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Abstract

Stress during pregnancy has a wide variety of negative effects in both human [1] and animal
offspring [2]. These effects are especially apparent in various forms of learning and memory such
as object recognition [3] and spatial memory [4]. The cognitive effects of prenatal stress (PNS)
may be mediated through epigenetic changes such as histone acetylation and DNA methylation
[5]. As such, the present study investigated the effects of chronic unpredictable PNS on memory
and epigenetic measures in adult offspring. Mice that underwent PNS exhibited impaired spatial
memory in the Morris water maze, as well as sex-specific changes in levels of DNA
methyltransferase (DNMT) 1 protein, and acetylated histone H3 (AcH3) in the hippocampus, and
serum corticosterone. Male mice exposed to PNS exhibited decreased hippocampal AcH3,
whereas female PNS mice displayed a further reduction in AcH3, as well as heightened
hippocampal DNMT1 protein levels and corticosterone levels. These data suggest that PNS may
epigenetically reduce transcription in the hippocampus, particularly in females in whom this effect
may be related to increased baseline stress hormone levels, and which may underlie the sexual
dimorphism in rates of mental illness in humans.
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Stress has a variety of detrimental effects on both health and cognition in adult animals and
humans [1,2]. Perhaps less well known is that chronic stress in pregnant mothers can
substantially impact the well being of their children [1]. In rodents, experimentally-induced
prenatal stress (PNS) can lead to reduced birth weight [3], masculinization of female
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behavior and vice versa [6], reduced immune function [7], retarded motor development and
motor deficits [3,8], changes in the length of telomeric DNA [9], reduced exploratory
behavior [10], and increased anxiety [3]. Furthermore, rodents exposed to PNS are impaired
in a variety of cognitive tasks, including those mediated by the hippocampus. For example,
prenatally stressed rodents exhibit impaired object recognition [3], active avoidance learning
[11], and spatial learning in the Morris water maze [4,12].

Interestingly, the effects of PNS on behavior appear dependent on sex, although relatively
few studies have examined sex differences in response to PNS. One study by Bowman et al.
[6] indicated that PNS significantly increased anxiety in an open field in females relative to
same sex controls, but not in males. This increased anxiety in PNS females may result from
the masculinization of the female stress response, as corticosteroid levels in PNS females
were similar to those of control and PNS males after a restraint stress challenge. This
conclusion is consistent with the fact that corticosteroid release in all three of these groups
became attenuated over the 2-h monitoring period in stark contrast to the sustained high
corticosteroid levels measured in control females [6]. Other work shows that sex-differences
in neuronal gene expression are reduced in rats exposed to PNS, further supporting an
overall feminization of male animals and/or masculinization of females [13]. Interestingly,
the study by Bowman et al. found that PNS had no effect on object recognition memory, but
instead eliminated the observed male advantage in spatial working memory tested in the
radial arm maze [6]. However, other work has shown that PNS impairs object recognition
and extinction of cued fear conditioning in male, but not female rats [12]. Other studies
using the Morris water maze have shown that PNS impairs spatial memory in males relative
to females only when the task is conducted using cold (10 °C) water [14]. PNS has been
reported to impair passive avoidance learning in females [15], but improves spatial memory
in females [16], highlighting how substantially sex-differences in the effects of PNS depend
on task and testing conditions.

Although much of the literature assumes that the mnemonic effects of PNS are due to
activation of corticosteroid receptors [1,8,17], the means by which this might occur is
unclear. Indeed, the relationship between cognitive function and corticosterone levels in
PNS rats can be counterintuitive. For example, high levels of corticosterone are typically
associated with impaired memory [18]. Yet at least one study of PNS rats tested in the
Morris water maze found that the stress response was highest in mnemonically unimpaired
PNS females, and minimal in mnemonically impaired PNS females [14]. As such, other
neurobiological alterations may contribute to the effects of PNS on memory in males and
females. For example, PNS also appears to influence neurotransmitter function, synaptic
plasticity and gene expression in a sex-dependent manner. In rats and mice, PNS reduces
dopamine levels in the hippocampus and prefrontal cortex of males [6] and NMDA
receptors (NMDARS) in the hippocampus of both sexes [19]. The latter effect leads to
reduced NMDA excitatory post-synaptic potentials (EPSPs) and decreased hippocampal
long-term potentiation (LTP) [19]. This diminished NMDA activity was more substantial for
female rats, which may be related to their heightened corticosteroid response to PNS [20].
However, the effects of PNS on the hippocampus are not limited to NMDARs and LTP, as
neurogenesis over the lifespan decreases and age-related granule cell loss is accelerated in
PNS rats of both sexes [21]. These data suggest that PNS may induce a cascade of neural
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events that lead to a maladaptive and dysregulated stress response, as well as impaired
learning and memory, particularly in females.

