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Abstract
Exposure to acute stressful experience can enhance the later ability to acquire new memories
about associations between stimuli. This enhanced learning is observed during classical eyeblink
conditioning of both hippocampal-dependent and -independent learning. It can be induced within
minutes of the stressful event and persists for days. Here we examined the role of the major stress
hormones glucocorticoids in the enhancement of learning after stress. In the first two experiments,
it was determined that adrenalectomy (ADX), with and without replacement of basal levels of
corticosterone, prevented the stress-induced enhancement of trace conditioning, a task that is
dependent on the hippocampus for acquisition. In a third experiment, demedullation, which
removes the adrenal medulla but leaves the adrenal cortex and corticosterone levels intact, did not
affect the enhancement of learning after stress. In a fourth experiment, ADX prevented the stress-
induced enhancement of delay conditioning, a hippocampal-independent task. In a final
experiment, it was determined that one injection of stress levels of corticosterone enhanced new
learning within minutes but not new learning 24 h later. Together these results suggest that
endogenous glucocorticoids are necessary and sufficient for transiently enhancing acquisition of
new associative memories and necessary but insufficient for persistently enhancing their
acquisition after exposure to an acute stressful experience.

Introduction
Stressful experience can positively affect the subsequent acquisition of associative
memories. Indeed, exposure to a variety of acute stressors including intermittent tailshocks,
water deprivation, and swim stress enhances classical conditioning procedures such as the
eyeblink response, in which a tone stimulus is paired with subsequent stimulation of the
eyelid (Berry and Swain, 1989; Shors et al., 1992). During this associative learning task, the
animal must blink in response to eyelid stimulation and eventually “learns” to blink in
response to the tone. The enhancement of conditioning after stressful experience occurs with
other conditioned responses such as those of heart rate (Wilson et al., 1975). Moreover, the
enhancement is not restricted to simple procedural tasks such as delay conditioning, in
which the stimuli overlap in time, but also occurs during trace conditioning, a more difficult
task in which stimuli are separated by a temporal gap (Beylin et al., 1998). This task is
dependent on the hippocampal formation for acquisition (Beylin et al., 2001; Solomon et al.,
1986). Acute stress also overcomes deficits in performance that occur after exposure to
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explicitly unpaired stimuli (Beylin et al., 1998). The stress-induced enhancement of
associative learning is rapidly induced (within minutes of the stressor) and persistently
expressed (Servatius and Shors, 1994; Shors, 2001). Not only does performance continue to
increase over days of training, but new learning is also enhanced several days after stressor
cessation. The enhancement is sensitive to psychological cues such as those associated with
the context; rats that are stressed and returned for training in the same context respond more
than those trained in a different context (Shors and Servatius, 1997). [Although not
addressed in this report, the enhancing effect of stress on learning is unique to males and
does not occur in females (Wood and Shors, 1998; Wood et al., 2001).]

When exposed to such stressors as those that enhance learning, the organism responds by
activating a complex series of physiological and behavioral responses that often involve the
hypothalamic–pituitary–adrenal axis and autonomic nervous system. The release of
glucocorticoids from the adrenal cortex and epinephrine from the adrenal medulla constitute
an important part of the stress response which presumably enhances the organism’s ability to
deal with stress (Munich et al., 1984). In addition to participation in the stress response,
there is considerable literature suggesting that glucocorticoids and catecholamines modulate
learning and memory processes. In the case of glucocorticoids, exogenous administration
enhances some processes of learning (Sandi and Rose, 1997; Roozendaal and McGaugh,
1997b), whereas removal via adrenalectomy (ADX) has been associated with learning
impairments (Conrad and Roy, 1995; Pugh et al., 1997; Vaher et al., 1994). In previous
studies, we found a positive correlation between basal levels of glucocorticoids during
training and acquisition of trace memories in male rats (Wood et al., 2001). The medullary
substances epinephrine and norepinephrine have also been associated with enhanced
performance on learning tasks, whereas antagonism of their receptors can be detrimental
(Gamaro et al., 1997; Leon, 1998; Roozendaal et al., 1996).

