatius 1997), although 20 min of in-
escapable swim stress will also suffice (T.J. Shors1Corresponding author.
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and M.P. Pacynski, in prep.). In addition, the stress-
induced facilitation of classical conditioning is not
limited to eye-blink conditioning but extends to
classical fear and heart-rate conditioning (Wilson et
al. 1975; Maier 1990).

Over the past several years, our goal has been
to identify the brain structures and neural mecha-
nisms that are responsible for the induction and
expression of the stress-induced facilitation of clas-
sical eye-blink conditioning in the male rat. To
date, we have established that its induction can be
prevented by blocking access to the N-methyl-D-
aspartate (NMDA) type of glutamate receptor
(Shors and Servatius 1995). A peripheral injection
of a competitive NMDA receptor antagonist deliv-
ered before the stressor exposure prevented the
facilitation without altering acquisition 24 hr later.
Because the antagonist was administered peripher-
ally, we did not know where in the brain the in-
duction occurred. Based on the literature, a num-
ber of brain structures are implicated: the cerebel-
lum, owing to its necessary role in acquisition of
the basic conditioned eye-blink response (McCor-
mick et al. 1982; Skelton 1988; Krupa et al. 1993),
and the hippocampus and amygdala, owing to
their ability to modify acquisition of the CR (Solo-
mon and Moore 1975; Solomon et al. 1986; Moyer
et al. 1990; Kapp et al. 1991; Weisz et al. 1992;
Schmajuk et al. 1994). Both the amygdala and
the hippocampus are sensitive to the conse-
quences of stress. For example, exposure to a
stressor of inescapable tailshock induces immedi-
ate-early gene expression, enhances a-amino-3-
methylisoxazole-4-propionic acid (AMPA) receptor
binding (Schreiber et al. 1991; Tocco et al. 1991),
and impairs long-term potentiation in the hippo-
campus (Shors et al. 1990; Shors et al. 1997b). In
the amygdala, exposure to restraint stress increases
corticotropin-releasing hormone (CRH) mRNA ex-
pression (Hsu et al. 1998), footshock increases nor-
epinephrine levels (Galvez et al. 1996), and subor-
dinate rats have higher levels of 5-HIAA, but not
5-HT, relative to their dominant cohorts (Blanchard
et al. 1991).

In the present experiments, we tested
whether NMDA receptor activation in the amyg-
dala was critically involved in the stress-induced
facilitation of classical eye-blink conditioning. Le-
sions to the amygdala are reported to impair acqui-
sition of the conditioned eye-blink response (Kapp
et al. 1991; Whalen and Kapp 1991; Weisz et al.
1992) and NMDA receptor activation in the amyg-
dala is necessary for acquisition in several condi-

tioning paradigms (Miserendino et al. 1990; Cam-
peau et al. 1992; Kim and McGaugh 1992). More
specifically, Fanselow and Kim (1994) reported
that NMDA receptor antagonism in the basolateral
nucleus but not the central nucleus prevented con-
textual fear conditioning. In addition, exposure to
the stressor that facilitates eye-blink conditioning
enhances the binding of [3H]PDBu ([3H]phorbol
12,13-dibutyrate), a marker for protein kinase C, in
the basolateral nucleus of the amygdala (Shors et
al. 1997a). The stress-induced increase in phorbol
ester binding in the amygdala, like the increase in
classical eye-blink conditioning, can be prevented
by blocking NMDA receptors with a competitive
antagonist before stressor exposure.

Here, we hypothesized that exposure to the
stressor activates NMDA receptors in the lateral/
basolateral nucleus of the amygdala which, in turn,
induces facilitated acquisition of the conditioned
eye-blink response. We also hypothesized that ac-
tivation of NMDA receptors occurred during, and
not after, exposure to the stressor. To test these
hypotheses, we injected the NMDA receptor an-
tagonist into the lateral/basolateral nucleus of the
amygdala before versus after stressor exposure. To
determine whether the effect of the stressor on
acquisition of the CR was specifically induced by
neuronal activity within the basolateral versus
other nuclei in the amygdala, we also injected the
competitive NMDA receptor antagonist AP5 into
the central nucleus of the amygdala before stressor
exposure. Twenty-four hours later, stressed and
unstressed rats were trained on the classically con-
ditioned eye-blink response.