Recently, epigenetic alterations have been shown to substantially regulate hippocampal
memory [22—26], yet the role of epigenetic processes in mediating the effects of PNS on
memory is not well understood. The most well characterized epigenetic alterations that
affect hippocampal learning and memory are histone acetylation and DNA methylation [27].
The most basic unit of chromatin above the level of DNA, the nucleosome, is a segment of
DNA coiled around an octamer of proteins called histones. This octamer consists of two
each of the histones H2A, H2B, H3 and H4. The N-tails of these proteins protrude from the
nucleosome complex and are, thus, accessible to various enzymes in the nucleus. The
addition and subtraction of chemical groups on the N-tails of DNA histones plays a major
role in gene regulation, particularly as it relates to vertebrate learning and memory [24,28].
This regulation at the level of the histone is referred to as the histone code [23]. The amino
acid residues on histone tails can be altered by numerous post-translational modifications
including acetylation, methylation, phosphorylation, ubiquitination and sumoylation [24,29].
In particular, histone acetylation is necessary for many forms of hippocampal-dependent
memory in both sexes, including spatial memory, object recognition, and contextual fear
conditioning [22,30-34]. Acetyl groups are added by histone acetyltransferases (HATSs) and
removed by histone deacetylases (HDACS). Lysine-14 acetylation on histone H3 leads to
overall transcriptional activation [35], and increases expression of genes necessary for
hippocampal synaptic plasticity [26]. As such, one of the goals of the present study was to
determine the effects of PNS on H3 (Lysine-14) acetylation in the hippocampus.

Emerging evidence links histone acetylation with DNA methylation. DNA methylation
involves the addition of a methyl group to a cytosine adjacent to a guanine in so-called CpG
islands. The molecule MeCP2, which binds to methylated CpG regions on DNA and
silences them, can bind HDAC1 and HDAC?2 to induce histone deacetylation [36]. Although
DNA methylation typically leads to transcriptional repression, this process is critical for
development [37], imprinting [38], and genome stability [39], as well as many other
important processes in vertebrates. DNA methylation is catalyzed by three DNA
methyltransferase (DNMT) enzymes: DNMT 1, a maintenance methyltransferase, and
DNMT 3a and 3b, which are de novo methyltransferases [25,42]. In particular, DNMT1 is a
large enzyme (193.5 kDa) composed of a C-terminal catalytic domain with a large N-
terminal regulatory domain possessing several functions [41]. Because DNMT1 has the
highest expression of the three DNMTSs in the brain, and directly binds to HDAC1 to
suppress gene expression [43], levels of this DNMT are likely to reflect the overall amount
of methylation in the genome. Relevant to the present study, DNA methylation is required
for hippocampal function, as illustrated by data showing that intrahippocampal infusion of
DNMT inhibitors blocks induction of hippocampal LTP, memory consolidation, and
acquisition of a conditioned fear response [25,40,41]. Therefore, another goal of the present
study was to examine the effects of PNS on hippocampal DNMT1 levels in males and
females.