Because of the important role that these two adrenal systems—the medulla and cortex—play
in the stress response and the potential impact on learning, we examined their role in
enhanced learning after exposure to the stressor of brief intermittent tailshocks. In a series of
five experiments, we tested whether the presence of adrenal hormones is necessary and
sufficient for induction and expression of the facilitation of associative learning after
exposure to an acute stressful event. Procedures and details of individual experiments are
presented below.

Methods
Subjects

Sprague–Dawley rats (250 –350 g) were housed in groups of five prior to surgery and
individually postoperatively to prevent head stage damage. Food and water were provided
ad libitium with a 14-h light followed by 10-h dark cycle. Light onset occurred at 7 AM with
testing between 9 AM and 6 PM.

Electrode surgery
Rats were fitted with head stages attached to electrodes as previously described (Servatius et
al., 1994). Under anesthesia, four electrodes were implanted subcutaneously to emerge
through the eyelid; two were used to deliver a periorbital stimulation and two to record
electromyographic (EMG) activity, which was used as an indirect measure of eyeblinks.
Postoperatively, rats were injected intramuscularly with 300,000 units of penicillin and
provided Children’s Tylenol diluted 1:100 in drinking water for 48 h.
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Adrenalectomy and demedullation
Rats were anesthetized with sodium pentobarbital (50 mg/kg) and adrenal glands removed
bilaterally through small dorsal incisions. Following surgery, ADX rats were provided 0.9%
saline and tap water. In Experiments 2 and 4, ADX rats had access to either water or saline
supplemented with corticosterone (25 μg/ml). ADX rats were tested within 1 week of
surgery. During demedullation (Demed), a small incision was made in the adrenal gland and
pressure was placed on the gland until the medulla popped out, leaving the cortex intact.
Rats assigned to sham surgery were subjected to the same surgical procedure except that the
adrenal glands or medulla were left intact. Demed rats were given 4 weeks of recovery
between surgery and training, allowing time for the adrenal cortex to regenerate and produce
corticosterone.

Corticosterone injection
Corticosterone (Sigma) was dissolved in absolute ethanol and diluted in 0.9% saline to 5
mg/kg concentration with 5% ethanol. This dose induced plasma levels similar to those
observed after an acute stressor (Sandi et al., 1996). Groups of rats were injected with
corticosterone (CORT) or vehicle and sacrificed 30 min later with trunk blood collected.
Additional groups were injected and trained 30 min or 24 h later and sacrificed with trunk
blood collected.

Stress and conditioning procedure
Head stages were connected to a cable that allowed free movement within the conditioning
chamber. Eyelid EMG activity was filtered to pass 0.3–1.0 KHz, amplified (10,000) with a
differential AC amplifier, and passed through a 16-bit A/D card. All rats were acclimated to
the conditioning apparatus for 1 h with the ventilating fans and house lights operating. In the
absence of any conditioning stimuli, spontaneous blink rate was recorded. A total of 100
samples of 550 ms were recorded over ~1 h. A blink during a sampling period was scored as
a response.

Stressed rats were transferred to a separate room, restrained in Plexiglas holders, and
exposed to 90 1-s, 1-mA, 60-Hz shocks to the tail, after which they were returned to their
home cages. Unstressed rats were returned to their home cages for 24 h. Rats were returned
to the conditioning apparatus and spontaneous eyeblinks were again recorded for ~20 min.
They were then exposed to 10 white noise stimuli (320 ms, 80 dB, ITI: 20 ± 10 s). If an
eyeblink occurred during the first 80 ms of the stimulus, it was scored as a sensitized
response to the CS. Rats were classically conditioned with 300 trials of paired stimuli. The
intertrial interval was randomized between 20 and 30 s and every 10 trials consisted of a CS-
alone (80 dB, 5 ms rise and fall time), followed by four paired trials, a US-alone, and four
paired trials. During trace conditioning, a 250-ms CS and 100-ms US were separated by a
500-ms trace interval. During delay conditioning, an 850-ms CS overlapped and
coterminated with a 100-ms US. The interstimulus interval was 750 ms during both delay
and trace conditioning.