Materials and Methods

SUBJECTS

Male Sprague–Dawley rats (280–320 grams)
were obtained from the colony maintained at Prin-
ceton University in the Department of Psychology.
Rats were housed in groups of five before surgery
and individually postoperatively to prevent damage
to the head stage. They had unlimited access to
Purina laboratory chow and water and were main-
tained on a 12:12-hr light/dark cycle.

SURGERY

Before surgery, animals were injected with 0.2
mg/kg of Atropine (Elkins–Sinn) intramuscularly
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and anesthetized with 50 mg/kg interperitoneal in-
jections of Nembutal (Abbott). Bilateral guide can-
nulae (26 grams; Small Parts, Inc.) were implanted
stereotaxically above the basolateral nucleus (2.4
mm posterior, 5.1 mm lateral, and 8.7 mm ventral
to Bregma; Paxinos and Watson 1986) and central
nucleus (2.2 mm posterior, 4.3 mm lateral, and 8.1
mm ventral; Paxinos and Watson 1986). The can-
nulae and headstage were held in place with dental
acrylic (Yates and Bird) and anchored to the skull.
From the headstage, four 0.005-inch stainless steel
wires were implanted subcutaneously and drawn
through the eyelid. The tips were deinsulated (2–3
mm) to allow contact with the muscles in the eye-
lid for measurement of the electromyographic
(EMG) response. Cannula patency was maintained
with internal stylets (32 grams, Small Parts, Inc.)
protruding 1 mm beyond the cannula tip. An
acrylic cap surrounded the setup to ensure that the
spatial positioning of the cannulae was not altered.

After surgery, 0.4 ml of penicillin (300,000 U/
ml; Butler) was administered intramuscularly, and
the animal was kept warm and under observation
until recovery from anesthesia. Postoperatively,
rats were provided with 24-hr access to acetami-
nophen (IDE) diluted 1:100 in the drinking water
for 3–4 days. Rats recuperated for 5–7 days before
experimentation.

HISTOLOGY

After experimentation, rats were anesthetized
with the inhalation anesthetic methoxyflurane (Pit-
tman–Moore). Brains were extracted, frozen in 2-
methyl butane, and stored at −80°C. Coronal sec-
tions (40 µm) were cut at −18°C with a cryostat,
placed on gelatin-coated slides, and stained with
Nissl. Cannula placements were reconstructed us-
ing an atlas of the rat brain (Paxinos and Watson
1986).

CONDITIONING APPARATUS

Headstages were connected to a shielded,
grounded, IBM-compatible coiled keyboard cable
that allowed free movement within the condition-
ing chamber. Of the four implanted electrodes,
two delivered the periorbital shock as an US and
two transmitted the EMG signal. Eyelid EMG was
filtered to pass 0.3–1.0 KHz and amplified (10K)
with a differential AC amplifier, which was passed
to a 16-bit A/D card (DAS, 1600; Keithley-Metra-
byte, Tauton, MA). The CS (82 dB, 320 msec) was

a white noise burst with a 5-msec rise and fall time,
and the US was a 0.7-mA, 80-msec shock to the
eyelid. The CS overlapped and coterminated with
the US.

