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Emotionally charged experiences alter memory storage via the activation of hormonal systems. Previously, we have
shown that compared with rats trained for a massed spatial learning task in the water maze in warm water (25°C),
animals that were trained in cold water (19°C) performed better and showed higher levels of the stress hormone
corticosterone. Here, we examined whether manipulating the levels of corticosterone can determine the strength of
spatial information acquisition and retention. Rats were injected with metyrapone (25, 50, and 75 mg/kg, i.p.) or
with corticosterone (10 and 25 mg/kg, i.p.) and trained in a massed spatial task in either cold (19°C) or warm (25°C)
water. We found that whereas animals injected with vehicle performed well in the spatial task in cold water
(moderate stress), rats injected with the intermediate metyrapone dose showed impairment in performance.
Moreover, whereas animals injected with vehicle on average did not perform well in warm water (mild stress), rats
injected with the lower corticosterone dose showed improvement in performance in warm water. These two mirror
experiments of corticosterone blockade and enhancement strongly suggest that corticosterone is instrumental in the
acquisition and retention of the spatial learning task.

Emotional and stressful experiences, via the activation of specific
hormonal and brain systems, alter brain function and regulate
memory storage. The response to stress involves the activation of
glucocorticoids (corticosterone in rats). These notably bind to
mineralcorticoid and glucocorticoid receptors (MRs and GRs) in
the hippocampus (Reul and de Kloet 1985; McEwen et al. 1986;
McEwen and Sapolsky 1995), which is involved in the processing
of spatial and contextual information (Morris et al. 1982; Meck et
al. 1984; Moser et al. 1993; Alvarado and Rudy 1995). The effects
of stress and/or glucocorticoids on hippocampus-dependent
learning follow an inverted U-shaped dose-response relationship;
extreme low and high levels may impair consolidation, whereas
moderate activation seems to be a prerequisite for the long-term
storage of information (Flood et al. 1978; Diamond et al. 1992,
1999; Oitzl et al. 1994; Sandi and Rose 1994a,b; Vaher et al. 1994;
Yau et al. 1995; Conrad et al. 1997; Pugh et al. 1997; Liu et al.
1999). For example, a high dose of corticosterone or stress prior
to training or testing resulted in impaired spatial performance
and memory (Diamond et al. 1996; de Quervain et al. 1998; Con-
rad et al. 1999). Similarly, the removal of endogenous corticoste-
rone (by adrenalectomy or GR antagonist) impaired performance
in a spatial task and fear conditioning (Oitzl and de Kloet 1992;
Vaher et al. 1994; Pugh et al. 1997).

However, a different picture emerges when one evaluates
the effects of the stress reaction elicited during the training situ-
ation. We have shown (Sandi et al. 1997) that rats trained in cold
water (19°C) for a spaced spatial task in the water maze (3 d of
training) displayed a quicker rate of acquisition and better long-
term retention than rats trained in warm water (25°C). Impor-
tantly, posttraining corticosterone levels at the end of the train-
ing day were significantly higher in rats in the 19°C group than
in the 25°C group, and rats trained at 25°C, but not at 19°C,

showed better performance following a corticosterone injection
immediately after each training session. In a more recent study
(Akirav et al. 2001), we found similar results using a massed spa-
tial task in the water maze (1 h of training in 1 d). The massed
protocol was found to generate long-term spatial memory (Aki-
rav et al. 2001); it may be advantageous for spaced training, as it
allows a more accurate definition of the learning process. Ani-
mals trained in the massed spatial task at 19°C showed good
performance, whereas animals trained at 25°C were split into two
groups, one that performed as well as the cold-water trained ani-
mals and another that performed poorly (i.e., showed longer la-
tency to reach the hidden platform in the water maze). More-
over, animals trained at 19°C showed higher levels of corticoste-
rone immediately following the training than animals trained at
25°C.

Here, we aimed to examine whether manipulating cortico-
sterone levels can determine the strength of spatial information
acquisition. Specifically, (1) will raising corticosterone levels in
rats trained in a mild stress situation (warm water) improve ac-
quisition in the massed spatial task to the level seen in rats
trained in the moderate stress situation (cold water), and (2) will
suppressing corticosterone levels in rats trained at the moderate
stress situation (cold water) deteriorate acquisition in the massed
spatial task to the level seen in rats trained in the mild stress
situation (warm water)?