To determine the occurrence of a conditioned response, the maximum EMG response that
occurred during the baseline (250 ms prior to CS onset) was added to four times its standard
deviation. Responses that exceeded that value and had a width of at least 3 ms were
considered eyeblinks. Eyeblinks were considered conditioned responses (CRs) when they
occurred 250 –1000 ms after CS onset on CS-alone trials and 250 ms after CS onset but
prior to US onset (250 –750 ms after CS onset) on paired trials. Performance was computed
as a percentage of eyeblinks that occurred during each 100 trials (90 in which a CS was
delivered). Analysis of variance (ANOVA) with repeated measures, planned comparisons,
and Newman–Keuls were used for analysis.
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Radioimmunoassay
After training, all rats were anesthetized with sodium pentobarbital and decapitated. Trunk
blood was collected between 1600 and 1900 h, when corticosterone levels are relatively
high. Blood was collected in heparinized tubes and centrifuged and plasma was stored at
−80°C. Hormone levels were determined using Coat-A-Count radioimmunoassay for rat
corticosterone with a detection limit of 5.7 ng/ml.

Results
Experiment 1: ADX, stress, and trace conditioning

In the first experiment, ADX and sham-operated rats were either stressed or unstressed and
trained 24 h later with 300 trials of trace conditioning. There were four groups as follows:
ADX exposed to stress (n = 7); ADX not exposed to stress (n = 9); sham-operated controls
exposed to stress (n = 8); and sham-operated controls not exposed to stress (n = 9). The
results were analyzed using ANOVA with independent variables of stressor exposure (stress
vs no stress) and surgical treatment (ADX vs sham-operated) as well as a repeated measure
of training blocks (three blocks of 100 trials each). There was a two-way interaction between
ADX and stressor exposure on percentage of CRs during the 300 trials of trace conditioning
[F(1,29) = 6.63; P < 0.05] (Fig. 1). Post hoc analysis revealed that the sham-operated rats
exposed to stress emitted more CRs than any other group (P < 0.001). Also, performance in
ADX rats exposed to stress was not different from that in ADX rats not exposed to stress (P
= 0.89). Performance of unstressed ADX rats did not differ from that of unstressed sham-
operated rats and thus ADX did not affect conditioning itself (P = 0.89). Neither ADX nor
stress altered spontaneous blink rate (P = 0.90, P = 0.29, respectively) or responses to the CS
prior to training (P = 0.90, P = 0.70, respectively).

As expected, ADX reduced CORT levels [F(1,29) = 316.97; P < 0.001]. There was no effect
of the stressor on CORT levels >24 h after its cessation (P = 0.68) nor an interaction with
ADX (P = 0.65). Levels were 132.63 ± 4.91 ng/ml for the unstressed sham group, 139.19 ±
14.65 for the stressed sham group, and less than 1 ng/ml for both ADX groups.

Experiment 2: ADX with basal CORT, stress, and trace conditioning
This experiment is essentially a replication of the previous one except that low levels of
CORT were provided in the drinking water of ADX rats and rats were trained for a second
day of 300 trials (total of 600 trials). There were four groups as follows: ADX exposed to
the stressor (n = 7); ADX not exposed to the stressor (n = 7); sham-operated controls
exposed to the stressor (n = 7); and sham-operated controls not exposed to the stressor (n =
8). Using ANOVA, there was a three-way interaction between ADX (ADX vs sham),
stressor exposure (stress vs no stress), and percentage CRs over 600 trials (six blocks of 100
trials) of trace conditioning [F(5,100) = 3.04; P < 0.05] (Fig. 2). Exposure to the stressor of
inescapable tailshocks enhanced the number of CRs in the sham-operated group (P < 0.005)
but did not affect the number of CRs in ADX rats even in the presence of low levels of
CORT (P = 0.40) (Fig. 2). As in Experiment 1, ADX did not affect overall conditioning (P =
0.17). There was no effect of ADX or stress on spontaneous blink rate (P = 0.29, P = 0.73,
respectively) or response to the CS prior to training (P = 0.60, P = 0.89, respectively).

