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We have studied the effects of an acute predator stress experience on spatial learning and memory in adult male and
female Sprague-Dawley rats. All rats were trained to learn the location of a hidden escape platform in the radial-arm
water maze (RAWM), a hippocampus-dependent spatial memory task. In the control (non-stress) condition, female
rats were superior to the males in the accuracy and consistency of their spatial memory performance tested over
multiple days of training. In the stress condition, rats were exposed to the cat for 30 min immediately before or
after learning, or before the 24-h memory test. Predator stress dramatically increased corticosterone levels in males
and females, with females exhibiting greater baseline and stress-evoked responses than males. Despite these sex
differences in the overall magnitudes of corticosterone levels, there were significant sex-independent correlations
involving basal and stress-evoked corticosterone levels, and memory performance. Most importantly, predator stress
impaired short-term memory, as well as processes involved in memory consolidation and retrieval, in male and
female rats. Overall, we have found that an intense, ethologically relevant stressor produced a largely equivalent
impairment of memory in male and female rats, and sex-independent corticosterone-memory correlations. These
findings may provide insight into commonalities in how traumatic stress affects the brain and memory in men and
women.

Over a century of behavioral research has revealed a powerful
influence of stress on learning and memory (James, 1890; Yerkes
and Dodson 1908; Hebb 1955; McGaugh 2000). The literature in
this area lacks consistency, however, with studies reporting that
stress can enhance, impair, or have no effect on learning and
memory (for reviews, see Conrad 2005; Diamond 2005; Lupien et
al. 2005; Diamond et al. 2007). An added level of complexity in
the stress–memory literature involves the influence of gender on
stress–memory interactions (Shors 1998; Wolf et al. 2001; Wolf
2003; Cahill et al. 2004; Cahill 2006). Some research has indi-
cated that stress can impair memory in men but not women
(Wolf et al. 2001), but other work has shown that stress can
enhance memory in women (Andreano and Cahill 2006). Stress
has also been shown to produce opposite effects on the develop-
ment of conditioned responses in classical conditioning in men
and women. However, in contrast to the studies mentioned
above, Jackson et al. (2005) reported that stress produced an en-
hancement of fear conditioning in men and an impairment in
women. Finally, other work has demonstrated that stress or cor-
tisol administration can impair memory in both men and
women (Kirschbaum et al. 1996; de Quervain et al. 2000; Wolf et
al. 2004).

Studies investigating sex differences in stress–memory inter-
actions in rodents have also produced inconsistent findings.
Acute stress has been shown to impair spatial memory in male
rats (Diamond et al. 1996, 1999; 2006; Conrad et al. 2004; Sandi

et al. 2005) and to enhance spatial memory in female rats (Con-
rad et al. 2004). One explanation for this inconsistency is based
on the suggestion by Korol and colleagues that at different phases
of the estrus cycle there is a biasing of female rats toward domi-
nance by hippocampal versus non-hippocampal (striatal) func-
tioning in spatial learning tasks (Korol 2004; Korol et al. 2004;
Zurkovsky et al. 2007). Female rats may have a differential reli-
ance on hippocampal (spatial) versus non-hippocampal (re-
sponse) strategies depending on their phase of estrus during be-
havioral testing, which may then interact with the differential
susceptibility of hippocampal and non-hippocampal memory
systems to stress (Kim et al. 2001, 2005; White and Salinas 2003;
Kim and Jung 2006). It is also possible that the basis of the in-
consistent findings in sex differences in rodents is the differential
influence of gonadal hormones on the hippocampus of males
versus females (Korol 2004; Korol et al. 2004; Zurkovsky et al.
2007), which may interact with the stressfulness of the learning
situation (Beiko et al. 2004; Rubinow et al. 2004). Finally, the
characteristics of the training conditions, such as whether ani-
mals are given classical, instrumental, or spatial training, can
influence the expression of sex differences in performance (Shors
and Dryver 1992; Shors et al. 1992; Servatius and Shors 1994;
Shors 1998, 2001; Wood and Shors 1998; Wood et al. 1998; Con-
rad et al. 2004). Thus, there appears to be an influence of sex in
the stress-induced modulation of memory in rodents and people,
but many factors interact to influence performance (Packard
1998; Sauro et al. 2003; Shors 2005).

A different perspective on gender-related stress effects on
memory is in the area of psychopathology produced by traumatic
experiences. Exposure to extremely stressful, horrific, and life-
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threatening experiences such as motor vehicle accidents, terrorist
acts, natural disasters, rape, and wartime combat produces cog-
nitive responses that are qualitatively similar in men and
women. That is, both men and women typically generate pow-
erful memories of traumatic experiences, which can then foster
the development of anxiety and mood disorders, such as post-
traumatic stress disorder (PTSD) and major depressive disorder
(MDD) (Bower and Sivers 1998; Dunmore et al. 1999; Lanius et al.
2004; Berntsen and Rubin 2006). Although women appear to be
at a greater risk than men for developing stress-induced psychi-
atric disorders (Breslau et al. 1997; Foa and Street 2001; Fullerton
et al. 2001; Nemeroff et al. 2006), men and women exhibit re-
sponses in common, including the formation of strong and in-
trusive memories of the traumatic experience, which can haunt
them later in life (McFarlane et al. 1993; Gilbertson et al. 2001;
Bremner 2003; Ohtani et al. 2004; Rubin et al. 2004; Michael et
al. 2006).