NMDA RECEPTOR ANTAGONIST

D,L-2-amino-5-phosphonovaleric acid (AP5;
Sigma) was dissolved in artificial cerebrospinal
fluid (ACSF) and adjusted to physiological pH. Bi-
lateral intra-amygdala infusions were made with 32-
gauge injectors (Small Parts, Inc.) and connected
via Tygon tubing (Fisher Scientific) to 10-µl Hamil-
ton syringes. Flow rate was 0.5 µl/min and con-
trolled with a Razel syringe pump (Model A-99).
Each rat was injected with 0.5 µl/side (2.5 µg/
side). Injectors were left in place for 1 min after
infusion, after which the stylets were replaced. Ve-
hicle-injected controls were exposed to the same
procedure except ACSF (adjusted to physiological
pH) was injected without the antagonist.

STRESS PROCEDURE

Rats were habituated to the conditioning
chamber for 45 min, and spontaneous blink rate
was recorded. Rats were removed from the cham-
ber and injected with AP5 or the vehicle. Rats in
the stressed groups were exposed to the tailshock
stress 30 min after injection. Stressed rats were
taken into a separate room from the conditioning
environment, placed in a white soundproof box,
and loosely restrained in Plexiglas holders. They
were exposed to 30 1-sec, 1-mA tail shocks that
were delivered 1/min for 30 min and returned to
their home cages for 24 hr. Unstressed rats were
returned to their home cages immediately after ha-
bituation to the conditioning chamber.

CONDITIONING PROCEDURE

In the first study, eight groups of rats were
injected with a competitive NMDA receptor an-
tagonist in the basolateral nucleus either before or
after exposure to the stressor (Table 1). For the
first four groups, the antagonist was injected 30
min before the stressor to ensure complete block-
ade of the NMDA receptors during stressor expo-
sure. For the second four groups, the antagonist
was injected 20 min after stressor cessation to
avoid manipulation of the rat during the grooming
that occurs after stressor cessation. Of the eight
groups, two groups were infused with AP5 into the
basolateral nucleus, one of these was exposed to
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the stressor 30 min later, and the unstressed group
was returned to its home cage; two groups were
infused with ACSF into the basolateral nucleus, one
of these was exposed to the stressor 30 min later,
and the unstressed group was returned to its home
cage; two groups were stressed and injected with
AP5 or vehicle 20 min after stressor cessation; two
groups were infused with either AP5 or vehicle in
the basolateral nucleus and returned to their home
cage.

In the second study, four groups of rats were
injected with the vehicle or the NMDA receptor
antagonist in the central nucleus of the amygdala
before stressor exposure. Of the four groups, two
groups were infused with AP5 into the central
nucleus, and two groups were infused with ACSF
into the central nucleus. Thirty minutes later, one
group of rats was either injected with the antago-
nist or the ACSF was stressed. All rats were re-
turned to their home cage. Twenty-four hours
later, rats were taken into the conditioning room
and placed in the conditioning apparatus for ap-
proximately 20 min while the spontaneous blink
rate was again recorded. To evaluate the potential
effect of the stressor or the drug on sensitization to
the CS, rats were exposed to 10 white noise stimuli
(320 msec, 82 dB) before any paired training, and
eye blinks to the CS alone were recorded. Rats
were then exposed to paired stimuli using a de-
layed conditioning paradigm. [It is noted that we
sustain a relatively low learning rate in unstressed

controls to observe a facilitation of the CR. To do
this, we present the CS at a relatively low intensity
of 82 dB. In previous studies we have shown that
enhancing the intensity of the CS to 85 dB induces
rapid acquisition in the rat (Servatius and Shors
1996).] The intertrial interval (ITI) was randomized
at 20 ± 10 sec. All rats were exposed to 300 trials
in 1 day. The CS consisted of a 320-msec, 82-dB
white noise stimulus that overlapped and cotermi-
nated with a US that consisted of an 80-msec, 0.7-
mA shock to the eyelid. A sequence of 10 trials
consisted of a CS alone, 4 paired trials, a US alone,
and 4 paired trials.