RESULTS

Metyrapone Decreases and Corticosterone Increases
Circulating Corticosterone Levels
Circulating corticosterone (CORT) levels were measured follow-
ing metyrapone or corticosterone supplementation to examine
whether metyrapone and corticosterone, respectively, reduce
and increase corticosterone circulating levels.

Animals were injected with vehicle, or 50 mg/kg metyra-
pone, or 10 mg/kg corticosterone, and after 2 h, swam in cold
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water (metyrapone group) or warm water (corticosterone group)
for one block (two trials; no escape platform in the maze). The
rationale for the test in cold or warm water was that without
drugs, cold water was found to be associated with higher levels of
corticosterone than warm water (Sandi et al. 1997; Akirav et al.
2001). The metyrapone was aimed to produce in cold water,
warm water-like levels of corticosterone, whereas corticosterone
was applied to produce in warm water, cold water-like levels of
corticosterone. Corticosterone levels were measured 20 min fol-
lowing the end of the block. ANOVA revealed a significant
difference in corticosterone levels between the groups
(F(3,24) = 31.88, P < 0.0001; Fig. 1). Post-hoc comparisons for the
difference in corticosterone levels (data represent the
means � SEM expressed as ng/ml) showed a significant differ-
ence between the Vehicle Cold Water (n = 7) and 50 mg/kg me-
tyrapone cold water (50Met Cold Water, n = 7) group (P < 0.001),
and a significant difference between the Vehicle Warm Water
(n = 7) and 10 mg/kg corticosterone warm water (10CORT Warm
Water, n = 7) group (P < 0.05). Thus, 50 mg/kg metyrapone re-
duced and 10 mg/kg CORT increased circulating corticosterone
levels. Additionally, there was a significant difference between
the Vehicle Warm Water and Vehicle Cold Water group
(P < 0.01), which further supported the notion that exposure to
cold water would result in higher corticosterone levels than ex-
posure to warm water.

Massed Training at Different Water Temperatures
Differentially Affects the Performance of Rats
in the Spatial Task
Animals injected with vehicle were trained in the massed sched-
ule in either cold water (19°C, n = 13) or warm water (25°C,
n = 25). All of the animals trained in cold water performed the

task well [low latency (<20 sec) to reach the platform on the last
four trials], whereas there was a differential performance in the
warm water-trained rats; about half of the animals trained in
warm water performed the task well (they reached the platform
in <20 sec), whereas the other half showed higher latencies in
reaching the platform. This confirms our previous findings (Aki-
rav et al. 2001).

To determine whether corticosterone may differentially af-
fect learning depending on the degree of performance exhibited,
the WarmWater group was divided into two groups, classified as
WarmWater (+) (n = 11) or WarmWater (�) (n = 14), depending
on their latency in reaching the platform [20 sec or less was
classified as Warm Water (+)].

An overall mixed ANOVA [treatment � trials (8 � 8)]
showed a significant difference between groups in mean es-
cape latency [F(7,75) = 5.918, P < 0.001]. Post-hoc comparison
for the difference in mean escape latency revealed a signifi-
cant difference between the Cold Water and the Warm Water
groups (before the split into two groups) on the last three
blocks (trials 11–16; P < 0.05; data not shown) and a significant
difference between the Warm Water (�) group and both the
Cold Water (P < 0.001) and the Warm Water (+) (P < 0.001)
groups (Fig. 2A; after the split into two groups) with no signifi-
cant difference between the Cold Water and the WarmWater (+)
groups.

Table 1 shows the swim speed ( � SEM) of naive animals
that were injected with either vehicle or the corticosteroid-
related drugs 2 h before exposure to a 60-sec swim trial (no plat-
form) in cold or warm water. The aim of this trial was to examine
possible differences in motor performance that may have been
caused by the different drugs or the water temperatures. There
was no significant difference between the Cold Water (n = 8) and

the Warm Water (n = 7) groups in their
swim speed (t(13) < 1, NS), so the effects
seen cannot be attributed to gross distur-
bances in general activity.