One area of animal research that may potentially provide
insight into commonalities in how males and females respond to
trauma has been in studies on how rats respond to a predator. For
example, Blanchard et al. (1991, 1992) demonstrated that male
and female rats both generated 22-kHz vocalizations in response
to predator exposure when the rats were in groups, and both
suppressed vocalizations when they faced the cat alone. Other
work has shown that both males and females exhibit a strong
and equivalent increase in defensive behaviors in the presence of
predator odor (Falconer and Galea 2003). In memory-related
work, Hubbard et al. (2004) examined learned avoidance by male
and female rats of a context that contained predator (cat) odor.
These investigators found that males and females developed
similar levels of conditioning and subsequent avoidance
(memory) of the place that contained the cat odor. These and
related studies (Adamec et al. 1998, 2004; Park et al. 2001; Barros
and Tomaz 2002; Adamec 2003; Campbell et al. 2003; Mechiel
and De Boer 2003; Mazor et al. 2007) support the idea that the
use of a strong ethologically relevant stressor provides insight
into commonalities in how traumatic stress affects memory in
males and females.

The purpose of the present set of experiments was to address
the issues described above by examining the effects of an intense,
ethologically relevant stressful experience (predator exposure) on
spatial learning and memory in male and female rats. Prior work
from our laboratory has shown that acute predator stress impairs
spatial memory in male rats trained in the radial-arm water maze
(RAWM) (Diamond et al. 1996, 1999, 2006; Woodson et al. 2003;
Sandi et al. 2005; Park et al. 2006), a hippocampus-dependent
spatial memory task (Diamond et al. 1999). It was important to
determine whether the effects of predator stress on spatial
memory found in male rats can be extended to female rats.
Therefore, in the current series of experiments, we have provided
a comparative analysis of the effects of acute predator stress on
memory consolidation and retrieval processes in male and fe-
male rats.

Results
The following sections describe findings from four experiments
that examined the effects of acute predator exposure on serum
corticosterone (CORT) levels and memory when the stress was
administered before or after water maze training or before a 24-h
memory retrieval test. The sequence and timing of the events in
each experiment is illustrated in Figure 1.

Effects of post-training stress on short-term memory
(multi-day maze training)
In experiment 1, 11 male and 15 female rats were first well-
trained, and then they were all given predator stress during the

30-min period between the acquisition and memory test phases
on six consecutive days of training (see timeline for experiment
1, Fig. 1). Therefore, data analysis in experiment 1 focused on two
dependent variables: (1) the number of days required for males
and females to reach the performance criterion (no more than
one memory error in three consecutive days of non-stress train-
ing—see multi-day water maze training methods); and (2) post-
criterion performance on the memory test trial under acute stress
conditions.

As Figure 2 (left side) illustrates, females required 10.2
(�0.7) days of training, compared with males, which required

Figure 1. Timeline and procedures in the four experiments. In all ex-
periments, the duration of the cat exposure period was 30 min, which is
illustrated here by the cat icon and the thick line. In experiment 1, there
were two multi-day components. First, all rats were given extensive pre-
liminary training without predator stress until they reached the memory
performance criterion (see multi-day criterion training). Second, after a
rat reached the performance criterion, it was given six additional days of
training, all of which included stress testing. On each of the stress days,
cat exposure (predator stress) occurred during the 30-min period after
the completion of the four acquisition trials (T1–T4) and before the 30-
min memory test trial. The T1–T4 followed by cat exposure component
of the diagram was repeated on six consecutive days, with the rats learn-
ing a new platform location on each day of training. In experiment 2,
naïve rats were given only 1 d of water maze training and memory
testing. On this day, they were given 12 training trials (T1–12) and then
30 min of predator stress or home cage (no stress), followed immediately
by the memory test trial. In experiments 3 and 4, naïve rats were given a
total of 2 d of training and memory testing. On day 1, they were all given
training, composed of 12 trials followed 1 h later by six more trials. One
day later, all rats were given a 24-h memory test trial. In experiment 3,
the rats were given 30 min of predator stress or home cage before train-
ing on day 1. In experiment 4, the rats were given 30 min of predator
stress or home cage immediately before the 24-h memory test trial.
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13.7 (�0.7) days of training, to reach the performance criterion
(P < 0.05; t-test). Thus, the group of male rats required 3.5 more
days of training to reach the same level of accuracy of within-day
memory as the group of female rats.

Memory performance during the 3 d of precriterion training
was nearly perfect for males and females. That is, females com-
mitted only 0.16 (�0.04) errors and males committed 0.27
(�0.04) errors during the 3 d in which they reached the criterion.
When the females were exposed to the predator, they committed
1.61 (�0.36) memory errors and the males committed 1.63
(�0.33) memory errors (Fig. 2, right). There was a significant
effect of stress (F(1,24) = 20.8, P < 0.001), but neither a significant
effect of sex nor a significant sex � stress interaction (all
Ps > 0.05). Therefore, predator stress occurring during the 30-min
phase between the learning and memory test phases in well-
trained rats produced a significant and equivalent impairment of
memory performance in males and females.

