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We have previously shown that male rats exposed to gestational stress exhibit phenotypes
resembling what is observed in schizophrenia, including hypersensitivity to amphetamine,
blunted sensory gating, disrupted social behavior, impaired stress axis regulation, and aberrant
prefrontal expression of genes involved in synaptic plasticity. Maternal psychological stress
during pregnancy has been associated with adverse cognitive outcomes among children, as
well as an increased risk for developing schizophrenia, which is characterized by significant
cognitive deficits. We sought to characterize the long-term cognitive outcome of prenatal stress
using a preclinical paradigm, which is readily amenable to the development of novel therapeutic
strategies. Rats exposed to repeated variable prenatal stress during the third week of gestation
were evaluated using a battery of cognitive tests, including the novel object recognition task,
cued and contextual fear conditioning, the Morris water maze, and iterative versions of a
paradigm in which working and reference memory for both objects and spatial locations can
be assessed (the “CanTest"). Prenatally stressed males were impaired relative to controls on
each of these tasks, confirming the face validity of this preclinical paradigm and extending the
cognitive implications of prenatal stress exposure beyond the hippocampus. Interestingly, in
experiments where both sexes were included, the performance of females was found to be
less affected by prenatal stress compared to that of males. This could be related to the finding

that women are less vulnerable than men to schizophrenia, and merits further investigation.
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INTRODUCTION

The prenatal period is a time of rapid growth and development of
the brain, and perturbations to the normal series of developmental
events during this time can lead to adverse functional consequences
that manifest later in life. Numerous studies in both humans and
rodents demonstrate that gestational stress reprograms the hypoth-
alamic—pituitary—adrenal axis, resulting in either increased basal
secretion or enhanced stress-related secretion of glucocorticoid
hormones (reviewed by Weinstock, 2008). More recently an interest
in the potential deleterious cognitive outcomes of prenatal stress
has begun to emerge. Human infants exposed to gestational stress
show poorer cognitive outcomes, as measured by the Bayley Mental
Developmental Index scores (Buitelaar et al., 2003; Laplante et al.,
2004; Bergman et al.,2007), an effect which appears to be mediated,
atleast in part, by prenatal cortisol exposure (Bergman et al., 2010;
Davis and Sandman, 2010). Examination of the impact of prena-
tal stress on cognitive outcomes extending beyond childhood has
been very limited, although one study has reported a link between
maternal exposure to psychosocial stress during gestation and
impaired working memory performance in young adult women
(men were not examined in this study) (Entringer et al., 2009).
Importantly, prenatal stress has also been implicated as a risk fac-
tor for developing schizophrenia (Khashan et al., 2008; reviewed
by Koenig et al., 2002), a neuropsychiatric illness characterized
by cognitive dysfunction which is untreated by currently available
pharmacological therapies (Buchanan and Carpenter, 1994; Green,

1996), a situation which mandates the development of informa-
tive preclinical models for this aspect of the illness. Interestingly,
the relationship between gestational stress and increased risk for
schizophrenia may be stronger for men than women (van Os and
Selten, 1998).

Studying the long-term neural and behavioral sequelae of pre-
natal stress in humans is complicated by a high degree of individual
variability due in part to the confluence of a myriad of environ-
mental factors. Animal subjects, however, can be used to estab-
lish a cleaner association between prenatal factors and postnatal
outcomes, in part because environmental factors can be tightly
controlled in the laboratory. To this end, the impact of prenatal
stress exposure on cognition has been examined in a handful of
preclinical studies. Offspring of dams that experienced repeated
exposure to the same stressor during pregnancy show impairments
in spatial memory (Lordi et al., 1997; Lemaire et al., 2000; Gue
et al., 2004; Meunier et al., 2004; Son et al., 2006; Yang et al., 2006;
Wau et al., 2007; although see Bowman et al., 2004). These studies
all administered repeated exposure to the same stressor, and the
majority assessed offspring prior to puberty; whether the deficits
persist into adulthood is a question that is not as well investigated.
Additionally, to date studies have largely interrogated hippocam-
pal-dependent memory functions. A broader investigation is war-
ranted, especially since prefrontal cortical dysfunction is a hallmark
of schizophrenia (Goldman-Rakic, 1994), risk for which has been
associated with prenatal stress.
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Our laboratory utilizes a repeated variable prenatal stress para-
digm in which pregnant rat dams are subjected to a randomized
series of stressors during the final week of gestation, which pre-
cludes the possibility of habituation to a single stressor. We have
previously shown that male rats exposed to gestational stress
exhibit phenotypes resembling what is observed in schizophre-
nia, including hypersensitivity to amphetamine, blunted sensory
gating, disrupted social behavior, impaired stress axis regulation,
and aberrant prefrontal expression of genes involved in synaptic
plasticity (Kinnunen et al., 2003; Koenig et al., 2005; Lee et al.,
2007). Here we employed a battery of cognitive tests, including
novel object recognition, Morris water maze, fear conditioning,
and iterative versions of the “Can Test,” in which working and
reference memory for both objects and spatial locations can be
assessed, in order to obtain a more comprehensive determination
of the long-term impact of prenatal stress on cognitive faculties.
Additionally, female subjects were included to determine whether
a sex difference exists in the cognitive vulnerability to a prenatal
stress insult.

MATERIALS AND METHODS

For all experiments, timed pregnant Sprague-Dawley female rats
were purchased from Charles River Laboratories and arrived at our
animal facility on day 2 of gestation. All pregnant animals were
housed individually in a light-controlled (lights on 07:00 hours
to 19:00 hours) and temperature-controlled facility, and all dams
had free access to rat chow (Harlan Teklad) and water. Half of the
dams were exposed to prenatal stress according to the procedure
described below, while the other (control) dams were not. All pro-
cedures described herein conform to guidelines for animal research
established by the National Institutes of Health, and were approved
by the University of Maryland — Baltimore School of Medicine
Institutional Animal Care and Use Committee.