In the quadrant test following the
training, the ColdWater group showed a
significant bias to swim the longest dis-
tance within the quadrant in which the
platform had been located previously
(Q2-target, t-test for difference from
chance (25%): t(12) = 6.3326, P < 0.0001;
Fig. 2B). However, both theWarmWater
(+) and the Warm Water (�) groups
showed no such bias [Warm Water (+):
t(10) = 1.4043, NS; Warm Water (�):
t(13) = 1.0911, NS).

Table 2 shows the swim speed
(means � SEM) of the groups during the
quadrant test; there was no significant
difference between the groups in their
swim speed (F(2,35) = 1.202, NS), so it
cannot be claimed that the animals in
the Cold Water group swam a shorter
distance within the quadrant in which
the platform had been located previ-
ously, due to the effect of the water tem-
perature on general activity.

Metyrapone Dose-Dependently
Affects the Performance of Animals
Trained in Cold Water
Animals were injected with vehicle
(Cold Water), or 25 mg/kg metyrapone

Figure 1 Myterapone decreases and corticosterone increases circulating corticosterone levels. A
significant difference in corticosterone levels (data represent the means � SEM expressed as nano-
gram/milliliter) was found between the vehicle cold water and the 50 mg/kg metyrapone cold water
groups (50Met Cold Water; *, P < 0.001), and a significant difference between the vehicle warm water
and the 10 mg/kg corticosterone warm water groups (10CORT Warm Water, *, P < 0.05). Thus, 50
mg/kg metyrapone reduced and 10 mg/kg CORT increased circulating corticosterone levels. Addi-
tionally, there was a significant difference between the vehicle warm water and vehicle cold water
group (*, P < 0.01), which further supports the notion that training in cold water is more stressful (i.e.,
results in higher corticosterone levels) than training in warm water.
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(25Met ColdWater, n = 9), or 50 mg/kg metyrapone (50Met Cold
Water, n = 9), or 75 mg/kg metyrapone (75Met Cold Water,
n = 9), and were trained for a spatial task (Fig. 3A).

Post-hoc comparison for the difference in the mean escape
latency revealed a significant difference between the Cold Water
group and both the 50Met Cold Water (P < 0.05) and the 75Met
Cold Water (P < 0.05) groups, but with no significant difference
between the Cold Water and the 25Met Cold Water groups. In

addition, the 25Met Cold Water group
was significantly different from both the
50Met Cold Water (P < 0.05) and the
75Met Cold Water (P < 0.05) groups, but
with no significant difference between
the 50Met Cold Water and the 75Met
Cold Water groups.

On the 60-sec swim trial (Table 1),
there was a significant difference be-
tween the groups in their swim speed
(F(3,23) = 4.015, P = 0.02). Post-hoc com-
parisons showed a significant difference
between the 50Met Cold Water group
(n = 9) and both the Cold Water (n = 8;
P < 0.01) and the 25Met Cold Water
(n = 5; P < 0.05) groups, with no signifi-
cant difference between the 50Met Cold
Water and the 75Met Cold Water group.

Note that although the 50Met Cold
Water group showed faster swimming
speed, they performed poorly in the test.

In the quadrant test, the Cold Wa-
ter group showed a significant bias to
swim the longest distance within the
quadrant in which the platform had
been located previously (Fig. 3B; as in
Fig. 2B). However, all of the other groups
showed no such bias (Q2, t-test for dif-
ference from chance (25%): 25Met Cold
Water: t(8) = 1.336, NS; 50Met Cold Wa-
ter: t(8) < 1, NS; 75Met Cold Water:
t(8) < 1, NS).

In addition, there was no signifi-
cant difference between the groups in
their swim speed during the test
(F(3,36) < 1, NS), indicating that the per-
formance in the test was not affected by
any gross disturbances in motor activity.

Corticosterone Dose Dependently
Affects the Performance of Animals
Trained in Warm Water
Animals injected with vehicle and
trained in warm water were divided into
two groups and classified as Warm Wa-
ter (+) and WarmWater (�) on the basis
of their performance. Two additional
groups were trained in warm water fol-
lowing CORT injection of either 10 mg/
kg corticosterone (10CORT Warm Wa-
ter, n = 9) or 25 mg/kg corticosterone
(25CORT Warm Water, n = 9) (Fig. 4A).
Post-hoc comparison showed a signifi-
cant difference between the Warm Wa-
ter (+) group and both the Warm Water
(�) (P < 0.001) and the 25CORT Warm
Water (P < 0.01) groups, but not be-

tween the Warm Water (+) group and the 10CORT Warm Water
group. In addition, there was a significant difference between the
10CORT Warm Water group and both the Warm Water (�)
(P < 0.001) and the 25CORT WarmWater (P < 0.001) groups, but
not between the WarmWater (�) group and the 25CORT Warm
Water group.