Serum CORT levels
Figure 3 shows serum CORT levels from the 11 male and 15
female rats trained in the water maze in experiment 1. The first
blood samples were obtained immediately after the last time the
rats were exposed to the cat and given their final memory test
trial. The second blood sample (baseline) was obtained 1 wk
later from rats within 2 min of their being removed from their
home cages. In the across-group analyses (top graph), there were
significant effects of sex (F(1,24) = 21.1, P < 0.001), stress
(F(1,24) = 81.2, P < 0.001), and a significant sex � stress interac-
tion (P < 0.05). Post-hoc Holm-Sidak tests revealed that predator
exposure increased CORT levels in males and females and that
both baseline and stress-evoked CORT levels were significantly
greater in the females than in males (all Ps < 0.05).

Additional analyses focused on potential correlations be-
tween CORT levels (baseline and stress) and water maze perfor-
mance (memory errors and “day to criterion” [DTC]) separately
for males and females, as well as for all rats, without regard for
sex. There were no significant correlations between CORT (either
baseline or stress levels) and water maze memory errors for males
or females or for all rats combined (all Ps > 0.05). There was also
no significant correlation between baseline and stress-evoked
CORT levels when the analysis was restricted to either males or
females, alone. We did find a significant positive correlation be-
tween baseline and stress-evoked levels of CORT for all rats, with-
out regard to sex,r(24) = 0.41, P < 0.05 (Fig. 3, bottom).

There was also a significant correlation between predator

stress-evoked levels of CORT and DTC for females alone,
r(13) = �0.56, P = 0.05. Although this correlation was not signif-
icant for males alone, r(9) = �0.19, P > 0.05, analysis of data
from males and females combined resulted in a greater correla-
tion coefficient and level of significance than was found for data
from either male or female rats alone, r(24) = �0.64, P < 0.001
(Fig. 4).

Effects of post-training stress on short-term memory
(single-day maze training)
In experiment 2, a total of 19 male and 16 female rats (8–10
rats/group) were given a single day of training, with either no
stress (home cage) or predator stress occurring during the 30-min
period between the acquisition and memory test phases (see

Figure 4. Correlation between the number of days for the rats to reach
the performance criterion (DTC) and their later acute corticosterone re-
sponse to cat exposure. Increased DTC indicates a slower rate at which
rats performed the daily memory task.

Figure 2. The left side illustrates the finding that females exhibited
accurate within-day memory, reaching the memory performance crite-
rion (see Materials and Methods, experiment 1) in significantly fewer
days of training than the males. The right side illustrates that males and
females were adversely affected equivalently by cat exposure. Both males
and females exhibited a significant increase in errors on days they were
exposed to the cat compared with the days in which they reached the
performance criterion. Shaded bars in both graphs illustrate means
(�SEM) for the female group. *P < 0.05 compared with unstressed male
and female controls (Holm-Sidak post-hoc comparisons).

Figure 3. The top graph illustrates serum corticosterone levels in male
and female rats trained in experiment 1. Female rats had greater baseline
and stress-evoked levels of corticosterone than males. *P < 0.05 for sex
and time. The bottom graph illustrates the significant linear correlation
between baseline and acute stress-evoked corticosterone levels for all
rats, regardless of sex, r(24) = 0.41, P < 0.05.
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timeline for experiment 2, Fig. 1). Analysis of arm entry errors
committed during acquisition revealed a significant effect of tri-
als (F(11,341) = 20.1, P < 0.001), indicating that the rats made
fewer arm entry errors over the course of training (Fig. 5). There
were no other significant effects or interactions (Ps > 0.05).

Analysis of arm entry errors committed on the 30-min
memory test revealed a significant effect of stress (F(1,30) = 14.5,
P < 0.001), indicating that the stressed group made significantly
more arm entry errors than the non-stressed group. There was no
significant effect of sex or sex � trial interaction (P > 0.05).
These findings demonstrate that predator stress occurring during
the 30-min phase between the learning and memory test phases
in water maze naïve rats produced a significant and equivalent
impairment of memory performance in males and females.

Effects of pretraining stress on short- and long-term
memory
In experiment 3, 16 male and 32 female rats (8–20 rats/group)
were given predator stress immediately before the acquisition
phase (see timeline for experiment 3, Fig. 1). Analysis of arm
entry errors committed during the acquisition phase revealed a
significant effect of trials (F(17,748) = 12.1, P < 0.001) (Fig. 6).
There was also a significant effect of stress (F(1,44) = 4.10,
P < 0.05), indicating that the stressed groups made more arm
entry errors during acquisition than the non-stressed groups.
There was also a significant effect of sex (F(1,44) = 6.93, P < 0.05),
indicating that the female rats made more arm entry errors dur-
ing acquisition than the male rats.