The overall goal of the present study was to determine the effects of chronic unpredictable
prenatal stress on spatial memory, histone H3 acetylation, DNMT1 levels, and serum
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corticosterone levels. In contrast to chronic immobilization stress (CIS), where the animal is
closely confined in a tube on a daily basis, chronic unpredictable stress (CUS) generally uses
milder daily stressors such as light cycle disruption and overnight food deprivation given in
a random order and at random times throughout the day and night [3]. There are two
advantages to CUS. First, by employing a series of variable random stressors, CUS more
closely resembles stressors encountered in the everyday lives of humans than restraint or
footshock stressors. Second, CUS more effectively maintains an elevated stress response
than CIS because it prevents habituation to the stressor [3]. As such, CUS will be used here
to examine the effects of prenatal stress on memory and epigenetic mechanisms. Pregnant
mouse dams were treated with CUS for 4 weeks prior to parturition. Spatial memory and
levels of acetylated histone H3, DNMT1, and serum corticosterone levels were then
measured in the resultant adult offspring to investigate the effects of PNS on memory,
epigenetic processes, and hypothalamic-pituitary-adrenal (HPA) axis activation.

1. Methods
1.1. Subjects

Subjects were 22 female and 22 male C57BL/6 mice bred in the laboratory from dams
obtained from Taconic Farms (Germantown, NY). Of these mice, 21 were born of non-
stressed mothers and 23 from mothers who underwent CUS. This resulted in four groups:
female control (n = 8), male control (n = 13), female prenatal stress (n = 14) and male
prenatal stress (n = 9). These animals began testing at approximately 8 weeks of age and
were sacrificed following testing at approximately 12 weeks. Mice were housed with
littermates of the same sex in standard shoebox cages with up to five animals in a cage in a
room with a 12/12 h light/dark cycle (lights on at 7:00 am). All behavioral testing was
performed during the light phase of the cycle. Food and water were provided ad libitum.
Dams (hon-stressed, n = 4; stressed, n = 3) were housed under the same conditions, except
that they were group housed in large cages with up to 10 males and females per cage. The
dams gave birth in these housing conditions at approximately 12—-14 weeks of age. All
procedures were approved by the Institutional Animal Care and Use Committee of Yale
University and conformed to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

1.2. Chronic unpredictable stress

CUS was administered on a daily basis for 4 weeks before and during gestation, with types
and number of stressors per day varying randomly. Two to four stressors were given per
day, which were chosen out a list of 18 stressors and administered in various combinations.
Stressors included 15 min of aversive sound (cat meowing), 3 h of a sawdust-free cage, 1 h
confinement in tube, 8 h of social isolation, 1 h of movement on an orbital shaker, 15 min of
ambulation on a cart, food deprivation overnight, social instability (three bedding changes in
3 h), cage tilt of 45° overnight, lights on overnight and stroboscope lighting overnight. All
stressors, except overnight stressors, were performed during the light cycle.

Behav Brain Res. Author manuscript; available in PMC 2016 March 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Benoit et al. Page 5

1.3. Morris water maze

The water maze consisted of a white circular tank (103 cm in diameter) filled with water
colored white with tempera paint and maintained at 24 + 2 °C during testing. Data were
recorded using an automated tracking system (HVS Image, Hampton, U.K.). Prior to testing,
the tank was divided using the tracking software into four quadrants and the start positions
of the mice were located at the intersection of the quadrants 4-5 cm away from the edge of
the tank. To train the mice to climb onto the platform and habituate them to the pool, mice
were run in a four-trial shaping procedure in a small ring (55 cm) to limit the area of the
pool. Each mouse was first placed on a visible lucite platform (10 x 10 cm) for 15 s, and
then placed successively in the water with paws touching the platform so that they could
climb up, halfway between the platform and the edge of the tank, and at the edge of the tank.
Mice remained on the platform for 15 s after each trial. Following shaping, mice underwent
spatial and cued testing.