Beginning on day 14 and continuing through day 21 of gesta-
tion, pregnant dams were exposed to a repeated variable stress
paradigm (Kinnunen et al., 2003; Koenig et al., 2005; Lee et al.,
2007). Briefly, the stresses used in this paradigm were: (1) restraint
in a well-ventilated cylindrical plexiglas restrainer (Harvard
Bioscience, Boston, MA, USA) for 1 h, (2) exposure to a cold envi-
ronment (4°C) for 6 h, (3) overnight food deprivation, (4) preven-
tion of sleep during the light (inactive) portion of the cycle for
90 min, (5) 15 min of swim stress, and (6) social stress induced by
overcrowded housing conditions during the dark (active) phase
of the cycle. Two to three stressors were administered per day in
a randomized order (Kinnunen et al., 2003; Koenig et al., 2005;
Leeetal.,2007). All dams delivered their pups vaginally. Following
delivery, the dam and her pups were left undisturbed in their
cages until weaning on postnatal day 24-25. Repeated variable
prenatal stress does not impact litter size or sex ratio (Lee et al.,
2007). At weaning, male and female offspring were housed in
same-sex, like-treated groups of two to three with free access to
rat chow and water. The pups were exposed to normal animal
husbandry procedures from that point forward until experimental
use. Each animal was used in a single behavioral experiment. Only
one animal per sex/age/treatment group was included from each
litter, as is appropriate for studies of prenatal treatment effects
(Holson and Pearce, 1992).

OBJECT RECOGNITION MEMORY

Animals

The following eight groups of animals were included in this experi-
ment: adolescent (day 35) and adult (day 56) males and females, of
both prenatal stress and control conditions, with 10—11 animals per
sex/age/prenatal stress condition for a total of 84 animals.

Novel object recognition task

Five days prior to testing, all animals were moved from the vivarium
to the behavioral testing room. For three consecutive days, animals
were handled for 1-2 min each. On the mornings of days four and
five, animals were habituated to the empty testing apparatus for
10 min each day (i.e., no objects were placed in arena). The testing
arena was a 62 cm X 62 cm X 46 cm box with black plexiglas walls.
The floor of the arena was covered with unscented cat litter to allow
for easy removal of urine and feces between each animal. On the
morning of the sixth day the animals were assessed for novel object
recognition memory, a task that evaluates whether an animal is
able to differentiate between a novel object and a familiar object
after an initial exposure to the familiar object.

On the day of testing, two identical objects were placed in the
arena equidistant from each other and the arena walls. The animal
was then placed in the arena and allowed to explore the objects for
5 min (“introduction” phase). The animal was then removed from
the arena and placed in its home cage for two hours. Following
the delay, the animal was reintroduced to the testing arena, which
now contained one familiar object (identical to those used in the
introduction) and one novel object. The behavior of the animals
was scored for 30 s during this “recognition” phase, and the measure
of memory was the amount of time spent investigating the novel
object divided by the total time spent investigating both objects,
multiplied by 100 (i.e., time novel/time total) x 100). A score sig-
nificantly greater than chance was considered indicative of memory.
Between test phases and animals, soiled litter was removed from
the arena and all objects were thoroughly cleansed with 70% etha-
nol. During both habituation trials and testing, testing order was
counterbalanced for sex/age/prenatal stress condition. Locomotor
activity and object investigation behavior were recorded using a
camera mounted above the testing apparatus and analyzed using
ANY-maze behavioral tracking software (version 4.6, Stoelting).

SPATIAL MEMORY

Animals

Male Sprague-Dawley rats of both prenatal stress and control
conditions (age 70 days) were included in this experiment. At the
conclusion of testing, Grubbs’ test for outliers identified one control
animal as an outlier and this animal was excluded from further
analyses. The final sample size was 15 animals (n = 7 control, n =8
prenatal stress).

Morris water maze

Behavioral testing was conducted between 09:00 and 15:00 each day.
Prior to training, animals were habituated to the testing apparatus,
which consisted of a circular tank, 1.8 m in diameter with a depth
of 0.9 m (water depth 0.6 m). The tank was located in a room with
spatial cues external to the maze, including colored objects and
posters hanging from the ceiling or taped to the walls. Animals
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were habituated to the testing apparatus over 2 days. On the first
day, each animal was placed in the tank and allowed to explore it
by swimming for 2 min, after which time it was towel dried and
returned to its home cage. The following day the rats were exposed
for 2 min to the testing apparatus which now contained an escape
platform (four exposures). For training trials, the tank water was
made opaque by adding non-toxic white tempura paint, and a sta-
ble plexiglas escape platform (13.5 cm X 13.5 cm) was submerged
2 cm below the water surface in the northwest (NW) quadrant of
the maze. Training consisted of four trials per day with a 15-min
inter-trial interval, and continued for three consecutive days. For
each trial, the animal was placed in the maze for 2 min, or until
the escape platform was located. If after 2 min the animal had not
located the escape platform, it was guided to it by the experimenter.
Animals remained on the platform for 15 s, after which time they
were towel dried and returned to their home cage. There were three
start locations (NE, SW, SE) and start location was randomized
across groups/trials. Following four consecutive days on which no
handling or behavioral training occurred, animals were returned
to the maze for two “retention” trials (conducted in the same way
as the training trials). For both training and retention trials, latency
to reach the platform was recorded, and an average latency per day
was determined for each animal.

FEAR CONDITIONING

Animals

Male and female Sprague-Dawley rats (age 70-95 days) of both
prenatal stress and control conditions were included in this experi-
ment, with 8—12 animals per sex/prenatal stress condition for a
total of 38 animals.

Fear conditioning

An automated fear conditioning system (Coulbourn Instruments,
Whitehall, PA, USA) running under the guidance of FreezeFrame
software (Coulbourn Instruments) was used to evaluate
fear conditioning behavior. Behavioral testing took place in
25.4 cm X 25.4 cm X 19.05 cm chambers contained in sound-
attenuated cubicles equipped with a speaker for delivering tones,
a ventilation fan for background noise (continuously present
throughout the experiment at 60 dB), a house light (continuously
present throughout the experiment), and a removable stainless
steel grid floor for equally distributed delivery of a mild foot-
shock, controlled via a shocker-scrambler unit automated by the
FreezeFrame software (Coulbourn Instruments). The percent time
spent freezing was monitored by a videotracking system driven by
the FreezeFrame software. Freezing was defined as two consecu-
tive seconds of complete movement cessation, with the exception
of respiration. Immobility was automatically determined by the
software; however, as indicated by the manufacturer, the software
may erroneously score immobility if movement is in the vertical
direction. Because animals occasionally jump in response to the
footshock, an experimenter (who was blind to the animal’s condi-
tion) viewed each video and, if the software had erroneously scored
freezing in this way, manually adjusted the threshold to exclude this
event. Each footshock grid was calibrated before each conditioning
session using a digital meter to ensure that the current administered
was consistent across animals. Animals received no habituation to

the testing chamber prior to behavioral testing; they were moved to
the testing room 30 min prior to testing each day, and were returned
to the vivarium at the conclusion of testing each day.