On the 60-sec swim trial (Table 1), there was no significant
difference (F(2,15) = 1.284, NS) between the Warm Water group

Figure 2 Massed training at different water temperatures differentially affects the performance of
rats in the spatial task. (A) All animals trained at 19°C (Cold Water) have acquired the task. Animals
trained at 25°C were divided into two groups, animals that reached the platform four consecutive
times in 20 sec or less [Warm Water (+)] and animals that showed higher latencies in reaching the
platform [Warm Water (�)]. A significant difference in performance (measured as escape latency) was
found between the Warm Water (�) group and both the Cold Water (P < 0.001) and the Warm Water
(+) (P < 0.001) groups, with no significant difference between the Cold Water and the Warm Water (+)
groups. (B) A quadrant analysis test was conducted 1 h following the last behavioral trial. Rats in the
Cold Water group showed a significant bias to swim the longest distance within the quadrant in which
the platform had been located previously (Q2; * significant difference from chance level (25%):
P < 0.0001). In contrast, the Warm Water (+) and the Warm Water (�) groups showed no such bias.
This may suggest a primary difference in the quality of the spatial memory between the animals trained
in cold water and the good performers of the warm water group, which although they performed well
in training (A), failed to perform well in the test (B).
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(n = 7), the 10CORTWarmWater group (n = 5), and the 25CORT
Warm Water group (n = 6), indicating that the effects seen were
not due to any gross changes in motor activity.

In the quadrant test, the 10CORT Warm Water group
showed a significant bias to swim the longest distance within the
quadrant in which the platform had been located previously (Fig.
4B; Q2, t-test for difference from chance (25%): t(8) = 2.9437,
P < 0.05). In contrast, the 25CORT Warm Water group showed
no such bias (Q2, t-test for difference from chance (25%): t(8) < 1,
NS).

In addition, there was no significant difference between the
groups in their swim speed (F(3,39) = 1.52, NS; Table 2), implying
that the performance in the test was not affected by any gross
disturbances in motor activity.

Animals Treated With Both Metyrapone
and Corticosterone Show Good Performance
in Cold Water
Animals were injected with vehicle (Vehicle, n = 8) or with both
50 mg/kg metyrapone and 10 mg/kg CORT (Met and CORT,
n = 8) and were trained for a spatial task in cold water (Fig. 5A).
Both groups performed the task well and showed no significant
difference in the mean escape latency.

In the quadrant test, both groups showed a significant bias
to swim the longest distance within the quadrant in which the
platform had been located previously (Fig. 5B; Q2, t-test for dif-
ference from chance (25%): Vehicle: t(7) = 5.7, P < 0.001; Met and
CORT: t(7) = 3.49, P < 0.01). This may suggest that the effects of
metyrapone (Fig. 3) could be mainly due to its effect on the
glucocorticoid system.

DISCUSSION
This work supports the notion that corticosterone levels may
determine the different degree of the acquisition of the learned
response; animals that performed well in the massed spatial task
in cold water (moderate stress) deteriorated following the sup-
pression of corticosterone levels, whereas animals trained in
warm water (mild stress), and on average did not perform as well
as the cold water-trained animals, improved following the rise in
corticosterone levels.

Training at Different Water Temperatures Differentially
Affects Acquisition and Retrieval of the Spatial Task
Training rats at different water temperatures significantly af-
fected both their acquisition and retention of a spatial learning
task. All animals trained in cold water showed good acquisition

of the task and all performed well in the test 1 h following the
training. However, animals that were trained in warm water
showed a different pattern; about half of them performed the
task as well as the cold water-trained animals, whereas the other
half performed poorly. It was demonstrated previously that cor-
ticosterone levels were found to be higher in animals trained in
cold water than animals trained in warm water, when examined
5 min following the end of training (Akirav et al. 2001; see also
Sandi et al. 1997). Although our previous results indicate a small
difference in corticosterone levels between the cold water and
the warm water animals trained in the massed task (Akirav et al.
2001), note that even subtle differences in MR and GR occupa-
tion may influence the outcome of activated neural circuits, and
that the effects of corticosterone on performance can switch
from an improvement to impairment, depending on the context
and duration of GR activation (Oitzl et al. 1998).