Each trial began with a 240-msec baseline re-
cording period before stimulus presentation. To be
considered an eye blink, the EMG response had to
exceed the maximum value of the prestimulus
baseline in addition to four times its standard de-
viation. An eye blink was scored as a CR if the blink
began 80 msec after CS onset. An eye blink was
scored as a sensitized response if the blink oc-
curred in the first 80 msec after CS onset. Perfor-
mance on paired trials was computed as a percent-
age of CRs produced in trials in which a CS was
delivered. For statistical purposes, the 300 trials
were arbitrarily divided into three blocks of 100
trials. These three blocks were used as the depen-
dent variable in an ANOVA with the three blocks as
the repeated measures. Newmann Keuls post hoc
analyses were used to verify significance between
individual groups.

Table 1: Experiment design

Stress Drug Targeta Time of injection
No. analyzed/

total rats

Study 1 yes AP5 BLN 30 min before stress 7/12
no AP5 BLN 30 min before stress 10/12
yes ACSF BLN 30 min before stress 9/11
no ACSF BLN 30 min before stress 9/12
yes AP5 BLN 20 min after stress 7/11
no AP5 BLN 20 min after stress 7/10
yes ACSF BLN 20 min after stress 8/10
no ACSF BLN 20 min after stress 6/10

Study 2 yes AP5 CN 30 min before stress 6/9
no AP5 CN 30 min before stress 5/8
yes ACSF CN 30 min before stress 5/8
no ACSF CN 30 min before stress 5/8

Procedural information includes manipulations, time courses, and number of rats that were tested vs. analyzed.
a(BLN) Basolateral nucleus; (CN) central nucleus.
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Results

HISTOLOGICAL OBSERVATIONS

In study 1, only brains with cannulae place-
ment <0.75 mm from the center of the lateral/
basolateral amygdaloid nucleus with no overlap
into the central amygdaloid nucleus were in-
cluded. In study 2, brains with the cannulae place-
ment <0.75 mm from the center of the central
nucleus with no overlap into the lateral/basolateral
amygdaloid nucleus were included. Because the
antagonist was released from the tip of the can-
nula, tip placement was aimed above the target
nuclei. Because the lateral nucleus is positioned
above the basolateral nucleus, we included rats
with cannulae tip placement in the lateral nucleus
as inclusive with those in the basolateral group.
Representative sections from a brain that was in-
jected with AP5 within the target region of the
lateral/basolateral nuclei and the central nucleus
of the amygdala and subsequently stained with
Nissl are shown in Figure 1, A and B. From a total
121 rats, 84 had injection sites within the target
zone, and they were used for all subsequent analy-
sis (Fig. 2).

EFFECTS OF NMDA RECEPTOR ANTAGONISM
IN THE LATERAL/BASOLATERAL NUCLEUS

Exposure to stressor or injection of the NMDA
receptor antagonist in the lateral/basolateral
nucleus did not interact and alter the spontaneous
blink rate [F(1,55) = 0.061, P = 0.81]. Nor did they
elicit sensitized responses to the CS before training
[F(1,55) = 0.911, P = 0.34]. When injected into the
lateral/basolateral nucleus, NMDA receptor an-
tagonism during the stressor prevented the facili-
tated learning in response to the stressor (Fig. 3A).
Using stressor exposure (yes or no), drug injection
(AP5 or vehicle), time (before vs. after stressor ex-
posure), and trials of training (repeated measures
of three blocks of 100 trials each) as the indepen-
dent variables and CRs as the dependent variable,
there was a four-way interaction between stressor
exposure, drug injection, time, and trials of train-
ing [F(2,110) = 3.35, P < 0.04]. Post hoc analysis
using Newmann Keuls revealed that prevention of
the facilitation only occurred when the antagonist
was administered before the stressor and not after
the stressor. As expected, rats that were injected
with the vehicle and exposed to the stressor were
facilitated in their rate of acquisition when com-
pared with unstressed rats injected with the ve-