On the morning of the first day, animals underwent fear condi-
tioning, during which time an auditory stimulus was paired with a
mild footshock. Following a 60 s acclimation period upon introduc-
tion to the chamber, the animal was presented with a tone (90 dB,
lasting 10 s) that co-terminated with a footshock (1.0 mA, lasting
1s). Freezing behavior was measured during the tone presentation.
In total, four tone-shock pairings were presented, with each pair-
ing separated by an inter-trial interval that lasted between 60 and
90 s. After the final pairing, the animal remained in the chamber
for 60 s and was then returned to its home cage. The entire trial
including acclimation lasted 6.5 min. The chamber walls and floor
grid were cleaned with 95% ethanol and the drip pan beneath the
floor grid was washed with detergent and cleaned with 95% ethanol
between each animal.

Cued and Contextual Fear Memory Testing

Beginning 24 h following fear conditioning, the animal was returned
to the chamber to evaluate memory for the context in which the tone-
shock pairings took place (context extinction). No tones or shocks
were delivered during context extinction trials, and freezing behavior
was measured in response to the context in which fear conditioning
took place alone. Freezing behavior was assessed for two continuous
seconds beginning every 8 s for a period of 5 min, and an estimated
percent time spent freezing was calculated from these measures. At
the conclusion of the trial, the animal was returned to its home cage.
The chamber walls and floor grid were cleaned with 95% ethanol,
and the drip pan beneath the floor was washed with detergent and
cleaned with 95% ethanol between each animal. Two hours follow-
ing each context extinction trial, the animal was returned to the
chamber for a cue extinction trial, for which multiple contextual
features of the chamber were altered (relative to conditioning and
context extinction trials), namely: (1) an opaque plexiglas insert was
laid over the grid floor, (2) the chamber walls and floor were cleaned
with orange-scented cleaner (instead of ethanol) between animals,
(3) the chamber cue light was left on for the entire trial, providing
more ambient light in the chamber, (4) the door to the sound-proof
chamber was left cracked open, (5) animals remained in an adjoin-
ing room (instead of the actual testing room) during periods of
group testing and were transported between home cage and testing
chamber using an empty holding cage, and (6) the testing chamber
was switched on a per-animal basis between conditioning/context
extinction trials and cue extinction trials. Therefore, multiple tactile,
olfactory, visual,and other contextual cues were altered between con-
ditioning/context extinction trials and cue extinction trials. During
each 8-min cue extinction trial, no footshocks were delivered and
freezing behavior in response to presentation of the tone alone was
measured; these trials are an opportunity for the animal to learn that
the tone no longer predicts a shock. In total, the tone (90 dB, lasting
10 s) was presented five times per cue extinction trial, separated by
an inter-trial interval that lasted between 60 and 90 s. After the final
tone presentation, the animal remained in the chamber for 60 s and
was then returned to its home cage. There were two sets of context
extinction and cue extinction trials, occurring 24 h and 4 days (96 h)
after the initial conditioning training trial.
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DISCRIMINATION MEMORY

Animals

Adult male Sprague-Dawley rats (60-90 days at the beginning of
behavioral testing) of both prenatal stress and control conditions
were included in this experiment. Animals underwent behavioral
testing during either the light/inactive phase (experiments per-
formed between 09:00 and 15:00) or dark/active phase (experi-
ments performed between approximately 17:00 and 03:00; testing
room was illuminated with a red light). This resulted in the fol-
lowing groups: control (n = 5 inactive, n = 7 active) and PS (n =7
inactive, n = 7 active).

Can test

Habituation. The Can Test was first described by Popovic et al.
(2001) and behavioral testing procedures described here were based
off that paradigm. For five consecutive days, animals were handled
for 1-2 min each; on the third day, animals were moved from the
vivarium to the behavioral testing room. Three consecutive days of
habituation to the testing apparatus followed the 5 days of handling.
On the first day of habituation each animal was allowed 20 min
exploration of the behavioral testing apparatus, which consisted of
a100 cm X 100 cm X 46 cm box with black plexiglas walls. Animals
were returned to the home cage without access to a water bottle, in
order to facilitate motivation for finding the water reward during
subsequent testing. On the second habituation day, seven identically
patterned aluminum cans (filled with cement for weight, 13 cm in
height) were placed in the apparatus in a fan arrangement so as to
be equidistant from the starting point. The cans were placed upside-
down, in order to provide a smooth dish to contain a small bolus of
water (0.3 ml). Water was placed in each of the cans and each animal
was allowed to explore the apparatus (with water-containing cans)
for 20 min. On the third habituation day, the apparatus was set up
as above, except with only three water-baited cans, and the animal
was allowed to explore the apparatus until it found all three water
rewards, or until 10 min had elapsed. Following consumption of
the final reward, the animal was removed to a holding area while
three new cans were baited. The animal was then reintroduced
to the apparatus and again allowed to explore until finding the
three rewards, or until 10 min had elapsed. Following the 3 days
of habituation, animals were left undisturbed for 2 days. Water was
again removed from the cages the day before testing began (see
below). After habituation and testing, rats were allowed access to
water for a 45-min period.

Spatial/visual discrimination test. Seven cans were arranged in
the apparatus with the exception that one can was covered in white
tape with a design of three black horizontal lines showing. Animals
were allowed ten trials per day over a 5-day period to learn that
the water reward was always to be found in the unique can, the
location of which remained stationary. Thus it was possible for
animals to use either spatial or visual cues (or a combination) to
learn the location of the water reward. Following consumption of
the reward, the animal was removed to a holding area while the can
was re-baited for the next trial. A correct trial was recorded when the
animal visited the rewarded can first. A reference memory error was
scored the first time the animal visited a non-rewarded can prior
to visiting the rewarded one. A working memory error was scored

each time an animal revisited the same non-rewarded can during
a given trial. Average correct trials, reference memory errors, and
working memory errors were calculated on a per animal basis for
each day of training. Following 5 days of training, animals were
returned to the vivarium for 2 weeks, after which time they were
again moved to the behavioral testing room and water-restricted.
Twenty-four hours later, retention memory was tested over ten
trials (2-week retention test).

Spatial discrimination test. Spatial discrimination testing began
2 days following the retention memory test for spatial/object
discrimination (above). For this test, the testing apparatus was
arranged as above, but this time with seven identical cans, thus
eliminating the visual pattern cues. Animals were allowed ten tri-
als per day over a 5-day period to learn that the water reward was
always in the same spatial location. Following consumption of the
reward, the animal was removed to a holding area while the can
was re-baited for the next trial. Correct trials, reference, and work-
ing memory errors were scored as above. Following five days of
training, animals were returned to the vivarium for 2 weeks, after
which time they were again moved to the behavioral testing room
and water-restricted. Twenty-four hours later, retention memory
was tested over ten trials (2-week retention test).