Interestingly, although the animals that performed well at
the warm temperature were no different from cold water-trained
animals in the acquisition of the task and showed no distur-
bances in their motor activity (i.e., showed similar swim speed),
they performed poorly in the quadrant test 1 h later. This may
indicate that despite the similar acquisition pattern of these two
groups, consolidation mechanisms were more efficient in the
cold water group. It is thus possible that corticosterone release
elicited by the water temperature may have acted differently on
consolidation mechanisms during and/or following the training,
and that this led to differential performance in the test.

It has been shown that rats trained at 19°C showed better
performance in the retention test than rats trained at 25°C (Sandi
et al. 1997), whereas rats trained at 12°C showed impaired per-
formance and significantly higher corticosterone levels than rats
trained at 25 or 19°C (Selden et al. 1990; Sandi et al. 1997). It has
been suggested that this difference in performance between the
19 and 25°C-trained animals results from corticosterone involve-
ment in consolidation processes, whereas the impaired perfor-
mance of the 12°C-trained rats results from the involvement of
other stress-activated systems (not corticosteroids; Selden et al.
1990; Sandi et al. 1997).

Manipulating Corticosterone Levels Determines
the Acquisition and Retention Performance
When animals trained in cold water were injected with metyra-
pone, which blocks the stress-induced increase in plasma corti-
costerone levels, their performance deteriorated in a dose-
dependent manner; the higher the metyrapone dose, the worse
the performance. Compared with the vehicle- and the low dose
metyrapone-injected groups, animals injected with the interme-
diate dose of metyrapone showed higher swim speed. However,
this increase in swim speed did not result in shorter escape la-
tencies. On the contrary, these animals were significantly slower

Table 2. Swim Speed During the Quadrant Test

Groups
Swim Speed

(means � SEM)

Cold Water, n = 13 26.76 � 1.86
Warm Water (�), n = 14 21.58 � 1.79
Warm Water (+), n = 11) 23.81 � 2.02
25Met Cold Water, n = 9 25.01 � 2.23
50Met Cold Water, n = 9 26.17 � 2.23
75Met Cold Water, n = 9 26.92 � 2.23
10CORT Warm Water, n = 9 25.96 � 2.23
25CORT Warm Water, n = 9 23.11 � 2.23

The means � SEM of swim speeds (cm/sec) of the different groups in
the quadrant test. No significant treatment effect was found.

Table 1. Swim Speed During the 60-Sec Trial

Groups
Swim Speed

(means � SEM)

Cold Water, n = 8 20.74 � 0.92
Warm Water, n = 7 20.20 � 0.98
25Met Cold Water, n = 5 20.56 � 1.16
50Met Cold Water, n = 9 24.75 � 0.87*
75Met Cold Water, n = 5 22.49 � 1.16
10CORT Warm Water, n = 5 20.56 � 1.16
25CORT Warm Water, n = 6 22.37 � 1.16

The means � SEM of swim speeds (cm/sec) of naive animals that
were injected with either vehicle or the corticosteroid-related drugs 2
h before exposure to a 60-sec swim trial (no platform) in cold or warm
water [*indicates a significant difference between the 50Met Cold
Water group and the Cold Water (P < 0.01), Warm Water (P < 0.001),
25Met Cold Water (P < 0.01), and 25CORT (P < 0.05) groups].
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than the control and the low-dose metyrapone group in reaching
the escape platform. Furthermore, as animals injected with the
high dose of metyrapone showed impaired acquisition and re-
tention, but not increased swim speed, the poor performance
seen in the intermediate group cannot be explained on the basis
of disturbances resulting from enhanced activity.

Animals injected with a low dose of corticosterone (10 mg/
kg) and trained in warm water showed better performance in
both the acquisition and the retrieval of the spatial task than
animals injected with the higher dose of corticosterone. This
confirms previous reports indicating that moderate levels of cor-
ticosterone may facilitate learning (Sandi et al. 1997), whereas

very high levels of corticosterone impair
learning (Conrad et al. 1999; Diamond
et al. 1999).