hicle. The increase was evident during the last 200
trials (P = 0.02 and 0.002, respectively). Rats in-
jected with AP5 before the stressor were not sig-
nificantly different in their responses during any of
the three blocks of 100 trials when compared with
the rats that were injected with AP5 and not ex-
posed to the stressor (P = 0.96, 0.96, and 0.74, re-
spectively). This same group was significantly dif-
ferent from rats injected with AP5 after the stressor
during the last 200 trials of training (P = 0.05 and
0.01, respectively) (Fig. 3B). Rats injected with AP5
after the stressor exhibited enhanced acquisition
of the CR relative to those that were not stressed
and injected with vehicle during the first 200 trials
(P = 0.0003 and 0.05, respectively). In summary,
the results suggest that NMDA receptor blockade
in the lateral/basolateral nucleus of the amygdala
prevents the stress-induced facilitation of classical
eye-blink conditioning during and not after expo-
sure to the stressor.

EFFECTS OF NMDA RECEPTOR ANTAGONISM
IN THE CENTRAL NUCLEUS ON FACILITATED
LEARNING

Exposure to the stressor or the NMDA recep-
tor antagonist in the central nucleus did not in-
teract and alter the spontaneous blink rate
[F(1,17) = 1.34, P = 0.26] or sensitized eye-blink

Figure 1: (A) Localized microinjection of AP5 bilater-
ally into the lateral/basolateral amygdala. (Left) A pho-
tomicrograph of a Nissl-stained section (40 µm) ob-
tained from a rat injected with the competitive NMDA
receptor antagonist AP5 (0.5 µl) into the lateral/basolat-
eral nuclei (BL) of the amygdala. (Right) A coronal sec-
tion from the rat atlas of Paxinos and Watson (1986) that
corresponds to the cannula location. (Bregma) −2.56
mm; interaural 6.44 mm. (B) Localized microinjection of
AP5 bilaterally into the central amygdala. (Left) A pho-
tomicrograph of a Nissl-stained section (40 µm) ob-
tained from a rat injected with the competitive NMDA
receptor antagonist AP5 (0.5 µl) into the central nucleus
(CE) of the amygdala. (Right) A coronal section from the
rat atlas of Paxinos and Watson (1986) that corresponds
to the cannula location. (Bregma) −1.80 mm; interaural
7.20 mm.
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responses to the CS before training [F(1,17) =
1.32, P = 0.27]. In contrast to the lateral/basolat-
eral nucleus injection, injection of AP5 into the
central nucleus before the stressor did not prevent
the facilitated acquisition in response to the
stressor. Using stress (yes or no) and drug (AP5 or
vehicle) and trials of training (three blocks of 100
trials) as independent variables and CRs as the de-
pendent variable, there was only a main effect of
stress [F(1,17) = 13.74, P = 0.002] (Fig. 4). In other
words, exposure to the stressor enhanced acquisi-
tion of the CR across all trials of training irrespec-
tive of whether the antagonist or the vehicle were
injected into the central nucleus.

Discussion

Results from the present experiments indicate
that the stress-induced facilitation of associative
learning is prevented by antagonism of NMDA re-
ceptors in the lateral/basolateral nucleus of the
amygdala. Exposure to a stressor of brief intermit-
tent tail shocks in the presence of a competitive

NMDA receptor antagonist, AP5, injected bilater-
ally and locally into the lateral/basolateral nucleus
of the amygdala prevented the facilitated learning
24 hr later, whereas the exposure to the stressor in
the absence of the antagonist induced rapid acqui-
sition of the CR (Fig. 3A,B). The effect was specific
to the basolateral region of the amygdala, because
NMDA receptor antagonism in the nearby central
nucleus before stressor exposure did not prevent
the facilitated acquisition 24 hr later (Fig. 4). Be-
cause the lateral nucleus is positioned above the
basolateral nucleus, it is difficult to rule out in-
volvement of the lateral nucleus when injecting
into the basolateral nucleus. Thus, the present re-
sults support the hypothesis that the facilitated
learning induced by exposure to the stressful event
is occurring by NMDA receptor activation in the
amygdala and the effect is localized to the basolat-
eral/lateral nucleus complex.