Analysis of arm entry errors committed on the 24-h memory
test trial revealed a significant effect of stress (F(1,42) = 23.5,
P < 0.001), indicating that the stressed groups made more arm
entry errors than the non-stressed groups (Fig. 6). There was also
a significant effect of sex (F(1,42) = 5.51, P < 0.05), indicating that
male rats made more arm entry errors than female rats. This
effect was primarily driven by a significant stress � sex interac-

tion (F(1,42) = 5.51, P < 0.05). Although both stressed male and
stressed female rats made more arm entry errors than did the
non-stressed controls, the stressed male rats made more arm en-
try errors than did the stressed female rats (all Ps < 0.05).

Effects of preretrieval stress on long-term (24-h)
memory
In experiment 4, 15 male (seven and eight rats/group) and 30 (12
and 18 rats/group) female rats were given predator stress imme-
diately before the long-term (24-h) memory retrieval trial (see
timeline for experiment 4, Fig. 1). Analysis of arm entry errors
committed during acquisition revealed a significant effect of tri-
als (F(17,1020) = 19.4, P < 0.001), indicating that the rats made
fewer arm entry errors as the trials progressed. There were no
significant effects of stress or sex (all Ps > 0.05), but the
sex � trials interaction was significant (F(17,1020) = 3.16,
P < 0.001). Post-hoc tests revealed that female rats made more
arm entry errors than did male rats on blocks 4 and 5 (trials 7–10;
P < 0.05).

Analysis of arm entry errors committed on the 24-h memory
test trial revealed a significant effect of stress (F(1,57) = 14.46,
P < 0.001), indicating that the stressed groups made significantly
more arm entry errors than the non-stressed groups (Fig. 7).
There was no significant effect of sex, and the stress � sex inter-
action was not significant (all Ps > 0.05). Therefore, experiment 4
demonstrated that stress occurring before the 24-h retrieval test
produced an equivalent impairment of memory performance in
male and female rats.

Discussion
The primary finding of these experiments is that acute psycho-
logical stress (cat exposure) impaired spatial memory in male and
female rats trained in the RAWM. This work replicates our pre-
vious findings of acute stress-induced memory impairments in
male rats (Diamond et al. 1996, 1999, 2006; Woodson et al. 2003;
Sandi et al. 2005; Park et al. 2006) and extends these findings to
females. Specifically, we have found here that predator stress im-
paired water maze performance in male and female rats when the
stress occurred between the training and 30-min memory test

Figure 5. The effects of stress on short-term (30-min) memory in male
and female rats (experiment 2). Cat exposure during the 30-min delay
period between training and retrieval (indicated by the shaded gray bar)
impaired memory in both sexes. The data are presented as mean number
of arm entry errors (�SEM) made during acquisition (two-trial blocks)
and on the retention trial (RT). The dashed line at 2.5 errors indicates
chance level of performance. *P < 0.05 compared with unstressed male
and female controls (Holm-Sidak post-hoc comparisons). A diagram of
the RAWM inserted in the upper right corner illustrates swim areas (in
white) and the path a rat would take from a start arm (#4) to the hidden
platform in the goal arm (#2).

Figure 6. The effects of pretraining stress on long-term (24-h) spatial
memory in male and female rats (experiment 3). Thirty minutes of cat
exposure immediately prior to training impaired memory in both sexes,
but female rats demonstrated a milder impairment of 24-h memory. The
data are presented as mean number of arm entry errors (�SEM) made
during acquisition (two-trial blocks) and on the 24-h retention trial (RT).
The dashed line at 2.5 errors indicates chance level of performance.
*P < 0.05 compared with stressed females and unstressed male and fe-
male controls; � = P < 0.05 compared with stressed males and unstressed
male and female controls (Holm-Sidak post-hoc comparisons).
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(experiments 1 and 2), and impaired performance on the 24-h
memory test when the stress occurred either before the learning
phase (experiment 3) or before the 24-h retrieval trial (experi-
ment 4).

There were three primary differences in how water maze
training and predator exposure affected males and females. First,
both baseline and stress-evoked levels of CORT were greater in
females than in males (Fig. 3). Second, in the multi-day form of
training (experiment 1), females were more efficient at reaching
the memory performance criterion than males. That is, whereas
females achieved a high level of within-day memory perfor-
mance in ∼10 d of training, males required ∼14 d to reach the
same level of performance (Fig. 2). Third, although pretraining
stress impaired 24-h memory in both males and females, stress
effects on the consolidation of long-term memory were not as
profound in the females as they were in the males (Fig. 6). It is
known that pretraining stress can influence a subset of rats to
shift from a spatial to a nonspatial learning strategy (Kim et al.
2001, 2005; Kim and Diamond 2002). It is possible, therefore,
that the stressed females had a greater tendency than the males
to shift to a nonspatial (cue-based) learning strategy after preda-
tor exposure (Hyde et al. 2000, 2002; Stavnezer et al. 2002; Chen
et al. 2004). This putative shift in learning strategy by the stressed
female rats could have enabled them to exhibit less impaired
24-h memory performance than the stressed male rats.