Visual discrimination test. Visual discrimination testing began
2 days following the retention memory test for spatial discrimina-
tion (above). For this test, the cans were arranged similar to the
spatial/visual discrimination test, with one can again covered in
white tape with a design of three black horizontal lines showing.
This can was again consistently rewarded; however, from trial to
trial its location varied. Animals were allowed ten trials per day
over a 5-day period to learn that the water reward was always to be
found in the visually unique can, regardless of its spatial location.
Following consumption of the reward, the animal was removed to
a holding area while the can was re-baited and moved for the next
trial. Correct trials, reference, and working memory errors were
scored as above. Following 5 days of training, animals were returned
to the vivarium for 2 weeks, after which time they were again moved
to the behavioral testing room and water-restricted. Twenty-four
hours later, retention memory was tested over ten trials (2-week
retention test). Following the 2-week post-training retention task,
animals were returned to the vivarium and left undisturbed for
a 2-month period, after which time they were again moved to
the behavioral testing room for a final retention test of ten trials
(2-month retention test).

STATISTICAL METHODS

All statistical analyses were conducted using SPSS statistical pack-
age. For behavioral tests involving multiple trials/days per animal,
analyses of variance (ANOVA) were conducted in which trial/day
was included as a repeated measures factor. Post hoc tests, conducted
using l-matrix contrast statements in SPSS, were used to follow up
any significant main effects or interactions. The Wilcoxon signed
ranks test was used to determine whether an average group score
significantly differed from chance (50%) on the recognition phase
of the object recognition memory task. In order to correlate the
number of working memory errors committed during training
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and number of correct trials on the subsequent 2-week retention
test of the spatial/visual discrimination version of the Can Test, a
Pearson product-moment correlation was calculated. For all sta-
tistical analyses, p < 0.05 was considered significant.

RESULTS
OBJECT RECOGNITION MEMORY
2% 2% 2% 2 repeated measures analyses of variance (ANOVA) (age
[adolescent vs. adult] x sex [male vs. female] X prenatal stress treat-
ment [prenatal stress vs. control] X habituation exposure [first vs.
second]) were conducted on indices of locomotor activity during
the habituation trials, with habituation day included as the repeated
measure. These analyses revealed the expected findings of reduced
locomotor activity as a function of repeated exposure to the test-
ing arena; distance traveled during the second habituation expo-
sure was less than during the first (FL76 =142.4,p <0.01 X 107'¢)
(Figure 1A), and animals engaged in slightly fewer mobile epi-
sodes during the second, compared to the first, exposure (F, s6=51
p < 0.03) (Figure 1B). Overall, prenatally stressed animals were
more active (i.e., traveled greater distance) than control animals
(Fm =9.4, p <0.01) (Figure 1A). Prenatal stress did not impact
the number of mobile episodes or the time spent mobile during
habituation trials (Figures 1B,C); therefore, the greater distance
traveled by prenatally stressed animals was due to a true increase
inlocomotor speed. Prenatal stress treatment, age, and habituation
exposure also interacted to influence distance traveled (F, |, =7.9,
p < 0.01), primarily due to the fact that the reduced activity of
adults relative to adolescents was evident on exposure 1 for control
animals, but for prenatally stressed animals this effect was more
evident on exposure 2 (Figure 1A). Males and females did not dif-
fer on distance traveled, time spent mobile, or number of mobile
episodes during habituation trials, nor did sex interact with any
other factor to impact these measures. Adolescent and adult animals
did differ on these measures, however. Adolescent animals spent less
time mobile than did adults (FL76 =6.7,p <0.02), but this effect was
only present on the first habituation exposure (age X habituation
exposure F = 6.9, p <0.01) (Figure 1C). Despite spending less
overall time mobile, adolescents engaged in more mobile episodes
than adults (F = 25.9, p < 0.00001), indicating more frequent,
shorter bouts of activity for younger animals. This effect was signifi-
cant for both exposures but was especially pronounced on the first
(age x habituation exposure F =56,p< 0.02) (Figure 1B).
During the introduction phase, when animals were presented
with two identical objects, different information collection styles
were observed. 2 X 2 X 2 ANOVAs were run to determine the impact
of age, sex, and prenatal stress treatment on the number of inves-
tigatory bouts animals engaged in with the objects as well as the
total time spent investigating the objects during the introduction
phase. Adolescents initiated fewer investigatory bouts than adults
(F ,, =117, p <0.001), and females initiated fewer investigatory
bouts than males (F,,,=4.7,p<0.04) (Figure 2A). Females also
spent less total time investigating objects during the introduction
phase (F , =5.7,p<0.02); adolescents and adults did not differ on
this measure (Figure 2B). Prenatal stress did not impact either of
these measures, indicating that any subsequent impact on memory
was not due to a difference in how much time animals spent inves-
tigating objects or how often they did so.
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FIGURE 1 | Locomotor activity during open field habituation for the novel
object recognition task. (A) Distance traveled decreased with multiple
exposures to the open field/testing apparatus (p < 0.01 x 107'%), and prenatally
stressed (PS) animals were more active than controls (**p < 0.01).

(B) Adolescents engaged in more mobile episodes than adults

(***p < 0.00001), but (C) spent less time mobile overall (* p < 0.02), especially
on the first exposure (age x exposure interaction, p<0.01;

adolescents < adults on exposure 1, (p < 0.0001) indicating shorter but more
frequent bouts of activity for younger animals. Males and females did not
differ on any measure of locomotor activity. Lines above graphs indicate
significant group differences. Values are group mean + SEMs.

Object recognition memory during the recognition phase of
the test was analyzed using the Wilcoxon signed ranks test, which
determined whether an average group score was significantly greater
than chance (50%). Prior to puberty, neither prenatally stressed
nor control animals of either sex demonstrated significant memory
for the familiar object (all groups p > 0.1). As adults, control males
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(p < 0.01) and control females (p < 0.066) demonstrated object
recognition memory (Figure 2C). Prenatal stress did not impact
the ability of females to develop competence on this task (prenatally
stressed adult females p < 0.01); however, the performance of prena-
tal stressed males was impaired and did not differ from chance, even
as adults (prenatally stressed adult males p > 0.7) (Figure 2C).
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FIGURE 2 | Novel object recognition. (A) During the introduction phase,
adolescents initiated fewer investigatory bouts with the objects compared to
adults (p < 0.0001) and females engaged in fewer investigatory bouts than
males (*p < 0.04). (B) Females also spent less time overall investigating the
objects during the introduction than males (*p < 0.02). (C) Object recognition
memory matured over the periadolescent time frame; adolescents were not
competent on this task whereas adult control males (**p < 0.01) and control
females (+p < 0.066) performed above chance. Prenatally stressed (PS) males
failed to gain competence on this task (p > 0.7), whereas PS females were
unaffected (**p < 0.01). Lines above graphs indicate significant group
differences. Values are group mean £ SEMs.