CORT levels were 310.87 ± 72.50 ng/ml for the sham unstressed group and 332.70 ± 49.48
ng/ml for the sham stressed group, 55.25 ± 11.76 ng/ml for the ADX stress group and 41.71
± 7.41 ng/ml for the ADX unstressed group. Although levels were reduced in the ADX rats
that were provided CORT in the drinking water [F(1,25) = 33.29; P < 0.0001], they were
nonetheless higher than those in rats without replacement in Experiment 1 and similar to
levels that prevent ADX-induced cell death in the dentate gyrus of the hippocampal
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formation (Sloviter et al., 1989). Stressor exposure did not alter CORT levels in either ADX
or sham-operated rats at the time of sacrifice, which was more than 48 h later (P = 0.84, P =
0.74, respectively).

Experiment 3: demedullation, stress, and trace conditioning
This experiment used similar procedures as in Experiment 1 except that only the adrenal
medulla was removed rather than the entire adrenal gland. Rats were exposed to 300 trials of
trace conditioning. There were four groups as follows: Demed rats exposed to the stressor (n
= 6); Demed rats not exposed to the stressor (n = 7); sham-operated controls exposed to the
stressor (n = 6); and sham-operated controls not exposed to the stressor (n = 6). Following
ANOVA, there was a two-way interaction between stress (stress vs no stress) and trials of
training (three blocks of 100 trials) on the percentage CRs [F(2,42) = 5.49; P < 0.01]. Stress
enhanced the rate of acquisition in both stress groups irrespective of demedullation (Fig. 3).
Demedullation alone did not affect the percentage CRs (P = 0.71) or rate of conditioning (P
= 0.93). Neither demedullation nor stressor exposure altered spontaneous blink rate (P =
0.26, P = 0.23, respectively) or responding to the CS prior to training (P = 0.09, P = 0.60,
respectively).

As expected, demedullation did not alter plasma levels of CORT (P = 0.35) nor did stressor
exposure >24 h after its cessation, when trunk blood was collected (P = 0.40). Levels were
199.58 ± 13.64 ng/ml for the sham no stress group, 220.83 ± 12.63 ng/ml for the sham stress
group, 184.69 ± 22.35 ng/ml for the Demed no stress group, and 197.67 ± 25.60 ng/ml for
the Demed stress group.

Experiment 4: ADX, stress, and delay conditioning
This experiment was similar to Experiment 2 except rats were trained with the hippocampal-
independent task of delay rather than the hippocampal-dependent task of trace conditioning.
Twenty-four h after stressor exposure, they were trained with 300 trials, and 300 more trials
on the next day. As in Experiment 2, ADX rats were provided CORT in their drinking water.
Rats were grouped as follows: ADX rats exposed to the stressor (n = 6); ADX rats not
exposed to the stressor (n = 8); sham-operated controls exposed to the stressor (n = 7); and
sham-operated controls not exposed to the stressor (n = 7). Following ANOVA, there was a
two-way interaction between surgery (ADX vs sham) and stressor exposure (stress vs no
stress) on the percentage CRs [F(1,20) = 5.52; P < 0.05] (Fig 4). Again, stressor exposure
enhanced conditioning in the rats exposed to a sham surgery; conditioning in ADX rats
exposed to the stressor was not different from that in ADX rats not exposed to the stressor (P
= 0.48) (Fig. 4). Neither ADX nor stressor exposure altered spontaneous blink rate (P =
0.50, P = 0.43, respectively) or induced responses to the CS prior to training (P = 0.68, P =
0.98, respectively).

CORT levels were 248.55 ± 23.26 ng/ml for the sham no stress group, 285.50 ± 27.23 for
the sham stress group, 50.17 ± 10.03 ng/ml for the ADX no stress group, and 45.18 ± 11.48
ng/ml for the ADX stress group. As in the second experiment, ADX reduced corticosterone
levels [F(1,24) = 126; P < 0.001], and they were slightly elevated by the CORT in the
drinking water. Again, stressor exposure did not affect CORT levels >48 h after its cessation
(P = 0.42).

