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Abstract

Background—Adverse childhood experiences (ACESs) are one of the greatest predictors for
affective disorders for women. Periods of dynamic hormonal flux, including pregnancy, exacerbate
the risk for affective disturbance and promote hypothalamic-pituitary-adrenal (HPA) axis
dysregulation, a key feature of affective disorders. Little is understood as to how stress
experienced in late childhood, defined as preadolescence, alters the programming unique to this
period of brain maturation and its interaction with the hormonal changes of pregnancy and
postpartum.

Methods—~Preadolescent female mice were exposed to chronic stress and examined for changes
in their HPA axis during pregnancy and postpartum, including assessment of maternal-specific
stress responsiveness and transcriptomics of the paraventricular nucleus of the hypothalamus
(PVN). Translationally, pregnant women with low or high ACEs were examined for their maternal
stress responsiveness.
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Results—As predicted, preadolescent stress in mice resulted in a significant blunting of the
corticosterone response during pregnancy. Transcriptomic analysis of the PVVN revealed
widespread changes in expression of immediate early genes and their targets, supporting the likely
involvement of an upstream epigenetic mechanism. Critically, in our human studies the high ACE
women showed a significant blunting of the HPA response.

Conclusions—This unique mouse model recapitulates a clinical outcome of a hyporesponsive
HPA stress axis, an important feature of affective disorders, during a dynamic hormonal period,
and suggests involvement of transcriptional regulation in the hypothalamus. These studies identify
a novel mouse model of female ACEs that can be used to examine how additional life adversity
may provoke disease risk or resilience.
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Introduction

Risk for affective disturbance in the lifetime of females is multi-factorial, although how
these factors interact is not well understood. One key factor is exposure to adverse childhood
experiences (ACESs), which are known to increase affective disorder risk across the lifespan
for women (1-5). Furthermore, periods of dynamic hormonal flux, such as pregnancy and
postpartum, can exacerbate the risk for affective disturbances and stress dysregulation (6-8).
Peripartum depression and anxiety, occurring during pregnancy or shortly following birth,
are associated with significant adverse and long-term effects for both mother and baby (9—
11). Preclinical animal studies focused on stressors proximal to birth, including prenatal or
postpartum social stress or stress hormone exposure, demonstrate significant changes in
maternal behavior and offspring outcomes (12-15). However, little is known as to how
adversity experienced in late childhood, or preadolescence, may reprogram the female brain
to increase risk for such outcomes during and after pregnancy.

A central endophenotype of affective disorders is disruption of the hypothalamic-pituitary-
adrenal (HPA) axis, which is responsible for initiating the neuroendocrine response to
stressors (16; 17). Importantly, the responsiveness of the HPA axis has yet to fully mature in
preadolescent animals. In response to a variety of stressors, preadolescent rodents have an
HPA axis characterized by a protracted hormonal response compared to neonatal and adult
animals, and an insensitivity to factors, such as gonadal hormones, that normally modulate
the adult response (18-20). Thus, the preadolescent individual may have an increased risk
for adversity to program long-term dysfunction of the HPA axis (21). Indeed, clinical studies
show that childhood adversity is associated with HPA axis dysregulation in adult women
(22-25). During pregnancy and postpartum, there are dramatic changes in hormone levels.
This has important implications for regulation of stress circuitry, as these gonadal hormones
and their metabolites have been shown to be potent regulators of the HPA axis (26-29).
Critically, as the HPA axis response is highly conserved among vertebrates, it represents a
readily translatable outcome for animal models.
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We have developed a mouse paradigm to examine the hypothesis that stress experienced
during the preadolescent window of brain development would program long-term changes in
stress pathways that, when interacted with dynamic hormonal changes during pregnancy and
postpartum, would produce dysregulation of the stress response. Female mice were exposed
to chronic stress during preadolescence and were then examined for changes in HPA stress
axis responsiveness during pregnancy. To examine potential mechanisms for programming
changes that may have occurred following preadolescent stress, pregnancy hormones and
gene expression changes related to stress circuitry, including transcriptomics of the
paraventricular nucleus (PVN), were also measured. To evaluate the translational potential of
this model, HPA responsiveness to a maternally-relevant stressor was assessed in
preadolescent stressed mice and a cohort of women with varying levels of ACEs.

Methods and Materials

Full details of experimental procedures and analyses are provided in the Supplement.

Animals

All mice bred were virgin, in-house mixed C57BL/6:129 mice (30-33). All procedures were
approved by the University of Pennsylvania Institutional Animal Care and Use Committee
and were conducted in accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals.

Preadolescent stress

Administration of preadolescent stress (PAS) was performed as described previously (33).
Female mice underwent 14 days of chronic variable stress starting on postnatal day (PN) 21,
during which one stressor was administered per day. Animals in the PAS group were weaned
into singly-housed cages at the beginning of stress, and were pair-housed with a same-sex,
same-stress cage mate at the end of stress. Control individuals remained with the dam until
they were weaned at PN28 into pair-housed cages.

Breeding scheme

At 8-10 weeks old, females were bred with naive males for 1-3 nights. Upon confirmation
of a copulation plug, females were established as pregnant and were immediately removed
to their own cage. Females were left undisturbed until testing.