In addition to identifying the brain region
where the NMDA receptor antagonism prevents
the facilitated acquisition in response to stress, the
present results also suggested when the antago-
nism must occur. When the antagonist was in-

Figure 2: Coronal sections from the brain atlas by Paxinos and Watson (1986) illustrating the sites of drug (AP5) and
vehicle (ACSF) injection. A site with injections representing more than one rat is labeled with only one point on the
diagram. (A) Lateral/basolateral amygdala injection sites before stressor exposure. Slices shown are −3.14, −2.80, −2.56,
−2.30, and −2.12 mm relative to Bregma. (B) Lateral/basolateral amygdala injection sites after stressor exposure. Slices
shown are −3.14, −2.80, −2.56, −2.30, and −2.12 mm relative to Bregma. (C) Central amygdala injection sites before
stressor exposure. Slices shown are −3.14, −2.80, −2.56, −2.30, and −2.12 mm relative to Bregma.
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jected before exposure to the stressor, the facili-
tated responding was prevented 24 hr later, but
when it was injected after the stressor exposure,
the facilitated responding was not prevented 24 hr
later (Fig. 3B). Although we did not directly mea-
sure NMDA receptor activation, the results suggest
that access to these receptors is necessary for the
induction of the facilitated learning and access
must occur during exposure to the stressful event.
Facilitated acquisition of the CR is apparent within
10 min of stressor cessation (T.J. Shors and M.P.
Paczynsky, in prep.) but can persist for at least 48
hr (Servatius and Shors 1994; Shors and Servatius
1997). Therefore, the present results suggest that a
transient NMDA receptor activation in response to
the stressor induces persistent responses that
maintain the enhanced acquisition over days.

Persistent changes in neuronal plasticity asso-
ciated with learning are often mediated through
activation of second-messenger systems. Because
one consequence of NMDA receptor activation is
calcium influx, second-messenger systems acti-
vated by calcium are a candidate mechanism for
maintaining the enhanced acquisition in response
to stress. Exposure to the stressor persistently en-
hances the binding affinity of [3H]PDBu, a marker
for protein kinase C (PKC) (Shors et al. 1997a).
Like the effect of stress on associative learning, the
enhanced binding was localized to the lateral/ba-
solateral nucleus of the amygdala and was pre-
vented by NMDA receptor antagonism during ex-
posure to the stressor. Consistent with its role in
long-term mechanisms of plasticity and memory,
calcium-dependent activation of PKC may mediate

Figure 3: Effect of NMDA receptor an-
tagonism in the lateral/basolateral amyg-
daloid nucleus before stressor exposure
on classical conditioning. Spontaneous
(SPON) blink rate before and after stress is
shown, followed by percent CRs to the au-
ditory CS (eye blinks that commenced 80
msec after CS onset) across 300 trials of
training 24 hr after stressor cessation.
NMDA receptor antagonism in the lateral/
basolateral amygdaloid nucleus before
stressor exposure prevented the stress-in-
duced facilitation of associative learning
in male rats (stress/AP5, d) relative to
unstressed male rats (no stress/AP5, s).
Neither stressor exposure nor NMDA re-
ceptor antagonism affected the spontane-
ous blink rate. (j) stress/vehicle; (h) no
stress/vehicle. (B) Effect of NMDA recep-
tor antagonism in the lateral/basolateral
amygdaloid nucleus after stressor expo-
sure on classical conditioning. Spontane-
ous (SPON) blink rate before and after
stress is shown, followed by percent
CRs to the auditory CS (eye blinks that
commenced 80 msec after CS onset)
across 300 trials of training 24 hr after
stressor cessation. NMDA receptor an-
tagonism in the lateral/basolateral amyg-
daloid nucleus after stressor exposure did
not prevent the stress-induced facilitation
of associative learning in male rats (stress/
AP5) relative to unstressed male rats (no
stress/AP5). Neither stressor exposure nor
NMDA receptor antagonism affected the
spontaneous blink rate.
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the persistent enhancement of learning in re-
sponse to stress. In terms of physiological re-
sponses, spontaneous unit activity was signifi-
cantly and persistently suppressed after exposure
to the stressor (M.E. Chachich, P.R. Mathew, and
T.J. Shors, unpubl.). This effect, like the facilitated
learning and the increase in [3H]PDBu binding,
was prevented by NMDA receptor antagonism dur-
ing exposure to the stressful event. Thus, a number
of persistent and NMDA receptor-dependent
changes in neuronal plasticity are associated with
the facilitated learning. Whether they are necessary
will require further study.