Others have shown that a lower
dose of corticosterone (3 mg/kg) im-
paired retention in a spatial task when
injected 30 min prior to the test (de
Quervain et al. 1998); however, here the
corticosterone injection was applied
prior to the acquisition training and not
prior to the test, so the differences may
have resulted from distinct effects of cir-
culating corticosterone levels on differ-
ent stages of the learning.

There was no difference in the swim
speed between the corticosterone-
injected groups and the vehicle group.
Thus, the bad performance of the high
corticosterone group cannot be attrib-
uted to gross disturbances in activity.
The impaired performance in the high
corticosterone dose may be due to inter-
ference that is mediated by stress-
activated systems other than corticoste-
roids, for example, the coeruleo-cortical
noradrenergic system (Selden et al.
1990). Water-maze learning induces a
high level of endogenous adrenergic
hormone release (Mabry et al. 1995),
and it has been shown that in animals
trained at 25°C, and separated into
“good learners” (lower latency in reach-
ing the platform) and “poor learners”,
systemic administration of the �-adren-
ergic antagonist propranolol caused ret-
rograde amnesia in the “good learners”
but not in the “poor learners” (Cahill et
al. 2000). This substantiates the possible
involvement of post-learning adrenergic
activation in modulating memory con-
solidation processes after emotionally
stressful events (Cahill et al. 2000).

Nevertheless, we found that ani-
mals trained in cold water and injected
with both a low dose of metyrapone and
CORT performed well in the training ses-
sion and the retention probe. This may
suggest that the effects of metyrapone
seen here (impairing the performance of
animals trained in cold water) are
mainly due to its effects on the glucocor-
ticoids system and not to alterations in
other hormonal systems.

Taken together, the results of the
two mirror experiments, that is, that enhancing corticosterone
levels may enhance performance, whereas blocking its release
impairs it, strongly suggest that corticosterone levels are instru-
mental in the acquisition and retention of the spatial learning
task.

The Inverted U-Shaped Function
The effectiveness of performance over a continuum of stress and/
or corticosterone levels generally follows an inverted U-shaped
function; the lower performance associated with very low levels
of stress is usually explained by the low motivation that accom-

Figure 3 Metyrapone dose dependently affects the performance of animals trained in a massed
schedule in cold water. (A) A significant difference in performance (measured as escape latency) was
found between the Cold Water group and both the 50Met Cold Water (P < 0.05) and the 75Met Cold
Water (P < 0.05) groups, with no significant difference between the Cold Water and the 25Met Cold
Water group. In addition, the 25Met Cold Water group was significantly different from both the 50Met
Cold Water (P < 0.05) and the 75Met Cold Water (P < 0.05) groups, with no significant difference
between the 50Met Cold Water and the 75Met Cold Water groups. This suggests a concentration-
dependent effect of metyrapone on the performance in the massed spatial task, i.e., the higher the
metyrapone dose, the worse the performance. (B) In the quadrant test, the Cold Water group showed
a significant bias to swim the longest distance within the quadrant in which the platform had been
located previously (Q2; *, P < 0.0001). However, all the other groups showed no such bias.
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panies the low stress and the ease with which the subject is there-
fore diverted from the problem by extraneous factors (Vroom
1964; Anderson 1976). At intermediate stress levels, the level of
motivation to solve the problem reaches the optimum zone.
Here, the stress broadens the attention span so that the subject is
more amenable to relevant information (e.g., spatial cues in the
environment) that may actually aid its performance (Easterbrook
1959; Selden et al. 1990). Under high levels of stress, on the other
hand, motivation to solve the task may be so high that the sub-
ject’s perception narrows to only very obvious cues, and it ig-
nores relevant information. However, it may be that under such
conditions, subjects will perform well on an easy task and will fail

to acquire more demanding tasks
(Selden et al. 1990). Under extreme con-
ditions, however, the high anxiety asso-
ciated with the high stress may lead to
physiological involuntary autonomic re-
sponses that interfere with performance
(Vroom 1964).