1.3.1. Spatial testing—Spatial reference memory in the Morris water maze is dependent
on the integrity of the hippocampus [44,45]. Spatial Morris water maze testing was
conducted for 5 consecutive days, with each testing day consisting of six trials. The first five
trials were called platform trials because a hidden escape platform was available for escape.
During these trials, mice were placed at one of four starting locations and given 120 s to find
an escape platform (10 cm x 10 cm), which was hidden just underneath the surface of the
tempera-colored water. If the mouse failed to find the platform within 120 s, then it was
manually guided there by the experimenter. Mice remained on the platform for 15 s. During
these trials, swim time (s), swim distance (cm), and swim speed (cm/s) were recorded using
the automated tracking system. After each trial, the mouse was dried with towels and placed
in a heated holding cage until the next trial. The inter-trial interval was approximately 15
min. Of particular interest was memory during daily probe trials, because such trials assess
learning of the platform location in the absence of the platform itself. Therefore, the sixth
trial of each day was a 60-s variable interval probe trial in which the platform was collapsed
below the surface of the water so the mice could not escape onto it for a period of time (20,
30 or 40 s) that varied randomly across days. During this period, platform crossings were
manually recorded by the experimenter and normalized across intervals to yield a final
measure of platform crossings/10 s interval. After the interval had elapsed, the platform was
raised and the mouse given the remainder of the 60 s period to find the platform. This
protocol, as described previously in [46], allows assessment of memory for the platform
location without the risk of extinction, as searching behavior is reinforced by the eventual
appearance of the platform.

1.3.2. Cued testing—Cued water maze learning is not dependent on the hippocampus
[44] and, therefore, allows for examination of non-mnemonic aspects of task performance.
Cued testing was similar to spatial testing except that the platform was covered in red and
yellow tape and raised above the surface of the water so it became visible. A circular flag
was also attached to the platform that extended 5 cm above the water and increased the
salience of the platform. This visible platform was moved to a different quadrant for each
trial. As in spatial testing, cued testing consisted of six trials/day for 5 consecutive days.
However, no variable interval probe trials were conducted, so all six trials were the same.
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Swim time (s), swim distance (cm) and swim speed (cm/s) were recorded using the
automated tracking system.

1.4. Tissue processing and Western blotting

The day after the completion of cued testing, mice were transported from the colony room to
the laboratory, where they remained in their home cages for >3 min prior to cervical
dislocation and decapitation. Once removed from the home cage, mice were immediately
sacrificed; the interval between removal from the cage and sacrifice was the same for all
mice. After collecting trunk blood for measurement of baseline corticosterone levels, the
dorsal hippocampus was rapidly dissected on wet ice, and immediately frozen on dry ice in a
buffer solution and stored at —80 °C until use. The dorsal hippocampus was chosen for
analysis because of its particular involvement in spatial memory [47]. Tissue was
homogenized by sonication. The homogenized samples were diluted 1:1 with Laemmli
buffer and boiled for 5 min. SDS-PAGE was then performed using 18% (for acetylated
histone H3) or 7.5% (for DNMT1) polyacrylamide gels, which were then transferred to a
polyvinylidene fluoride polymer (PVDF) membrane at a constant voltage of 100 V for 70
min. The PVDF membrane was then transferred to Tris-buffered saline (TBS, 0.9% NaCl,
10 mM Tris—HClI, pH 7.5) containing 0.05% Tween 20 (TTBS) before being washed for 5
min in TBS and incubated for 1 h at room temperature in TTBS containing 5% milk. After
blocking, the membrane was washed in TTBS for 20 min.

To measure levels of DNMT1 protein, membranes were incubated in a 1:500 dilution of
mouse anti-DNMT1 antibody (Abcam, cat # 13537) in 1% dry milk-TTBS overnight at 4 °C
on an orbital shaker. The following day, the membrane was incubated in 1:2000 anti-mouse
horseradish peroxidise in 1% dry milk-TTBS for 1 h at room temperature. Bands were
visualized using enhanced chemiluminescence (Perkin-Elmer, cat # NEL104001EA) and
imaged on a Kodak Image Station 440CF. Kodak ID 3.6 software was used to quantify the
density of each band. To normalize DNMT1 levels to total protein content, blots were
subsequently stripped and reprobed for monoclonal p-Actin (1:5000; Sigma). Data were then
normalized as a percentage of density relative to density of B-Actin. Effects were normalized
and measured within single gels.