MORRIS WATER MAZE

The time required to discover the escape platform on the sec-
ond day of habituation did not differ between groups (controls
51.1%11.3s,prenatally stressed 56.8 £ 12.14 s, group mean+S.E.M.)
A 2 x 3 repeated measures ANOVA was conducted to determine
the influence of treatment (control, prenatal stress) and training
day on latency to reach the escape platform during the 3 days of
training. As expected, latency to find the platform was reduced
with increasing days of training (F, , = 7.1, p <0.01) (Figure 3A).
While the performance of prenatally stressed and control animals
was equivalent at the outset of testing (trial 1, day 1 comparison
p = 0.58; group means: prenatally stressed 41.6 £ 10.8 s, con-
trol 32.7 £ 11.2 s), prenatal stress impaired learning on this task.
Prenatally stressed animals took significantly longer to find the
hidden platform compared to control animals (F, ,=5.7,p<0.04).
For the retention test, planned paired t-tests were used to compare
within-group performance between the final day of training and
the retention test day, to evaluate whether there was any degrada-
tion of memory during the intervening time. Whereas control
animals maintained the same high level of performance between
the conclusion of training and the retention test day, prenatally
stressed animals took longer to find the platform on the reten-
tion test day than they had on the final day of training (t = 2.4,
p = 0.05) (Figure 3B).
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FIGURE 3 | Morris water maze. (A) Prenatally stressed (PS) male rats took
significantly longer to locate a hidden platform over 3 days of training
(*p<0.04). (B) On a memory retention test 4 days following training, control
rats maintained their level of performance, whereas PS rats did not
(retention > day 3 training latency, *p = 0.05). Values are group mean + SEMs.
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FEAR CONDITIONING

2 x 2 ANOVAs (treatment X sex) were conducted for percent freez-
ing during fear conditioning, 24 h, and 96 h extinction trials (both
cue and context). During conditioning, prenatally stressed animals
froze less than control animals (F, L, =43,p< 0.05), and there was
a trend for males to freeze less than females (FI,3 , = 4.0,p<0.054)
(Figures 4A,B). For cue extinction trials (Figures 4A,B), there were

no main effects of either treatment or sex, but there was a significant
interaction of these factors at the 96 h cue extinction trial (F, ,, =54,
p<0.03) (Figure4C). Post hoc analyses revealed a trend for prenatally
stressed males to spend more time freezing during this trial compared
to control males (p < 0.09), whereas there was no such trend among
females; in fact, the direction of the group means was opposite that
of males. Additionally, a robust sex difference existed among control
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animals at the 96 h cue extinction trial, with females continuing to
freeze at very high levels (control females > control males p <0.0001);
in contrast, prenatally stressed males and females froze at similar lev-
els during this trial. Finally, context-dependent freezing did not differ
significantly between sexes or treatment groups (Figures 4D,E).

DISCRIMINATION MEMORY

Because prenatal treatment and time of training were not found to
interact for any measure, impact of these factors is illustrated sepa-
rately. Separate 2 X 2 X 5 repeated measures ANOVAs (treatment
[prenatal stress vs. control], time of training [active vs. inactive],
training day [days 1-5] were conducted for number of correct tri-
als, reference memory errors, and working memory errors during
training on each version of the test. For the retention tests, separate
2 X 2 ANOVAs (treatment, time of training) were conducted for
the same three performance measures.

Spatial/visual discrimination test

Animals’ performance improved with training, as evidenced by an
increase in the number of correct trials (F s = 22.1,p< 0.0001),and
concomitant reductions in the number of both reference (F s =279
p <0.0001) and working (F, , = 14.7, p < 0.0001) memory errors
across training days. Animals exposed to prenatal stress committed

significantly more working memory errors on this test (F ,, = 5.5,
p < 0.03; Figure 5A). The treatment effect interacted with day of
training (F, , = 5.3, p < 0.001) such that the group difference was
greatest on the first day of training (prenatal stress > control, p < 0.01
on day 1). There was also a trend for prenatally stressed animals to
make more working memory errors than control rats on the two
week retention test (F, 2 =3.8,p<0.066; Figure 5B). Additionally, a
significant negative Pearson product-moment correlation was found
between working memory errors committed by prenatally stressed
animals on the first day of training and the number of correct trials
they made on the 2-week retention test (r=—0.72, p <0.01), whereas
no such relationship was found among control animals (Figure 5C).
Animals trained during the active phase of the light cycle had fewer
correct trials (F, 4.7,p <0.05; Figure 5D) and made more reference
memory errors (F, ,, =10.8, p <0.01; Figure 5E) during training on
this task compared to those trained during the inactive phase. Time
of training did not impact performance on the 2-week memory
retention test (data not shown).

Spatial discrimination test
The number of correct trials increased across training days
(F, . = 24.7, p <0.0001), while there was a concomitant reduc-
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FIGURE 5 | Spatial/visual discrimination. (A) Prenatally stressed (PS) male between the number of working memory errors made on the first day of
rats made more working memory errors during training on this task training and the number of correct trials during the retention test 2 weeks
(*p < 0.03), particularly on the first day of training (**p < 0.01) and (B) tended following training (**p < 0.01). (D) Animals trained during their active phase
to make more working memory errors on a memory retention test 2 weeks made fewer correct trials (*p < 0.05) and (E) more reference memory errors
following training (+p < 0.066), compared to control animals. (C) Among (**p < 0.01) than those trained during their inactive phase. Values are group
prenatally stressed (PS) animals, a significant negative correlation was found mean + SEMs.

Frontiers in Behavioral Neuroscience

www.frontiersin.org

November 2010 | Volume 4 | Article 173 | 8



Markham et al.

Prenatal stress induces cognitive impairments

working (F, ,, = 7.9, p < 0.0001) memory errors, indicating that
animals’ performance on this task improved with training. Prenatal
stress treatment did not significantly impact any of the performance
measures examined, nor did this factor interact with any other (data
not shown). Animals trained during the active phase of the light
cycle showed a trend toward committing more reference memory
errors than animals trained during the inactive phase (Fl)22 =3.8,
P < 0.065); this effect interacted with day of training (F s = 305
P <0.03) such that the difference between active vs. inactive phase
trained animals diminished over training (p < 0.02 on first day of
training; comparisons on other days not significant, Figure 6A). In
the 2-week retention test, animals trained during the active phase
made fewer working memory errors than those trained during the
inactive phase (F, ,, = 8.4, p <0.01; Figure 6B).