Experiment 5: stress levels of CORT and trace conditioning
In the final experiment, intact rats were injected with stress levels of CORT (5 mg/kg) or the
vehicle and trace conditioned either 30 min (CORT n = 6; vehicle n = 7) or 24 h after the
injection (CORT n = 7; vehicle n = 6). Groups were exposed to 300 trials on one day and
300 more trials on the next day. Following ANOVA, there was a two-way interaction
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between the injection procedure (CORT vs vehicle) and the time since injection (30 min vs
24 h) on the percentage CRs during 600 trials of training [F(1,22) = 4.46; P < 0.05]. Rats
exposed to a bolus of exogenous CORT emitted more CRs when trained 30 min later than
any of the other groups (P < 0.05) (Fig. 5). These rats were exposed to 300 more trials of
training the next day. They emitted more CRs during the last block of trials (P < 0.01), but
their CORT levels were no longer elevated. Thus, the high rate of responding after stressor
exposure is likely a result of learning rather than an increase in performance of the motor
response in the presence of high levels of CORT.

To verify that the injection of CORT would achieve stress levels in the blood, additional
groups were injected with 5 mg/kg of CORT (n = 5) or the vehicle (n = 5), not trained, and
sacrificed 30 min later. Injection of CORT enhanced plasma levels 30 min later relative to
those injected with saline [F(1,8) = 233.45; P < 0.001]. Levels were 402.00 ± 9.26 ng/ml
after CORT injection and 211.20 ± 8.38 ng/ml after vehicle injection. These levels are
similar to those observed minutes after exposure to the stressor of intermittent tailshocks or
inescapable swimming, both of which enhance classical eyeblink conditioning (Shors,
2001).

Discussion
Exposure to an acute stressful experience greatly enhances classical conditioning of the
eyeblink response in the male rat (Servatius and Shors, 1994; Shors et al., 1992). This effect
is observed within minutes to 24 h after the stressful event has passed (Beylin and Shors,
1998; Shors, 2001). Here we hypothesized that the major stress hormones glucocorticoids
were involved and perhaps necessary for enhancing the formation of associative memories
after acute stressful experience. To test this hypothesis, glucocorticoids were manipulated
under various conditions and rats were later exposed to the acute stressor of intermittent
tailshocks or were left undisturbed. One day later, male rats were trained on the
hippocampal-dependent task of trace eyeblink conditioning or the hippocampal-independent
delay procedure. Removal of the adrenal glands prevented the stress-induced enhancement
of trace and delay conditioning (Figs. 1 and 4) as it also did when basal levels of CORT
were maintained after ADX (Figs. 2 and 4). Although the results from these studies suggest
that glucocorticoids are involved in the stress effect on conditioning, they are inconclusive
since the adrenal glands produce other substances such as epinephrine. To rule out the
contribution of substances within the adrenal medulla, we removed the structure while
leaving the adrenal cortex intact (adrenal demedullation). As illustrated in Fig. 3, exposure
to the stressful event enhanced trace conditioning even in the absence of the adrenal
medulla. Thus, adrenal glucocorticoids appear to be critically involved in the stress-induced
enhancement of trace and delay conditioning in the male rat.

To this point, the results suggested that the stress-induced release of glucocorticoids is
necessary for the enhanced conditioning after stress, but do not address whether it is
sufficient. In a final experiment, we tested whether exposure to stress levels of CORT would
enhance conditioning. Male rats were injected with one dose of CORT (5 mg/kg) and 30
min later, serum levels were similar to those observed after exposure to the acute stressor of
intermittent tailshocks (Sandi et al., 1996; Shors, 2001). Interestingly, the one injection with
CORT enhanced trace conditioning, but only when trained minutes after the injection, not
when initially exposed to training 24 h later (Fig. 5). Thus the stress-induced enhancement
of conditioning can be mimicked by an acute exposure to glucocorticoids, but the effect does
not persist, as it does after exposure to the acute tailshock stress. As a group, the animals
that were trained minutes after the injection and in the presence of stress levels of
glucocorticoids continued to emit more conditioned responses even the next day, when
glucocorticoid levels were no longer elevated from the injection. Thus, the presence of stress

Beylin and Shors Page 6

Horm Behav. Author manuscript; available in PMC 2012 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



levels of glucocorticoids is not necessary for continued expression of the enhanced
conditioning. These results suggest that exposure to glucocorticoids does not just enhance
performance of the response, but rather does enhance learning. In summary, these various
data indicate that while insufficient, glucocorticoids are at the time of stressor exposure
nonetheless necessary for the persistent enhancement of learning after stress.