Overall, the differences between the males and females were
overshadowed by the similarities in how stress affected their
CORT and memory. The male and female rats, analyzed together
as a single group, exhibited significant correlations involving
memory accuracy across days (DTC) and baseline and stress-
evoked levels of CORT (Figs. 3, 4). Our most important finding is
that cat exposure produced strong and largely equivalent adverse
effects on the consolidation and retrieval phases of spatial
memory in male and female rats (Figs. 2, 5, 6, 7).

Stress effects on memory in relation to theories
on stress and hippocampal functioning
We have hypothesized that a stressful experience induces an en-
dogenous form of synaptic plasticity that “overwrites” recently

stored memories of events that were unrelated to the stress ex-
perience (Diamond et al. 1999, 2004b, 2005, 2007). In theory, the
processing of information with great survival value, such as
predator exposure, takes priority over the consolidation and/or
retrieval of other (less important) memories out of the predator
exposure context, such as the location of a hidden platform in
the water maze (de Kloet et al. 1999; Joels et al. 2006; Sandi and
Pinelo-Nava 2007). We have proposed that when a rat is exposed
to a cat, the rat forms a powerful memory of the predator context
as a result of intense and rapid activation of endogenous plastic-
ity in the hippocampus and amygdala (Diamond et al. 2007).
This process is of great survival value because it enables a rat to
have a strong memory of the predator exposure experience. How-
ever, a negative feature of the enhanced processing of the preda-
tor context is that processes involved in the consolidation and
retrieval of information unrelated to the predator experience,
such as the location of the hidden platform, may be impaired.

Our earlier hypothesizing was based entirely on work con-
ducted on male rats. In one example, we showed that male rats
exposed to a shock exhibited impaired memory for the platform
location in water maze, and intact memory for the place where
the shock occurred (Diamond et al. 2004b). In theory, the male
rats formed a strong memory for the context in which the shock
occurred, but at the same time, the shock caused them to forget
the location of the hidden platform. More recently, we reported
that male rats exhibited conditioned fear to the context associ-
ated with cat exposure (Halonen et al. 2006), which is consistent
with the findings from Hubbard et al. (2004), who showed that
male and female rats exhibited a strong memory for the place
that contained the scent of a cat. These findings indicate that
male and female rats generate a strong memory of a cat exposure
experience, which, as we have shown in other studies, also pro-
duces an impairment of memory for information acquired out-
side of the cat exposure context (Diamond et al. 2004a; for re-
views, see Diamond et al. 2004b, 2005, 2007).

The current findings are consistent with the hypothesis that
the hippocampus of female rats, as with males, gives priority to
forming memories of the predator experience. In theory, this
greater emphasis on the processing of the traumatic (predator
exposure) experience interferes with the processing of informa-
tion that occurred outside of the predator context, such as the
location of the hidden platform. Further support for this hypoth-
esis would be the finding that exposing water maze-trained fe-
male rats to a cat produces a strong memory of the cat context,
while simultaneously impairing their memory of the location of
the hidden platform in the water maze.

Correlations between CORT and behavior
In experiment 1, we obtained blood samples from rats in re-
sponse to predator stress (following cat exposure and the
memory test trial) and, then 1 wk later, under a baseline (home
cage) condition. These two blood samples, obtained at widely
separated time points, provided an opportunity to identify cor-
relations and sex differences in CORT and behavior under basal
versus stress states.

We found that female rats exhibited significantly greater
baseline and stress-evoked levels of CORT than male rats. This
observation is consistent with findings from numerous other
studies that have shown greater glucocorticoid reactivity by fe-
male, compared with male, rodents (Weinstock et al. 1998; Bow-
man et al. 2006; Louvart et al. 2006). There appear to be species
differences in stressor reactivity, however, in that men tend to
exhibit greater glucocorticoid responses to stress than women
(for a comprehensive review, see Kudielka and Kirschbaum
2005). However, an extensive meta-analysis reported an absence
of gender differences in cortisol reactivity (Dickerson and Ke-

Figure 7. The effects of stress on the retrieval of long-term (24-h) spa-
tial memory in male and female rats (experiment 4). Thirty minutes of cat
exposure immediately prior to the 24-h retrieval test trial resulted in
impaired memory in both sexes. The data are presented as mean number
of arm entry errors (� SEM) made during acquisition (two-trial blocks)
and on the retention trial (RT). The dashed line at 2.5 errors indicates
chance level of performance. *P < 0.05 compared with stressed females
and unstressed male and female controls (Holm-Sidak post-hoc compari-
sons).
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meny 2004). The inconsistent findings on sex differences in cor-
tisol reactivity in people may be based, in part, on the nature of
the stressor (Stroud et al. 2002; Schoofs et al. 2008).