In addition to the amygdala, the hippocampus
was considered a likely brain region for mediating
the effect of stress on learning. This consideration
was based on the well-established role of the hip-

pocampus in the acquisition of new information
(Squire 1992), its sensitivity to the stressor that
facilitates learning (Shors et al. 1990, 1997b;
Schreiber et al. 1991), and its ability to modulate
acquisition of the conditioned eye-blink response
(Solomon et al. 1986). Exposure to the stressor also
enhances trace conditioning (Beylin and Shors
1998), a task that is dependent on an intact hippo-
campus for learning (Solomon et al. 1986; Moyer et
al. 1990; Weiss et al. 1998). Despite these associa-
tions, lesions to the major output of the hippocam-
pus, the fornix, did not prevent the stress-induced
facilitation of learning (T.J. Shors, unpubl.). It is
possible that the facilitating effect of stress is me-
diated via other efferent pathways of the hippo-
campus besides the fornix (such as those to the
entorhinal cortex), but until more discrete lesions
are performed, we consider the hippocampus in-
volved but not necessary for inducing the facili-
tated learning itself.

In the present studies we considered the amyg-
dala because of its sensitivity to stress (Blanchard
et al. 1991; Schreiber et al. 1991; Galvez et al. 1996;
Hsu et al. 1998) and, more critically, its involvment
in the acquisition and modulation of numerous
types of conditioning paradigms (Blanchard and
Blanchard 1972; Kapp et al. 1979, 1991; Gentile et
al. 1986; LeDoux et al. 1986; Hitchcock and Davis
1987; Gallagher et al. 1990; Davis 1992; Helmstet-
ter 1992; Kim and McGaugh 1992; Maier et al.
1993; McGaugh et al. 1993; Watkins et al. 1993;
Fanselow and Kim 1994; Gallagher and Holland
1994; LeDoux 1994; Walker and Gold 1994). What
tends to distinguish whether a task is dependent
on the amygdala is its emotional nature. Condi-
tioned bradycardia, freezing, inhibitory avoidance,
and potentiated startle are considered emotional
tasks, and they are dependent on an intact amyg-
dala. Generally, classical eye-blink conditioning is
not considered an emotional task, and the amyg-
dala is not necessary for attaining the basic skeletal
response (McCormick et al. 1982; Thompson et al.
1987; Skelton 1988). However, during early expo-
sure to the CS and an aversive US, an animal elicits
emotional responses to the CS (Rescorla and Solo-
mon 1967), such as bradycardia and freezing. Such
emotional responses to the CS can, in turn, modu-
late discrete conditioned reflexes, such as the con-
ditioned eye-blink response (Wagner and Brandon
1989; Brandon and Wagner 1991). In addition,
early responses to training, such as reflex facilita-
tion, are indicative of behavioral arousal and are
impaired by amygdala lesions (Weisz et al. 1992),