How would glucocorticoids act to enhance learning and memory formation? Glucocorticoids
have two known receptors, the mineralocorticoid (Type I) and stress-related glucocorticoid
(Type II) (Reul and de Kloet, 1985). Hormones act on these intracellular receptors to initiate
changes in protein synthesis and transcription. This mode of action is potent and can have
effects on many systems, but requires some time to engage (minutes to hours). Since
exposure to stress can enhance conditioning within minutes as did the one injection of
corticosterone, mechanisms other than the more traditional nuclear ones may be involved.
For example, glucocorticoids have rapid effects on physiological activity and behavior that
have been suggested to be mediated by effects on membrane fluidity or membrane receptors
(Armanini et al., 1990; Orchinik, 1998; Orchinik et al., 1991; Venero and Borrell, 1999). It
has been suggested that these rapid effects initiate fast responses while activity at nuclear
receptors initiates more persistent ones (Christ and Wehling, 1998; Falkenstein et al., 2000;
Orchinik, 1998; Sandi et al., 1997). With respect to the data presented here, the relatively
rapid effect of corticosterone exposure on conditioning could occur via effects on membrane
properties (Joëls and de Kloet, 1989; Karst and Joels, 1991), whereas the more persistent
effect of stressor exposure likely requires additional factors for activation such as glutamate
release, NMDA receptor activation, or increased occupancy of or changes in GR and MR
receptors, all of which occur in response to acute stress and can interact with learning
processes (Deak et al., 1999; Kim et al., 1996; Shors and Mathew, 1998; Venero et al.,
1999). It is also possible that these relatively fast effects occur via interactions among
glucocorticoids, neurotransmitters, and second messenger systems.

Even when identified, it is still not obvious how additional factors would interact with
glucocorticoids to produce such a long-term change in learning ability. Anatomical changes
are a consideration since they represent a means for long-term modification in brain
substrates that could in turn affect function. We have recently reported that exposure to the
stressor of intermittent tailshocks that enhances memory formation also enhances the density
of dendritic spines 24 h later (Shors et al., 2001). The increase was observed on apical
dendrites in area CA1 of the hippocampus, but not on dendrites in cortical regions. Spines
are sources of excitatory input that exist at many if not most synapses in the hippocampus
(Shephard and Harris, 1998). Because they can form quickly and persist for days, they are
considered viable candidates for substrates of memory formation (Moser, 1999; Woolley et
al., 1990). At the neuroanatomical level, they provide a means whereby associations
between stimulus representations could form. Indeed, we have recent data to suggest that
training with both delay and trace conditioning increases the observation of dendritic spines
in area CA1 of the hippocampus (Leuner et al., 2002). If synaptic spines are involved in
learning, an increase in their availability after a stressful experience may provide an
anatomical substrate for enhancing the formation of new memories should the opportunity
arise. Such a mechanism would be sustained for several days after the stressful experience,
when the chance of another encounter would be high. In addition to its adaptive value, such
a process could persist without a sustained increase in stress hormones, which can be
detrimental to hippocampal function (Magarinos et al., 1997; McEwen, 2000; Sapolsky,
1996, 1999; Stein-Behrens et al., 1994; Woolley and McEwen, 1992).