For levels of acetylated H3 at lysine-14 (AcH3Lys14), membranes were incubated in a
1:2000 dilution of rabbit anti-AcH3Lys14 antibody (Upstate Biologicals, cat # 06-911) in
100% TBS overnight at 4 °C on an orbital shaker. The following day, blots were rinsed with
TTBS and then incubated with anti-rabbit horseradish peroxidise-conjugated 1gG (Cell
Signaling) in 5% milk-TTBS for 1 h at room temperature. Membranes were subsequently
rinsed, incubated, and imaged as above. To normalize AcH3Lys14 levels to total H3Lys14
levels, blots were then stripped as above and reprobed with a 1:5000 dilution of rabbit anti-
histone H3 antibody (Millipore, cat # 05-928) in 5% bovine serum albumin-TTBS overnight
at 4 °C on an orbital shaker. The following day, the blot was incubated with anti-rabbit-HRP
secondary at a 1:10,000 dilution and imaged as described above.
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1.5. Corticosterone levels

Serum was extracted from trunk blood using Greiner Bio-One Minicollect tubes with
centrifugation at 2000 x g for 10 min. Corticosterone levels were measured using an ELISA
kit (Enzo Life Sciences, sensitivity = 26.99 pg/ml) according to the manufacturer’s
instructions. This luminescence assay provided raw intensity scores from which
corticosterone concentrations were calculated in reference to the equation of the standard
curve as per the kit manufacturer’s instructions. These concentrations were then used in
subsequent ANOVA and post-hoc tests.

1.6. Data analysis

2. Results

For the spatial Morris water maze, separate 2 x 2 x 5 (stress condition x sex x day as the
repeated measure, respectively) two-way repeated measures ANOVAs were conducted for
the swim time, swim distance, swim speed, platform crossings, and quadrant time measures.
For the cued water maze, separate 2 x 2 x 3 (stress condition x sex x day as the repeated
measure, respectively) two-way repeated measures ANOVAs were conducted for the swim
time, swim distance, and swim speed measures. For both Western blot and ELISA data,
separate 2 x 2 ANOVAS (stress x sex) were conducted, followed by Tukey post-hoc tests to
compare between groups. Finally, to examine potential correlations among platform
crossing scores, corticosterone levels, DNMT1 levels, and AcH3Lys14 levels, Pearson
correlation coefficients and p values were calculated for these variables. All statistical tests
were performed using SPSS 17.0 software (SPSS Inc.).

2.1. Spatial water maze

The main effect of sex was significant for swim time (F(1,40) = 6.87, p=0.012), and swim
speed (F(1,40) = 6.75, p = 0.013) with males swimming slower and taking longer to find the
platform than females. The main effect of day was significant for swim time (F(4,160) =
12.65, p < 0.0001) and swim distance (F(4,160) = 26.85, p < 0.0001), reflecting a reduction
in both measures over the course of testing. The main effect of PNS was not significant for
any platform trial measure, nor were any interactions. See Table 1 for group means for all
spatial water maze measures.

Despite the lack of effect of PNS in the platform trials, PNS affected memory in the probe
trials. Platform crossings made by each group during the 5 days of testing are illustrated in
Fig. 1A. Although the sex x stress x day interaction was not significant for platform
crossings, the main effect of stress was significant (F(1,40) = 6.54, p = 0.014; Fig. 1B), such
that the PNS mice (x = 0.36) made fewer platform crossings/10 s than controls (x = 0.52).
The main effect of day was also significant for platform crossings (F(4,160) =5.78, p =
0.0002; Fig. 1A) reflecting an overall increase in platform crossings made as testing
progressed. The main effect of sex was not significant, nor were any other interactions.

2.2. Cued water maze

The main effect of PNS was significant for swim distance (F(1,40) = 8.06, p = 0.0071) and
swim speed (F(1,40) = 8.96, p = 0.005), reflecting the fact that PNS mice swam shorter
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distances to the platform faster than controls (Table 1). The main effect of day was
significant for swim time (F(2,80) = 44.55, p < 0.0001) and swim distance (F(2,80) = 11.14,
p < 0.0001), resulting from a decrease in both measures across testing. The main effect of
sex was not significant for any measure, nor were any interactions significant. See Table 1
for group means for all cued water maze measures.