Figure 4: Effect of NMDA receptor antagonism in the
amygdala on classical eye-blink conditioning. Percent
CRs to the auditory CS (eye blinks that commenced 80
msec after CS onset) over 300 trials of training are shown
for all 12 groups. The first set of four groups was injected
with AP5 in the lateral/basolateral nucleus before
stressor exposure (BLN/BEFORE). The second set was
injected with AP5 in the lateral/basolateral nucleus after
exposure to the stressor (BLN/AFTER). The third set was
injected with AP5 into the central nucleus before
stressor exposure (CN/BEFORE). Only NMDA receptor
antagonism in the lateral/basolateral amygdaloid
nucleus before stressor exposure prevented the stress-
induced facilitation of associative learning 24 hr later.
Bars: (Diagonal lines) Stress/AP5; (horizontal lines) no
stress/AP5; (solid) stress/vehicle; (open) no stress/ve-
hicle.
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and a short-term latency component of the eye-
blink reflex is enhanced by amygdala stimulation
(Canli and Brown 1996). Overall, the observation
that NMDA receptor activation in the amygdala is
necessary for induction of the stress-induced facili-
tation of classical conditioning is consistent with
the growing body of evidence implicating the
amygdala in the emotional modulation of associa-
tive memory formation, including discrete Pavlov-
ian conditioned reflexes.

One possible substrate for mediating the ef-
fects of stress on classical eye-blink conditioning
is the stress hormone corticosterone. During eye-
blink conditioning, rats exhibit high levels of
serum corticosterone (Shors et al. 1992). Interest-
ingly, these hormones are reported to enhance
instrumental learning when injected either sys-
temically or directly into the amygdala, and the
enhancement is prevented by lesions to the
basolateral nucleus (Cahill and McGaugh 1996;
Roozendaal and McGaugh 1997). As presented
here, rats exposed to an emotional event that el-
evates glucocorticoids acquire the CR at a facili-
tated rate, and the effect is mediated within the
lateral/basolateral nucleus of the amygdala (Shors
et al. 1992; Servatius and Shors 1994; Shors and
Servatius 1995). We found recently that removal of
the adrenal cortex but not the adrenal medulla pre-
vents the stress-induced enhancement of trace con-
ditioning (A.V. Beylin and T.J. Shors, unpubl.).
Thus, it is conceivable that the stress-induced en-
hancement of classical conditioning is likewise me-
diated by endogenous glucocorticoids within the
amygdala formation.

Even though the present results suggest that
induction of the facilitated learning in response to
stress occurs in the amygdala, it is likely that the
enhanced acquisition of the CR is expressed else-
where. Numerous studies have indicated that the
necessary circuitry for acquisition and expression
of the CR resides in the cerebellum (Thompson et
al. 1987; Skelton 1988; Krupa et al. 1993). The
enhanced responding after stress does not appear
to be mediated efferent to the cerebellum, for ex-
ample, at the level of the motor output. If it was,
one would expect enhanced responding irrespec-
tive of when the stressor was delivered, yet expo-
sure to the stressor does not enhance responding
after animals have acquired the response (Beylin
and Shors 1998; T.J. Shors and M.P. Paczynski, in
prep.). Thus, the data suggest that induction of the
facilitated acquisition occurs in the lateral or baso-
lateral nuclei of the amygdala and expression is

mediated either within or efferent to the amygdala
and afferent to or within the cerebellum.

There are a number of theories regarding how
activation of NMDA receptors contributes to learn-
ing and memory processes. We have proposed that
their activation before learning enhances the neu-
ral representation of cues in the environment, an
increase that directs attention to those cues and
increases learning when those cues are relevant
(Shors and Matzel 1997). Similarly, others have sug-
gested that arousal (conditioned arousal) enhances
the detection and processing of sensory informa-
tion (Whalen and Kapp 1991; Gallagher and Hol-
land 1994), whereas others suggest that arousal
reduces the range of cues to which an organism
will respond (Easterbrook 1959). A stress-induced
increase in the detection of cues within a de-
creased range could enhance or impair acquisition,
depending on the task and whether the cues are
(or become) relevant. We maintain that exposure
to the stressor enhances the neural representation
of cues and thereby enhances associative learning
when the cues are discrete and relevant, as in clas-
sical eye-blink conditioning.
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