Exposure to stress levels of glucocorticoids either endogenously or exogenously is not
exclusively an enhancing stimulus for learning. In fact, there are several reports that
glucocorticoids impair processes of retrieval and in some cases acquisition, at least during
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spatial navigation learning (de Quervain et al., 1998; Diamond and Rose, 1994; Kim et al.,
2001; Kim and Diamond, 2002). In other studies, exposure to stress levels of glucocorticoids
immediately after training enhanced long-term retrieval but not acquisition (Sandi et al.,
1997), again during performance of a spatial navigation task. Some of these seemingly
conflicting effects of glucocorticoids are likely attributable to very different types, times, or
lengths of stressor exposure or concentrations of CORT administration, not to mention
measurement of different learning tasks and processes within those tasks. In the present
experiments, we concentrated on one learning paradigm, that of classical eyeblink
conditioning, using slight variations in stimulus presentation to differentially engage the
hippocampus. We also focused exclusively on acquisition of these learned responses. The
present data indicate that glucocorticoids are necessary for enhancing acquisition of these
associations, but they do not permit us to draw conclusions about how glucocorticoids affect
learning processes in general. In fact, such attempts are likely futile, given the relatively
ubiquitous presence of the hormone, not to mention the complexity of learning processes
themselves.

It is oftentimes proposed that glucocorticoids affect memory formation via the hippocampal
formation. This is based in part on the structure’s relatively high density of CORT receptors
(McEwen and Wallach, 1973). However, it is MR receptors that appear most concentrated in
the hippocampus (Reul and de Kloet, 1985). Thus, the link between stress-induced
glucocorticoids and memory in the hippocampus may be overemphasized, as recently
suggested (Lupien and Lepage, 2001). There are several studies highlighting a role for the
amygdala. For example, the enhancing effects of glucocorticoids on inhibitory conditioning
were prevented by lesions to the basolateral nucleus of the amygdala (Roozendaal and
McGaugh, 1997a). We observed that the enhancement of eyeblink conditioning after
stressor exposure was ameliorated by blocking NMDA receptor antagonism specifically in
the basolateral and not the central nucleus of the amygdala (Shors and Mathew, 1998). The
blockade was only effective when instituted during the stressor and not afterwards,
suggesting that some critical aspects of the induction process occur in the amygdala during
the stressful experience.

ADX prevented the stress effect on conditioning irrespective of whether or not the task was
dependent on the hippocampus. Thus, this particular effect of stress on learning is not
limited to hippocampal-dependent types. Others have found that activity in the hippocampus
can modulate learning that is independent of the structure. For example, glucocorticoids
injected directly into the hippocampus enhance inhibitory conditioning, a task that is not
dependent on the hippocampus (Roozendaal and McGaugh, 1997a). The data presented here
do not illuminate whether the hippocampal formation is critically involved in the stress-
induced enhancement of conditioning. They do, however, place the relationship between
glucocorticoids and learning in a relatively unusual and positive light. That is, acute
exposure to stressful experience can transiently engage glucocorticoids to induce a persistent
and positive outcome— that of enhanced memory formation.
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Fig. 1.
The percentage CRs in unstressed (No stress) or stressed (Stress) rats during trace
conditioning. Groups were either adrenalectomized (ADX) or exposed to sham surgery
(Sham). ADX prevented the enhancement of conditioning 24 h after stressor exposure.
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Fig. 2.
The percentage CRs in unstressed (No stress) or stressed (Stress) rats during trace
conditioning. Groups were either adrenalectomized (ADX) or exposed to sham surgery
(Sham). Basal levels of corticosterone were provided in the drinking water. Nonetheless,
ADX prevented the enhancement of conditioning 24 h after stressor exposure.
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Fig. 3.
The percentage CRs in unstressed (No stress) or stressed (Stress) rats during trace
conditioning. Groups were either adrenal demedullated (Demed) or exposed to sham surgery
(Sham). Demed did not affect the enhancement of conditioning 24 h after stressor exposure.
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Fig. 4.
The percentage CRs in unstressed (No stress) or stressed (Stress) rats during delay
conditioning. Groups were either adrenalectomized (ADX) or exposed to sham surgery
(Sham). ADX prevented the enhancement of conditioning 24 h after stressor exposure.
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Fig. 5.
The percentage CRs in rats injected with 5 mg/kg of corticosterone and trained either 30 min
later (30 min) or a day (24 h) later with trace conditioning. Exogenous corticosterone
enhanced conditioning 30 min but not 24 h later. This dose produced plasma CORT levels
similar to those observed in rats exposed to acute swim stress or intermittent tailshocks
(Shors, 2001).
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