2.3. Western blots

2.3.1. AcH3Lys14—The ANOVA for AcH3Lys14 levels revealed a significant main
effect of sex (F(1,35) = 5.1, p = 0.03) and stress (F(1,35) = 37.01, p < 0.0001), but not a
significant interaction between the two. As shown in Fig. 2A, male controls exhibited
significantly higher AcH3Lys14 levels than male PNS (p = 0.02) and female PNS (p <
0.0001) groups, but not female controls. Among PNS mice, AcH3Lys14 levels were higher
in males than females (p = 0.03). Female controls also displayed significantly higher AcH3
levels than female PNS animals (p < 0.0001).

2.3.2. DNMT1—The main effects of sex (F(1,33) = 43.65, p < 0.0001) and stress (F(1,33)
=80.04, p < 0.0001) were significant, as was the interaction (F(1,33) = 56.25, p < 0.0001)
between the two. As shown in Fig. 2B, these effects were driven by the fact that DNMT1
levels were significantly higher in female PNS mice than all other groups (Fig. 3).

2.4. Corticosterone levels

Corticosterone levels were not significantly affected by sex or stress. However, the
interaction approached significance (F(1,39) = 3.0, p = 0.09). An a priori t-test revealed a
significant difference between female PNS (x = 8958.31 pg/ml) and male PNS (x = 3617.25
pg/ml) groups (p = 0.034; Fig. 4).

2.5. Correlations

Finally, we conducted a Pearson correlation analysis to examine potential relationships
among all of the biochemical measures and the platform crossings data for day 5 of the
spatial Morris water maze training (Table 2). None of the measures were significantly
correlated except levels of H3 acetylation and DNMT1 protein, which were inversely
correlated (r = —0.693, p < 0.0001). These data indicate that increased H3 acetylation was
associated with decreased levels of the maintenance methyltransferase.

3. Discussion

The effects of prenatal stress on epigenetic and behavioral measures were complex and, in
the case of epigenetic measurements, sex-dependent. Our finding that prenatal chronic
unpredictable stress generally impaired spatial memory in the Morris water maze is in
agreement with previous work using chronic immobilization stress [12,14,21] and footshock
stress [48]. However, other studies report PNS-induced spatial water maze impairments in
male rats that were dependent on water temperature and phase of testing [13,14], and yet
other findings indicate that PNS impairs spatial water maze performance in females only
[49]. Another study testing spatial memory among mice in an object location task found a
male-only deficit and a female-specific enhancement [50]. The discrepant findings produced
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by these studies are likely due to widely varying experimental designs that employ different
types of stressors applied at different gestational days in different species and strains tested
using varying Morris water maze protocols. To our knowledge, our study is the first to
examine the effects of prenatal chronic unpredictable stress on spatial memory in the Morris
water maze. This is important, given that CUS is likely to be a more translational animal
model of PNS than restraint or footshock. Here, we found that the only measure affected by
PNS was platform crossings during the spatial probe trials. The fact that the more common
platform trial measures of spatial or cued learning (swim time, swim distance, and swim
speed) were not affected by stress or sex suggests that the effects of prenatal CUS on spatial
learning and memory are somewhat subtle. This conclusion is underscored by the fact that
the only water maze measure affected by prenatal CUS was platform crossings during the
probe trial, which was impaired in both males and females. Platform crossing is the most
sensitive measure of memory for the platform location, as animals must be able to determine
the platform location based on the spatial cues in the room without the platform itself being
present. As such, this finding suggests that the effects of prenatal CUS on spatial memory in
the Morris water maze are only apparent in the most challenging aspects of this task.
Interestingly, the effects of PNS on platform crossings did not differ between males and
females, suggesting no interaction between sex steroid hormones and the stress response in
development or adulthood. However, it is important to note when interpreting these data that
litter was not controlled as a variable due to the group housing environment in which our
dams gave birth. Therefore, it is possible that maternal behavior and/or litter of origin could
have mediated the observed effects of PNS on spatial memory. As such, these variables
should be more rigorously examined in future studies.