Training in the water maze is stress-
ful, especially under a 1-d massed sched-
ule protocol (Akirav et al. 2001). In the
two groups that showed good perfor-
mance both in the training and the test
(the Cold Water and 10 mg/kg CORT
WarmWater groups), corticosterone lev-
els were equivalent to those in a fairly
stressful situation (Sandi et al. 1997; Aki-
rav et al. 2001). In addition, the warm
water group that did not perform well
showed substantially increased cortico-
sterone levels compared with naive ani-
mals (Akirav et al. 2001). These results
seem to suggest that under the condi-
tions above, there is a rightward shift in
the corticosterone inverted U curve,
such that relatively high corticosterone
levels are within the optimum zone.
Only at very high levels, as in the ani-
mals injected with a high dose of corti-
costerone, is performance impaired.

A possible explanation for a right-
ward shift may be the nature of the task;
the increase in corticosterone levels in
this paradigm is within the context of
the learning task, whereas usually in
other paradigms the critical increase in
corticosterone levels occurs before or af-
ter the learning situation. A similar find-
ing was reported for a fear-conditioning
paradigm, in which higher shock inten-
sities were associated with better acqui-
sition of the task (Cordero and Sandi
1998).

The findings regarding an inverted
U-shaped function between corticoste-
rone levels and performance in a spatial
learning task are consistent with studies
examining the effects of corticosterone
administration on synaptic plasticity. At
low or high doses of corticosterone, the
correlation between plasma corticoste-
rone levels and synaptic plasticity [long
term potentiation (LTP) or prime burst
potentiation (PBP), the most studied cel-
lular models for learning and memory

formation] was negative, whereas peak potentiation was ob-
tained at intermediate plasma corticosterone concentrations
(Diamond et al. 1992; Rey et al. 1994; Pavlides et al. 1995).

Summary
Modification in corticosteroid levels may change our responsive-
ness to environmental influences, thereby altering our behav-
ioral adaptation to the situation. Under conditions of high stress
and anxiety, it is hypothesized that subjects will show impaired
attentional processes, for example, problems discriminating be-
tween relevant and irrelevant stimuli, and such impairments will

Figure 4 Corticosterone dose dependently affects the performance of animals trained in warm
water. (A) A significant difference in performance (measured as escape latency) was found between the
Warm Water (+) group and both the Warm Water (�) (P < 0.001), and the 25CORT Warm Water
(P < 0.01) groups, but not between the Warm Water (+) group and the 10CORT Warm Water group.
In addition, there was a significant difference between the 10CORT Warm Water group and both the
Warm Water (�) (P < 0.001) and the 25CORT Warm Water (P < 0.001) groups, but not between the
Warm Water (�) group and the 25CORT Warm Water group. This suggests a concentration-
dependent facilitative effect of corticosterone on the performance in the spatial learning task. (B) In the
quadrant test, the 10CORT Warm Water group showed a significant bias to swim the longest distance
within the quadrant in which the platform had been located previously (Q2; *, P < 0.05). In contrast,
the 25CORT Warm Water group showed no such bias.
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easily prevent successful acquisition of useful information (Lu-
pien and McEwen 1997).

It would be of special interest to characterize the negative
and facilitative effects of corticosterone on cognition in situa-
tions of high arousal and anxiety and under pathological condi-
tions. For example, subjects with social phobia have high stress
and anxiety levels, which cause them to overconcentrate on
emotional and defensive coping mechanisms and pay insuffi-
cient attention to problem-solving coping mechanisms; this, in
turn, results in lower levels of performance in a variety of tasks.

This study demonstrated the crucial involvement of corti-
costerone in determining the strength of learning and memory
for the spatial task under different stressful conditions. However,
the involvement of other neurobiological systems obviously can-

not be ruled out. For example, the in-
volvement of other brain structures such
as the prefrontal cortex or the involve-
ment of other neuromodulators and
neurotransmitters such as the noradren-
ergic, the cholinergic, and the glutama-
tergic systems, should be further exam-
ined.

MATERIALS AND METHODS

Animals
Adult, male Wistar rats weighing 280–
320 g, from Harlan, were maintained
five per cage on a 12-h light/dark cycle
with water and laboratory rodent chow
ad libitum. Experiments were conducted
between 12:00 and 17:00 h.

Drug Administration
Metyrapone (Met; 25 mg/kg, 50 mg/kg,
or 75 mg/kg, dissolved in a vehicle con-
taining 40% polyethylene glycol and
60% saline, i.p. injection; Aldrich
Chemicals) reduces the synthesis of cor-
ticosterone by inhibiting the 11�-
hydroxylation reaction in the adrenal
glands. Metyrapone has no effect on
baseline corticosterone levels, but it
blocks the stress-induced increase in
plasma corticosterone (de Quervain et
al. 1998).