We also found a positive within-subject correlation between
baseline and stress levels of CORT; rats with higher baseline
CORT exhibited greater stress-evoked increases in CORT levels.
As these two samples were obtained 1 wk apart, this observation
appears to document stable state-trait features of individual rats.
That is, there was a consistent relation between a rat’s basal emo-
tional state and how it had responded to predator stress on the
final day of water maze training. We are not aware if this issue
has been addressed in other rodent work, but there is evidence of
correlations in people regarding personality variables and stress-
or reactivity (Pruessner et al. 1997), as well as the presence of a
long-lasting, within-subject correlations between basal cortisol
levels and the dexamethasone-induced suppression of cortisol
(Huizenga et al. 1998).

It is also important to note that the correlation we observed
between basal and stress-evoked levels of CORT was sex indepen-
dent. Despite the fact that, as a group, females had greater CORT
levels than males, the overall linear correlation between basal
and stress levels of CORT was significant without regard for the
sex of the subject. Thus, a connection between basal excitability
and acute stress reactivity appears to a sex-independent feature of
the hypothalamic-pituitary-adrenal axis.

Finally, we also found a significant correlation between the
rate at which rats reached the daily training performance crite-
rion and their acute stress response to cat exposure. That is, in
experiment 1 rats were trained to learn, and then remember for
30 min, a new platform location on each day of training. The
more efficiently the rats performed the within-day memory com-
ponent of the task, the more rapidly they could meet the perfor-
mance criterion that they commit no more than one error on the
memory test trial on three consecutive days of training (for more
details, see experiment 1 methods). The third consecutive day of
highly efficient memory performance was designated the DTC.
As a group, female rats required an average of 3.5 fewer days of
training to reach their DTC than males (Fig. 2). On an individual
basis, however, the rats were heterogeneous in their daily perfor-
mance, ranging from 6 to 18 d of training before all rats reached
their DTC. In the analysis of all rats, without regard for sex, there
was a significant negative correlation between DTC and acute
stress-evoked CORT levels. This sex-independent correlation be-
tween DTC and stress CORT levels indicates that the more rap-
idly rats had originally learned the task (less DTC), the more
strongly they responded to the cat (greater CORT levels). These
findings are potentially relevant to work by Nater et al. (2007),
who demonstrated that people who exhibited a stronger cortisol
response to psychological stress exhibited better performance on
a declarative memory task than those who exhibited a weak cor-
tisol response to stress.

Stress effects on memory in relation
to psychopathology in males and females
Intense psychological stress can have profound effects on physi-
cal and mental health, and in some instances, leads to the devel-
opment of psychopathology, such as PTSD. This disorder affects
a subset of traumatized individuals who exhibit symptoms of
persistent anxiety, exaggerated startle, and cognitive impair-
ments. Of paramount importance is the finding that these indi-
viduals suffer chronic psychological distress, in part, because
they continually relive their trauma with intrusive memories.
Although women exhibit a greater prevalence of stress-related
forms of psychopathology than men (Breslau et al. 1997; Foa and
Street 2001; Fullerton et al. 2001; Penza et al. 2003; Nemeroff et

al. 2006), both men and women tend to form strong memories of
traumatic experiences that may haunt them long after the ter-
mination of the traumatic experience. The present findings in-
dicate that an intense, fear-provoking situation produces quali-
tatively similar deleterious effects on memory in male and female
rats. These findings support the notion that memory processing
by both sexes is strongly affected in a qualitatively similar man-
ner by traumatic experiences in people (McNally et al. 2006) and
rodents (Mazor et al. 2007), and, further, are consistent with
indications that PTSD susceptibility in people under extreme
trauma conditions is similar in men and women (Kessler 2000;
Pole et al. 2001; Galea et al. 2002; Kang et al. 2005; Nemeroff et
al. 2006). Therefore, the study of the effects of predator stress on
memory may provide insight into sex-independent effects of
trauma on human pathological memory processing.

Summary, conclusions, and caveats
The present experiments revealed that acute predator stress im-
paired spatial memory consolidation and retrieval at both short-
and long-term delays in male and female rats. With the excep-
tion of a milder spatial memory impairment as a result of pre-
training stress in females, the present studies demonstrated that
cat exposure produced a largely equivalent adverse effect on spa-
tial memory in male and female rats. The only substantial sex
differences we found were that females required fewer days of
training than the males to exhibit consistently accurate within-
day memory (experiment 1) and that females had greater base-
line and stress-evoked levels of CORT than males.

One strength of this study was that the methodology was
conservative in minimizing extraneous factors that could have
produced sex-specific influences on the predator stress and water
maze findings. For example, we were careful to house and train
males and females in isolation from each other, as our pilot work
indicated that males housed with females performed more poorly
in the water maze than males in single sex housing (data not
shown). In addition, we gave males and females identical daily
handling conditions, which meant that the females were not
subjected to estrus testing. Estrus testing (vaginal swabbing and
penetration) is a relatively brief manipulation but has been
shown to evoke a profound and long-lasting (60-min) autonomic
response in rats (Sharp et al. 2002). Estrus testing, therefore, is a
form of sex-specific stress that could have influenced water maze
performance and acute predator stress responsivity only in the
female rats. Therefore, as this was the first comparative study
investigating the effects of extra-maze stress on short- and long-
term spatial memory in male and female rats, we were cautious in
minimizing any housing or handling stress factors that might
have influenced the outcome of the experiment. Whether factors
such as mixed sex housing and estrus testing can be shown to
influence predator stress responsivity and/or spatial memory re-
mains to be determined.