Visual discrimination test

The number of correct trials increased across training days
(F, 4 = 18.9,p <0.0001), while there was a concomitant reduction
in the number of both reference (F s = 245, p< 0.0001) and work-
ing (F s = 11.4,0<0.0001 ) memory errors, indicating that animals’
performance on this task improved with training. During training,

30-

EE=S Inactive
E==H Active

Reference memory errors >

Working memory errors ®@

Inactive Active

FIGURE 6 | Spatial discrimination. (A) Animals trained during their active
phase made more reference memory errors on this task, especially on the
first day of training, than animals trained during their inactive phase

(phase x training interaction p < 0.03; *p < 0.02). (B) On a memory retention
2 weeks following training, animals traine tested during their active phase
committed fewer working memory errors compared to animals trained and
tested during their inactive phase (*p < 0.02). Values are group mean = SEMs.

prenatal stress did not impact any of the performance measures
examined for the training trials, nor did this factor interact with
any other (data not shown). However, prenatally stressed rats made
more working memory errors than controls on the 2-week reten-
tion test (F ,, = 5.0, p < 0.04; Figure 7A) (in fact, none of the
control animals made a single working memory error during this
test). Time of training did not significantly impact performance
measures on the training trials or the 2-week retention test (data not
shown). On the 2-month (final) retention test, prenatally stressed
rats had fewer correct trials (FI,20 = 7.4, p <0.02; Figure 7B) and
made more reference memory (F,,; = 6.6, p < 0.02; Figure 7C)
and working memory errors (F, , = 4.3, p = 0.05; Figure 7D) than
control animals. (We were unable to include two animals in this
analysis: one control/active period rat died prior to testing, and one
control/inactive period rat remained immobile during more than
half of the trials.) Time of training did not impact performance
during training or on the 2-week retention test; however, on the
2-month retention test animals trained during the inactive phase
of the light cycle made fewer correct trials (Fm =13.5,p < 0.01;
Figure 7E), more reference memory errors (Fl,20 =7.6,p <0.02
Figure 7F) and trended toward making more working memory
errors (FL20 =3.7,p <0.071; Figure 7G).

DISCUSSION

MAJOR FINDINGS

Random variable prenatal stress during the third week of rat gesta-
tion induced deficits in object recognition memory, spatial refer-
ence memory, conditioned fear memory, and object discrimination
memory, especially working memory for objects (findings sum-
marized in Table 1). Specifically, adult males (but not females)
exposed to prenatal stress failed to demonstrate competence on
the novel object recognition memory task, which we report nor-
mally develops over adolescence. Reference memory for a spatial
location was similarly impaired, with prenatally stressed males
requiring significantly more time to locate the hidden platform
compared to controls during training on the Morris water maze;
additionally, a comparison of performance on the last day of train-
ing vs. performance on a recall test 4 days later showed evidence of
impaired recall by prenatally stressed animals that was not exhibited
by controls. Using iterative versions of the reward-motivated “Can
Test” (Popovicetal., 2001), we determined that prenatal stress also
significantly impairs working memory, as the number of work-
ing memory errors committed by prenatally stressed male rats
was elevated during learning of a spatial/visual discrimination, as
well as during recall of previously learned object discriminations.
During learning, the performance deficit was specific to working
memory, as the number of correct trials made and the number of
reference memory errors made did not differ between control and
prenatally stressed animals. Using this task we also determined that
long-term memory was significantly disrupted by prenatal stress:
in contrast to control animals, whose performance on all measures
remained intact after a 2-month hiatus from behavioral testing,
prenatally stressed male rats had fewer correct trials and made
significantly more of both working and reference memory errors
on the long-term retention test, indicating a profoundly reduced
ability to recall a previously well-learned association between a
particular object and a reward. In the aversive fear conditioning
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FIGURE 7 | Visual discrimination: (A) Prenatally stressed (PS) male rats (*p = 0.05) on a retention test conducted two months following training. (E) On
committed more working memory errors than controls (*p < 0.04) on a memory the 2-month retention test, animals trained during their inactive phase made
retention test conducted 2 weeks following training. (B) Prenatally stressed fewer correct trials (**p < 0.01), (F) more reference memory errors (*p < 0.02),
male rats also had fewer correct trials (*p < 0.02), (C) more reference memory and (G) tended to make more working memory errors (+p < 0.071) than rats
errors (*p < 0.02), and (D) more working memory errors than controls trained and tested during their inactive period. Values are group mean + SEMs.

paradigm used, prenatally stressed animals showed a reduced ability
to learn the predictive nature of a stimulus. Additionally, prena-
tally stressed males, in contrast to control males, maintained high
levels of responding to the footshock-predictive stimulus across
extinction trials, indicating a perseverative behavioral strategy (the
performance of prenatally stressed females was indistinguishable
from that of control females). The cognitive deficits we report here
are subtle compared to what is observed following a brain lesion or
genetic knockout, but considering that the prenatal stress paradigm

is a non-invasive developmental manipulation (with a high degree
of face validity) and that the deficits are pervasive, these findings
are significant.

The deficits observed here may be due to exposure to elevated
glucocorticoids during prenatal development. Maternal glucocor-
ticoids readily cross the placenta and can interact with any fetal
brain region expressing receptors (Zarrow et al., 1970), and we
have previously shown that offspring do not develop abnormal
phenotypes if the stress is administered during the second week of
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Table 1| Summary of the cognitive deficits observed following
exposure to repeated variable prenatal stress during the third week of
rat gestation.

Test Effect
OBJECT RECOGNITION MEMORY
Habituation: locomotor activity O
Introduction: encoding behaviors -
Recognition memory N2
MORRIS WATER MAZE
Habituation -
Learning %
Retention (4-days) %
FEAR CONDITIONING
Conditioning %
Cue extinction Vi
Context extinction -
DISCRIMINATION MEMORY
Spatial/visual discrimination
Learning: working memory %
Retention (2-week): working memory NG
Spatial discrimination
Learning -
Retention (2-week) -
Visual discrimination
Learning -
Retention (2-week): working memory %
Retention (2-month):
Working memory %
Reference memory N
Correct trials %

V' impaired or AN increased as a consequence of prenatal stress, * effect
observed in males but not females, - no change.

gestation, prior to the expression of glucocorticoid receptors in the
fetal brain (Koenig et al., 2005). Although differences in postnatal
maternal care can also impact brain development of offspring, in
our hands prenatally stressed dams don’t exhibit detectable altera-
tions in maternal care behaviors such as arched back nursing, time
spent on the nest or grooming, and latency to pup retrieval (James
I. Koenig, unpublished observations), and abnormal phenotypes
observed in prenatally stressed pups are not rescued by cross-
fostering at birth to a non-stressed mother (Lee et al., 2007).