Acetylated histone H3 (Lys 14) levels were reduced in the dorsal hippocampus by PNS in
both sexes, but significantly more so for the female PNS group. This effect is notable in that
previous studies have not examined the effects of PNS on histone acetylation in the brains of
adult offspring. However, these data are consistent with one study showing that PNS
increased histone H3 acetylation in a specific Bdnf promoter in the spinal cord dorsal horn of
female, but not male, rat offspring [51]. The larger decrease in histone acetylation in PNS
females is consistent with our other finding that levels of the maintenance methyltransferase
DNMT1 are increased by PNS in females only. Unfortunately, the few studies examining
PNS on DNMT1 levels do not specify the sex of the offspring or examine just males. In one
study where offspring sex was not specified, prenatal restraint stress in rats increased
DNMT1 mRNA in the cerebral cortex of adult offspring [52]. In other studies, prenatal
restraint stress in male Swiss-albino mice increased DNMT1 mRNA and protein in the
frontal cortex [53,54]. These latter findings contradict our results showing that PNS had no
significant effect on DNTM1 protein in adult male C57BL/6 offspring. These discrepancies
may result from established differences in strain sensitivity among mouse strains [55] or to
differences in the effects of restraint and chronic unpredictable stressors. Nevertheless, the
increase in DNMT1 levels in PNS females in the present study, together with the large
reduction in histone H3 acetylation observed in PNS females, suggests that PNS produces a
more closed chromatin state in the genome of female offspring than in males. How this
putative transcriptional repression relates to memory, however, is unclear, given the fact that
the impairment in platform crossings was evident in both sexes. Thus, the increased
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epigenetic susceptibility of females to PNS did not appear to translate into a greater deficit
in females in the spatial water maze task. It is possible that the task was not sensitive enough
to detect a difference between the sexes, or that sex differences in epigenetic processes
and/or corticosterone levels induced by PNS regulate another type of memory mediated by
the hippocampus or another brain region. Alternatively, PNS may produce changes in DNA
methylation and histone acetylation at specific gene promoters involved in spatial memory
that our more global measures could not detect. As such, future studies should be conducted
to examine the effects of PNS on epigenetic regulation of specific genes involved in
synaptic plasticity in the hippocampus and other cognitive brain regions.

The observed inverse correlation between AcH3 and DNMT1 levels is not surprising, as
DNMT1 is associated with HDACL in a large macromolecular complex which uses the
deacetylase as a substrate for DNA methylation [42]. Hence, lower histone acetylation
promotes higher DNA methylation and vice versa, with consequent decreases and increases
in gene expression and promoter occupancy. In the present study, AcH3Lys14 levels were
reduced by PNS in both males and females, but PNS significantly increased DNMT1 only in
females. Therefore, the data suggest that prenatally stressed female mice may be more
susceptible than males to the potentially repressive effects of PNS on gene expression. At
this point, however, the extent to which PNS-induced changes in H3 acetylation and
DNMT1 levels lead to altered gene expression is unclear. One study showed that PNS
reduced sex differences in various growth factor mRNA levels (i.e. EGF, IGF, FGF, VEGF,
PDGF) in the frontal cortex and hippocampus of rats [56]. Another study reported that PNS
produced an 89% reduction in the number of genes differentially expressed in the
hippocampus of male and female rats [57]. These findings suggest that PNS-induced
alterations in DNMT1 and AcH3Lys14 may not necessarily produce genome-wide
alterations in gene expression, but rather regulate the expression of targeted genes in a sex-
specific manner. Furthermore, other data suggest that PNS-induced changes in DNA
methylation may depend on the origin and severity of the PNS. For example, Myschasiuk et
al. [58] found that mild prenatal elevated platform stress significantly increased DNA
methylation in the hippocampus and frontal cortex of adult rat offspring, whereas severe
prenatal elevated platform stress decreased DNA methylation in these brain regions. These
same investigators found that paternal stress decreased global DNA methylation in the
frontal cortex of female rat offspring, but increased methylation in the hippocampus of both
male and female offspring [59]. Thus, it would appear that the source of the prenatal stress
(maternal or paternal) and the severity of the stressor play a role in regulating DNA
methylation patterns in male and female offspring. Other methodological issues surely
contribute as well, including type of stressor, duration of stress, and time during gestation
the stressor is initiated. Clearly, much more will need to be done to determine the
implications for gene expression of the epigenetic changes observed here, and the extent to
which such changes influence learning and memory.