In summary, we have found that females exhibited water
maze learning and memory performance that was equivalent (ex-
periments 2–4) or superior (experiment 1) to that of the males,
depending on training methodology. We also found significant
sex-independent correlations between stress-evoked levels of
CORT and the efficiency at which rats learned the task, and most
importantly, the predator stress-induced impairment of hippo-
campus-dependent memory was largely equivalent in female and
male rats.

Materials and Methods

Subjects
The subjects were male and female Sprague-Dawley rats (2 mo of
age; Charles River Laboratories) that were same-sex housed on a
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12-h/12-h light/dark schedule (lights on at 0700 h) in Plexiglas
cages (two per cage) with food and water provided ad libitum.
Colony room temperature and humidity were maintained, re-
spectively, at 20 � 1°C and 60 � 3%. The Institutional Animal
Care and Use Committee at the University of South Florida ap-
proved all procedures, and care was taken in all experiments to
minimize discomfort to the animals.

All rats were given 1 wk to acclimate to the housing envi-
ronment before the experimental manipulations took place. The
rats were transported to the laboratory’s water maze training
room and handled for 2–3 min each per day during each of the
last 3 d of the 1-wk acclimation period. Behavioral manipulations
were conducted between 0800 and 1400 h.

Males and females were segregated from each other in every
phase of the experiment. Thus, all training and stress testing were
completed in their entirety for the males first, followed by all
training and stress testing for the female rats. The basis for this
segregation of the males and females was from a pilot study we
conducted, which indicated that males exposed to females per-
formed more poorly and with greater variability in the water
maze than did males unexposed to females (data not shown).

Stress manipulation
To induce predator stress, rats were first placed in small Plexiglas
boxes (28 � 9 � 14 cm), with multiple air holes in the top. The
rats within the boxes were then placed in a large chamber
(57 � 57 � 76 cm), which contained an adult female cat, for 30
min. The Plexiglas box prevented any physical contact between
the cat and rats but enabled the rats to be exposed to all other
sensory stimuli, such as the sight, smell, and sounds produced by
the cat. Moist cat food was smeared on top of the Plexiglas box,
which kept the cat’s attention directed toward the rats as it ate
the food.

Apparatus and water maze training procedures
The RAWM paradigm has been described at length in previous
publications (Diamond et al. 1999, 2006; Woodson et al. 2003;
Sandi et al. 2005; Park et al. 2006; Zoladz et al. 2006). Briefly, the
RAWM consists of a black, galvanized round tank (168-cm diam-
eter, 56-cm height, 43-cm depth) filled with water (22°C). Six
V-shaped stainless steel inserts (54-cm height, 56-cm length)
placed in the tank produced six swim arms that radiated from an
open central area (see RAWM diagram in Fig. 5, inset). A black,
plastic platform (12-cm diameter) was located 1 cm below the
surface of the water at the end of one arm (referred to as the “goal
arm”). At the start of each trial, rats were released into one arm
(referred to as the “start arm”) facing the center of the maze. If a
rat did not locate the hidden platform within 1 min, it was guided
to the platform by the experimenter. Once a rat found or was
guided to the platform, it was left there undisturbed for 15 sec.

An arm entry was operationally defined as the rat passing at
least halfway down the arm. For each trial, the experimenter
recorded the number of arm entry errors and latency for the rat
to find the platform. An arm entry error typically consisted of
either an entry by the rat into one of the arms that did not
contain the hidden platform or, very rarely, an entry by the rat
into the goal arm, but it failed to climb on the platform.

In experiment 1, rats were trained to learn, and then remem-
ber, a new location of the hidden platform on each of the many
preliminary days of training, as described previously (Diamond et
al. 1999; Woodson et al. 2003; Park et al. 2006). In experiments
2, 3, and 4, all learning and memory testing was conducted on a
total of either 1 or 2 d of training and memory testing, as de-
scribed in recent publications (Sandi et al. 2005; Diamond et al.
2006). The timing and sequence of events on stress-memory
training days are illustrated in Figure 1.

Experiment 1: Effects of post-training stress on memory
(multi-day training)
The methods in the multi-day form of water maze training were
originally described by Diamond et al. (1999) and then modified

to its current form by Woodson et al. (2003) and Park et al.
(2006). On each day of training, rats were given four acquisition
trials to learn the location of the goal arm (for that day), followed
30 min later by the memory test trial (Fig. 1). Rats were given a
maximum search time of 1 min per trial, after which they were
allowed to remain on the platform for 15 sec. The platform was
always in the same arm on each trial within each day and in a
different arm across days. The rats, therefore, needed to learn a
new goal arm location on each day of training. The start arm was
different on each of the five trials.