PERFORMANCE DEFICITS REFLECT ALTERATIONS IN MNEMONIC
PROCESSES

Several of our findings support the notion that the performance
deficits observed here for male rats exposed to prenatal stress reflect
disruptions in actual mnemonic processes and not other factors, such
as heightened anxiety or reduced motivation. For instance, in the
object recognition memory paradigm, prenatal stress did not affect
any measure of information collecting behavior during the introduc-
tion, including the amount of time spent investigating objects and
the number of investigative bouts animals initiated with objects. This
finding rules out the possibility that male rats experienced heightened
novelty-associated anxiety induced by the objects which could have

negatively impacted memory, or that prenatally stressed male rats
couldn’t remember the familiar object because they had interacted
with it less during the introduction. Similarly, whereas prenatal stress
impaired learning as well as recall of the location of the hidden escape
platform on the Morris water maze, there were no differences in
latency to initially discover the platform during habituation, and no
performance differences at the outset of training, indicating similar
levels of motivation to escape between prenatally stressed animals
and controls, as well as similar gross motor abilities. Finally, the lack of
an impact of prenatal stress on visual acuity is implied by the findings
that (a) performance deficits on the object discrimination task were
largely restricted to working memory, leaving reference memory for
objects relatively spared, and (b) in the training trials on the spatial/
visual discrimination version of the task, deficits were restricted to
the first day of training (rather than remaining constant over time
as would be expected if vision were impaired).

IMPACT OF PRENATAL STRESS ON COGNITIVE BRAIN REGIONS

The pattern of cognitive deficits that we observed clearly suggests
an impairment in hippocampus-supported mnemonic processes,
including both spatial reference and working memory as tested
using the Morris water maze and the spatial/visual discrimina-
tion version of the Can Test. While consistent with what has been
observed in most studies conducted using other rodent gestational
stress paradigms and species (Lordi etal., 1997; Lemaire et al., 20005
Gue et al., 2004; Meunier et al., 2004; Son et al., 2006; Yang et al.,
2006; Mueller and Bale, 2007; Wu et al., 2007; Yaka et al., 2007),
our findings of spatial memory deficits are the first to be reported
following the rat repeated variable prenatal stress paradigm. Given
that this paradigm generates distinct anxiogenic and neuroendo-
crine profiles from the repeated restraint paradigm (Richardson
et al., 2006), the fact that spatial memory deficits are common
to both speaks to the high sensitivity of the developing fetal hip-
pocampus to elevations in maternal glucocorticoids. Our findings
also provide an important confirmation that the spatial memory
deficits persist into adulthood. Interestingly, contextual-depend-
ent fear conditioning was unaffected by prenatal stress, suggesting
that some selectivity may exist for the impact of prenatal stress on
the hippocampus. Nevertheless, electrophysiological studies have
confirmed hippocampal dysfunction as a consequence of prenatal
stress, as NMDA-dependent hippocampal long-term potentiation
(LTP) is impaired while hippocampal long-term depression (LTD)
is enhanced in rodents exposed to gestational stress (Son et al., 20065
Yang et al., 2006; Yaka et al., 2007). Additionally, prenatal stress
impairs hippocampal N40 sensory gating (Koenig et al., 2005),
the rodent analog of P50 gating, disruption of which is commonly
found among individuals with schizophrenia (Adler et al., 1998).
Synaptic reductions in both NR1 and NR2B subunits of the NMDA
receptor and the GluR1 subunit of the AMPA receptor have also
been found in the hippocampus of these animals, with some vari-
ability in findings between studies that perhaps reflects species-
specific mechanisms of prenatal stress (Son et al., 2006; Yaka et al.,
2007). Additionally, hippocampal neurogenesis, which is known
to be regulated by corticosterone levels postnatally (Gould et al.,
1992), is also reduced across the lifespan as a consequence of pre-
natal exposure to stress in rats (Lemaire et al., 2000; Mandyam
et al., 2008). Furthermore, the normal increase in neurogenesis
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that accompanies spatial learning in the Morris water maze is not
observed in animals exposed to prenatal stress (Lemaire et al.,
2000), suggesting either that prenatal stress blocks hippocampal
neurogenesis which then prevents optimal spatial learning, or that
prenatally stressed animals do not effectively learn this task and so
fail to induce hippocampal neurogenesis — either way, collectively
the literature indicates a profound, long-term impact of prenatal
stress on hippocampal function, similar to what is observed in
schizophrenia (reviewed by Boyer et al., 2007).

The present studies extend the implications of prenatal stress
exposure for cognition beyond the hippocampus. The develop-
ment of a conditioned fear memory, which we found to be dis-
rupted by prenatal stress, is known to rely heavily on the amygdala
(LeDoux, 2003). Additionally, extinction of discrete cue-associated
conditioned fear memory, which we report is disrupted in male
but not female rats exposed to prenatal stress, is highly depend-
ent on the ventral medial prefrontal cortex as evidenced by both
lesion studies (Morgan and LeDoux, 1995; Quirk et al., 2000) and
electrophysiological work showing that firing of ventral medial
prefrontal neurons is correlated with memory for fear extinction
(Milad and Quirk, 2002). Both performance on this task and the
morphology of prefrontal cortical neurons are affected by expo-
sure to stress during adulthood (Cook and Wellman, 2004; Miracle
et al., 2006; Radley et al., 2006). To our knowledge this is the first
report that prenatal exposure to stress disrupts extinction of a cue-
conditioned fear memory. The prenatal stress-induced increase in
working memory errors — observed in both the spatial/visual and
visual alone versions of the Can Test — can be interpreted as per-
severative behavior and also suggests that prefrontal development
is disrupted as a consequence of prenatal stress. Such cognitive
deficits may be related to our findings that prenatal stress disrupts
the periadolescent maturation of medial prefrontal neurons and
alters prefrontal expression of genes involved in synaptic plasticity
(Kinnunen et al., 2003; Markham and Koenig, 2009), similar to
what has been found in post-mortem tissue from schizophrenic
individuals (e.g., Broadbelt et al., 2002; Beneyto and Meador-
Woodruff, 2008). Another interesting parallel is the finding that
more working memory errors committed by prenatally stressed
rats on the first day of spatial/visual discrimination training was
associated with their fewer number of correct trials on the 2-week
retention test —similarly, Prentice et al. (2008) showed that the poor
prefrontal-dependent performance of patients with schizophrenia
could be predicted by their inability to use feedback on the first
four card trials of the Wisconsin Card Sorting Task. More recently,
this group has confirmed that patients with schizophrenia have
reduced working memory capacity (Gold et al., 2010). A reduction
in the capacity of working memory could account for the working
memory deficits observed here following prenatal stress.