Compared with epigenetic processes, the effects of PNS on standard measures of HPA axis
functioning are better understood, with evidence suggesting that maternal glucocorticoids
cross the placental border and affect HPA axis reactivity of the offspring [4,60,61]. Elevated
corticosterone levels are indicative of dysregulated HPA activity, and our study found the
highest levels of corticosterone levels in PNS females. Interestingly, PNS females also
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exhibited the most significant epigenetic alterations. Given the important role of the
hippocampus in inhibiting HPA activity, these alterations may have contributed to the
elevated corticosterone levels observed in PNS females. Alternatively, PNS-induced HPA
axis dysregulation may have contributed to epigenetic alterations in the hippocampus that
reduce the expression of genes related to synaptic plasticity, thereby, impairing long-term
potentiation and hippocampal-dependent memory. That the detrimental effects of PNS
appear to occur preferentially in females agrees with previous work showing little or no
effect of PNS on HPA axis sensitivity in males [62]. Future research should examine PNS-
induced sex-specific changes in gene expression in plasticity- and learning-related genes to
determine exactly which epigenetic changes lead to impaired hippocampal memory in
prenatally stressed offspring and how these changes may be associated with HPA axis and
glucocorticoid activity.

Despite the fact that the effects of PNS on memory can vary based on methodological
factors including type and length of stressor, sex, type of memory, and testing parameters,
PNS does appear to have a generally deleterious effect on hippocampal learning and
memory in adult offspring. Importantly, the present study provides the first evidence that
prenatal CUS administered to pregnant dams can impair spatial memory and affect both
histone acetylation and an index of DNA methylation in the hippocampus of adult offspring.
Prenatally stressed females were the most significantly affected, exhibiting the greatest
changes in AcH3Lys14 and DNMT1 levels, as well as heightened serum corticosterone
levels. Overall, these findings suggest that the female brain may be more susceptible to the
detrimental effects of PNS on both the HPA axis and epigenetic processes. Indeed, previous
epidemiological work has suggested that prenatal stress induced during the Israeli-Arab 6-
day war of 1967 may have increased rates of schizophrenia in female offspring of mothers in
the 2nd month of pregnancy [63], thereby linking prenatal stress during a defined period to
an outcome of mental illness in women. Because this susceptibility could contribute to the
increased risks of many psychiatric disorders (e.g., depression, anxiety) in women,
additional future studies of PNS in females could provide important insight into the etiology
of these disorders.
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Fig. 1.
A) Number of platform crossings per 10-s interval in the probe trial of each day of spatial

Morris water maze testing. PNS mice made significantly fewer platform crossings than
controls, but no other main effects or interactions were significant. B) Main effect of PNS on
platform crossings, collapsed across days and sexes. Control mice made significantly more
platform crossings than prenatally stressed mice (p < 0.05). Each symbol in (A) and bar in
(B) represents the mean + standard error of the mean (SEM).
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A) AcH3Lys14 levels were decreased by PNS in both sexes. AcH3Lys14 levels were
significantly higher in male controls than in male and female PNS groups. The female PNS
group also had lower AcH3Lys14 levels than the male PNS and female control groups. B)
DNMT1 levels were significantly increased by PNS in females. The female PNS group had
significantly higher DNMT?1 levels than all other groups. PNS did not significantly affect
DNMT1 levels in males * indicates p < 0.05, ** indicates p < 0.0001. Each bar represents

the mean + SEM.
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Fig. 3.

Serum corticosterone concentrations in each group. Corticosterone concentrations were
higher in female PNS mice relative to male PNS mice. * indicates p < 0.05 (t-test). Each bar
represents the mean + SEM.
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Table 2

Correlation matrix for select biological and behavioral measures.

Corticosterone level ~ AcH3 level DNMT1 level  Platform crossings — Day 5

Corticosterone level r=-0.12 r=0.15 r=0.19
p=0.48 p=0.4 p=0.22

AcH3 level r=-0.12 r=-0.693 r=-0.01

p=0.48 p=0.000003 p=0.94
DNMT1 level r=0.15 r=-0.69 r=-0.08

p=04 p = 0.000003 p=0.64
Platform crossings— Day 5 r =0.19 r=-0.01 r=-0.08

p=0.22 p=0.94 p=0.64
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