All rats were run 5–6 d/wk, for up to 3 wk, until each rat
performed at a high rate of accuracy on the memory test trial on
three consecutive days of training. Specifically, rats needed to
meet a performance criterion of committing a total of no more
than one error on the memory test trial over three consecutive
days of training, as we have described previously (Diamond et al.
1999; Woodson et al. 2003; Park et al. 2006). This restrictive
criterion ensured that all rats included in this experiment were
well-trained and performed at a high degree of accuracy in their
within-day spatial learning and memory performance prior to
the initiation of stress testing. Therefore, as many as 18 d of
training elapsed before all rats met the criterion.

Once rats met the performance criterion, each was given six
more (post-criterion) days of training. The stress manipulation
(described above) occurred during each of the six post-criterion
days of training. That is, on each of the six post-criterion days of
training, rats were given four trials to learn a new platform loca-
tion, then they were exposed to the cat for 30 min, and then they
were given a single memory test trial. In this manner, errors
committed during the three criterion days of training provided
the within-animal measure of baseline spatial memory perfor-
mance under non-stress conditions, and errors committed dur-
ing the 6 d of post-criterion training provided the measure of
stress effects on within-day spatial memory, as described previ-
ously (Diamond et al. 1999; Woodson et al. 2003; Park et al.
2006).

Experiment 2: Effects of post-training stress on memory
(single-day training)
In experiment 2, RAWM training was modified to allow for the
entire assessment of learning and memory performance, com-
plete with all stress and drug manipulations, in a single day of
training. One week after arrival at the university facility, rats were
given 3 d of handling, followed the next day by a single day of
water maze testing. All rats were given RAWM training consisting
of a single acquisition (learning) session, which was composed of
12 training trials in succession (a maximum of 1 min/trial). After
each trial the rats were allowed to spend 15 sec on the platform.
After the 12th trial, the rats were given a 30-min period away
from the maze during which they were either returned to the
home cage (no stress) or given cat exposure (predator stress). For
all groups, the 30-min delay period was terminated with a single
memory test trial.

Experiment 3: Effects of pretraining stress on memory
(24-h testing)
Experiment 3 assessed the effects of pretraining predator stress on
spatial learning, and short-term (1-h) and long-term (24-h)
memory in a total of 2 d of training. Half of the male and female
rats were given predator stress for 30 min immediately prior to
training on day 1, and the other half of the rats remained in their
home cages during this time. Day 1 training was composed of 12
massed training trials, followed by a 1-h period the rats spent in
their home cages, which was terminated by six additional train-
ing trials. On day 2, all rats were given a single memory test trial.
Rats were not exposed to the cat on day 2.

Experiment 4: Effects of preretrieval stress on memory
(24-h testing)
Experiment 4 tested the effects of predator stress on the retrieval
component of long-term (24-h) spatial memory. On day 1, all
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animals received 12 massed training trials, followed by a 1-h
delay period spent in their home cages, which was terminated by
six additional training trials. No cat exposure occurred on day 1.
On day 2, half of the male and female rats remained in their
home cages, and the other half of the rats were given predator
stress for 30 min immediately prior to the 24-h memory test trial.

Blood sampling and CORT assay
Blood samples were obtained from the rats that were given multi-
day water maze training (experiment 1). The first blood sample
was obtained immediately after the memory trial on the sixth
post-criterion day of stress testing; i.e., this was the sixth sequen-
tial day in which well-trained rats learned a new location of the
platform, followed by 30 min of cat exposure, followed by a
memory test trial. Therefore, the blood sample was obtained after
all water maze training was completed. For blood sampling, the
rats were placed in a soft wire mesh and then 0.5 mL of blood was
obtained from a small (1-mm) nick in the tip of the tail made by
a sterile surgical blade. The entire blood sampling process was
completed within 2–3 min after completion of the memory test
trial.

A baseline sample of blood from these rats was obtained ∼1
wk later. The sample was obtained at ∼0900–1200 h, when rats
were removed from the housing room and quickly brought to an
adjacent room, where a blood sample was obtained as described
above. The entire process (removing a rat from the housing room
until the blood sample was obtained) was accomplished within
2 min for each rat. The blood sample was allowed to clot and
then it was centrifuged. The serum was collected and stored fro-
zen at �70°C until it was assayed for CORT by radioimmunoas-
say (RIA).

Statistical analyses
Separate analyses (SPSS; Sigmastat) were conducted on the acqui-
sition and memory test trial data. The acquisition trials were
analyzed with mixed-model ANOVAs, with stress (stress, no
stress) and sex (male, female) serving as the between-subjects
factors, and trials serving as the within-subjects factor. The
memory test trials were analyzed with two-way, between-subjects
ANOVAs, with stress and sex serving as the between-subject fac-
tors. CORT levels were compared across groups with a mixed-
model ANOVA, with stress (stress, baseline) serving as the within-
subjects factor and sex (male, female) serving as the between-
subjects factor. Pearson product-moment correlations were also
performed between the following variables in experiment 1:
baseline CORT levels, stress-evoked CORT levels, and water maze
performance (DTC and arm entry errors). Holm-Sidak (SPSS, Sig-
mastat) post-hoc tests were utilized to examine group differences
following significant omnibus ANOVAs. Alpha was set at 0.05,
and outlier data points greater than 3 SDs from exclusive group
means were eliminated from analyses.
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