Our findings indicate that prenatal stress impairs memory for
the visual features of objects, because prenatally stressed adult
male rats were unable to discriminate the familiarity of previously
encountered objects. The majority of lesion studies, including those
which examine effects on the novel object recognition paradigm
employed here, suggest that the hippocampus is not required for
spontaneous object recognition memory (reviewed by Steckler
etal., 1998a; Mumby, 2001; Ainge et al., 2006). Rather, non-spatial
item recognition in rodents is supported primarily by cortical

areas, especially the perirhinal cortex (Steckler et al., 1998a). To
our knowledge the impact of prenatal stress on the perirhinal cortex
has not been examined, although other cortical areas, including
the prefrontal cortex, certainly show neuroanatomical and neuro-
chemical disruptions that, if also characteristic of the perirhinal
cortex, could modulate memory for objects (e.g., Steckler et al.,
1998a,b; Weinstock, 2001; Bowman et al., 2004; Fumagalli et al.,
2009; Markham and Koenig, 2009; Carboni et al., 2010).

MALE-SPECIFIC VULNERABILITY TO PRENATAL STRESS

While several groups have reported differential effects of prena-
tal stress in males and females, the present studies are unique in
that they are the first to describe sex-specific deficits in cogni-
tive abilities as a consequence of the repeated variable prenatal
stress paradigm in rats. This is important because previous work
makes it clear that the phenotypes impacted and whether males
or females appear more vulnerable depends on the nature of the
prenatal stress paradigm (Bowman et al., 2004; Richardson et al.,
2006; Mueller and Bale, 2007; Mandyam et al., 2008; reviewed by
Weinstock, 2007; Zuena et al., 2008). In the present studies, males
were found to be more vulnerable to this environmental insult than
females. Similar to what has previously been reported (Bowman
et al., 2004), the ability of adult control males and females to rec-
ognize novel objects was essentially equivalent. However, prenatally
stressed males failed to develop competent novel object recogni-
tion memory skills, whereas females’ performance on this task was
unaffected by prenatal stress. This indicates that repeated variable
prenatal stress exerts a sexually dimorphic impact on object recog-
nition memory that apparently does not result from the maternal
repeated restraint stress paradigm (Bowman et al., 2004). It also
indicates that interpretation of the prenatal stress effect as one
of either masculinizing females or feminizing males may not be
appropriate in every case — our findings demonstrate that sexually
dimorphic responses to gestational stress can occur even for behav-
iors that do not normally differ between males and females. We also
report that, while the development of a conditioned fear memory
was impaired in prenatally stressed animals of both sexes, extinc-
tion of a cued fear memory was disrupted in male, but not female
rats exposed to prenatal stress. In contrast to object recognition
memory, fear memory extinction was found to be sexually dimor-
phic, with control males exhibiting robust extinction of the fear
memory and control females maintaining high levels of respond-
ing to the tone in the absence of the footshock, consistent with
what has previously been shown (Baran et al., 2009). Although not
examined here, others’ work indicates that sexual dimorphism in
fear memory extinction depends on ovarian hormones in females,
and that fear memory extinction fluctuates across the rat estrous
cycle (Milad et al., 2009). In the present study, because prenatally
stressed males did not extinguish freezing in response to the tone,
and prenatally stressed females were unaffected on this measure,
prenatal stress eliminated the normal sex difference on this task.
Although females have been characterized on relatively fewer phe-
notypes to date following repeated variable prenatal stress, there
is some precedent for the finding of greater male vulnerability in
this paradigm. For instance, although both sexes show reduced
social interaction as a consequence of prenatal stress, the magni-
tude of the effect is roughly twice as large in males compared to
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females (Markham et al., 2008). Additionally, prenatally stressed
males show some behavioral abnormalities during place condition-
ing, whereas prenatally stressed females are indistinguishable from
control females (Markham et al., 2009). Finally, sex-specific patterns
of prefrontal pyramidal neuron maturation during adolescence are
disrupted by prenatal stress in males but not females (Markham
and Koenig, 2009).

The finding of greater male vulnerability to prenatal stress may
be relevant to the etiology of schizophrenia, since prenatal stress has
been linked to an increase in the illness and two meta-analyses have
concluded that men are approximately 40% more likely to develop
schizophrenia than women (Aleman et al., 2003; McGrath et al,,
2004). It is unknown why men are more likely to develop the illness
than women, but at least one epidemiological study suggests that a
sex difference in the vulnerability to prenatal stress may be partially
accountable (van Os and Selten, 1998). Because women have a
later age of adolescent onset and a second, post-menopausal peak
in incidence of this illness, it seems likely that estrogen raises the
vulnerability threshold for development of schizophrenia (Hafner
et al., 1998). Intriguingly, some recent evidence in mice suggests
that sex differences in placental epigenetic machinery may underlie
adult behavioral sex differences that emerge in response to prenatal
stress (Mueller and Bale, 2008), indicating that sex-specific pro-
gramming in response to environmental insults associated with
schizophrenia begins very early in gestation.

POST-ADOLESCENT EMERGENCE OF PRENATAL

STRESS-INDUCED DEFICITS

We report here for the first time that competence on the object
recognition memory task develops over adolescence for both
males and females; only adult animals could reliably perform this
task above chance levels. Importantly, the prenatal stress-induced
impairment in novel object recognition memory only became obvi-
ous following adolescence; prior to puberty prenatally stressed male
rats were indistinguishable from controls. Both the periadolescent
maturation of performance on this task and the male-specific, post-
adolescent emergence of prenatal stress-induced deficits may be
related to the continued development of brain areas important for
cognition (and disrupted in schizophrenia) over the periadolescent
time frame. In particular, the prefrontal cortex has been shown
to undergo sex-specific patterns of structural maturation during
adolescence, at least some of which are altered by prenatal exposure
to stress (Markham et al., 2007; Markham and Koenig, 2009). Such
a developmental trajectory thus has the potential to “unmask” sex-
specific vulnerability to a prenatal insult very late in development,
as is hypothesized to occur in schizophrenia. Previously, we have
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