Corticosterone (CORT; 10 mg/kg or
25 mg/kg dissolved in a vehicle contain-
ing 15% sesame oil, 50% polyethylene
glycol, and 35% saline, i.p. injection; Al-
drich Chemicals) is a GR and MR ago-
nist. The CORT doses used are known to
induce plasma levels of the steroid com-
parable with those elicited by substantial
stress (Sandi et al. 1997).

Rats were injected with drugs or ve-
hicle as indicated 2 hr before commenc-
ing the training.

Control animals were injected with
vehicle (40% polyethylene glycol and
60% saline or 15% sesame oil, 50% poly-
ethylene glycol and 35% saline).

Spatial Learning Procedure
and the Quadrant Test
The water maze was a black-painted
metal tank (diameter 1.7 m; rim 50
cm high) containing several extra-
maze cues (including the door, cabi-
nets, and posters on the walls). The

tank was filled with water at cold (19°C) or warm (25°C) tem-
perature.

For the spatial training task, a 12 � 12-cm escape platform
was placed with the top surface 2–3 cm below the water level at
one of four positions in the pool.

Each trial was initiated by placing the animal in one of the
three randomly chosen locations near the wall of the tank. Ani-
mals were allowed to search for the hidden platform for a maxi-
mum of 60 sec. The escape latency was measured by a stopwatch.
When an animal reached the platform, or at the end of the 60
sec, it was left on the platform, or placed there by the experi-
menter for 15 sec.

Because we wanted to examine whether corticosterone is
instrumental in the acquisition of the spatial learning task, we
used a 1-d massed protocol of training in which the acquisition

Figure 5 Animals treated with both metyrapone and corticosterone show good performance in cold
water. (A) No significant difference in performance (measured as escape latency) was found between
the Vehicle group and the Met and CORT group. Thus the effects of metyrapone (Fig. 3) are mainly
due to its effect on the glucocorticoid system. (B) In the quadrant test, both the vehicle and the Met
and CORT groups showed a significant bias to swim the longest distance within the quadrant in which
the platform had been located previously (Q2; Vehicle:*, P < 0.01, Met and CORT:*, P < 0.05).
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of the task lasts about 1 h (as opposed to spaced training of a few
days).

Rats were trained with inter-trial intervals (iti) of 1 and 4
min, alternately, until they accomplished eight blocks of two
trials each. This massed schedule of training took ∼1 h and was
found to generate long-term spatial memory (Akirav et al. 2001).

A 60-sec quadrant test (no platform in the maze) was con-
ducted on all of the animals 1 h following the last behavioral trial
by means of a video tracking system.

All behavioral training was performed by an experimenter
who was kept blind to the drug treatment; the drug experiments
were performed with different groups of animals, and the rats
were trained across groups to prevent cyclical variation in corti-
costerone levels.

Corticosterone Radioimmunoassay
Animals were injected with vehicle, 50 mg/kg metyrapone, or 10
mg/kg CORT, and after 2 h, swam in cold water (metyrapone
group) or warm water (corticosterone group) for one block (two
trials, iti 1 min; no escape platform in the maze). Animals were
decapitated and trunk blood was collected 20 min following the
end of the block. Samples were centrifuged at 3000 r.p.m. for 20
min at 4°C. Serum was stored at �80°C. Corticosterone was mea-
sured using a radioimmunoassay kit (Coat-A-Count, Diagnostic
Products Corporation).

Statistical Analysis
Results are expressed as means � SEM. Corticosterone levels
were assessed by one-way ANOVA. Spatial performance was as-
sessed by 8 � 8 (treatment � trials) overall mixed ANOVA,
ANOVA, and t-test. The quadrant test was assessed by t-test for
difference from chance (25%). All post-hoc comparisons weremade
by the least significant difference multiple-comparison test (LSD).

Approval
The experiments were approved by the institutional Animal Care
and Use Committee, and adequate measures were taken to mini-
mize pain or discomfort in accordance with the guidelines laid
down by the NIH in the US regarding the care and use of animals
for experimental procedures.
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