HPA axis responsiveness

Females that were nulliparous, in the early stage of pregnancy (7.5 days post conception
(dpc)), in the late stage of pregnancy (17.5dpc), or postpartum (PN4) were tested for HPA
axis responsiveness to a 15 min restraint stress as previously (34; 35). Each group represents
a different set of subjects, such that females were not tested more than once.

Activation of the HPA axis by adrenocorticotropic hormone (ACTH) in the absence of any
additional stressor was examined. Plasma corticosterone was measured in late pregnant
females (17.5dpc) as previously, except that animals were injected with 50 pug/kg ACTH
(Sigma-Aldrich, St. Louis, MO) at time 0 min and were not restrained.
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Light-dark box

To assess anxiety-like behavior, late pregnant females (17.5dpc) were tested in light-dark
box and analysis was performed as previously (35; 36).

Postpartum pup separation

Females (PN7) were tested for behavioral and HPA axis responsiveness to a 15 min
separation from pups. Four pups (2/sex) were placed in a novel cage 5 min prior to the start
of testing. The arena was outfitted with a plastic mesh gate that hemisected the cage. This
allowed the dam to see, smell, and hear, but not come into physical contact with, the pups.
Dams were placed in the side of the arena opposite of the pups and behavior was recorded
from above. Distance travelled was quantified using ANY-maze v4.75 software (Stoelting,
Kiel, WI). Following the separation, the dam was removed and tail blood was collected. The
dam and pups were returned to the home cage, after which tail blood was collected from the
dam at 30 and 120 min following the start of the separation test. Blood was not collected at
the start of test so as to not interfere with maternal behavior during the separation.

Pup retrieval

To assess maternal care, females (PN2) underwent a pup retrieval test. The dam was
removed from the cage, and two pups (1/sex) were placed each in the two corners of the
cage opposite to that of the nest. The dam was placed back in the cage, and latency to
retrieve each of the four pups was recorded.

Human infant separation test

Subjects—Pregnant women (age range 19-35) were recruited to an ongoing study
focusing on the role of maternal life stress on pregnancy and infant outcomes conducted at
the Penn Center for Women’s Behavioral Wellness. See Supplement for a full description of
the cohort. The study was approved by the Perelman School of Medicine at the University of
Pennsylvania Institutional Review Board and all adult participants provided written
informed consent.

Assessment of preadolescent adverse experience—Upon enrollment, women were
given the Adverse Childhood Experiences (ACE) questionnaire, a 10-item self-report that
assesses exposure to abuse, neglect, and household adversity from birth to 18 years of age
(Supplemental Table S2) (37). An item was considered to be a preadolescent ACE if the
experience was reported to have first occurred at least 2 years prior to reported age of
menarche. Participants were separated into low (0 ACE) and high (2+ ACEs) preadolescent
ACE categories.

Infant separation test—Mothers underwent a maternal-specific laboratory stressor that
consisted of exposure to infant separation, during which the infant (6 months old)
experienced 3 bursts of 90 dB sound (30 sec intervals), followed by a 2 min restraint stress
(38). Mothers were asked to sit quietly in a nearby room while the infant was undergoing the
stressor. Salivary samples were obtained from the mother using salivettes (Salimetrics, LLC
Inc., College Station, PA) after 5 minutes of rest (Baseline 1, B1), immediately after the

Biol Psychiatry. Author manuscript; available in PMC 2018 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morrison et al.

Page 5

infant was removed (B2), immediately after the infant stressor (Time 1, T1), and 15 (T2), 30
(T3), and 60 (T4) min after completion of the stressor. The infant and mother were reunited
after the T1 saliva collection. Mothers were screened for depression using the Edinburgh
Postnatal Depression Scale (EPDS). For an hour prior to and during the protocol, the mother
and infant were not allowed to eat or drink.

Cortisol assay—Saliva was collected utilizing standard methods (39; 40). Samples were
sent either to University of Pennsylvania Translational Core laboratory or Dr. C. Kirschbaum
Biopsychology laboratory (Dreseden Germany) for cortisol measurement.

Mouse tissue collection and analysis

Plasma from the trunk blood of 18.5dpc females was analyzed for 17p-estradiol and
progesterone levels by 12| radioimmunoassay kits (MP Biomedicals, Santa Ana, CA) (33).

Total RNA was isolated and quantitative real-time PCR (qRT-PCR) was performed and
analyzed as previously to assess gene expression (Supplemental Table S1) in the adrenal
gland, pituitary gland, and placenta (34; 41).

Whole brains from 18.5dpc dams were cryosectioned at —20 °C. The paraventricular nucleus
(PVN) was micropunched (42) and prepared for RNA-Sequencing (Illumina, San Diego,
CA). Single-end 75-bp sequencing was performed on libraries on the Illumina NextSeq 500
sequencer using the NextSeq High Output v2 Kit.

Statistical analysis

Results

An investigator blind to group conducted all data collection and analysis. Behavioral,
hormonal, and gene expression measures were analyzed by t-test, Pearson correlations, or
one-way analysis of variance (ANOVA) with corrections and post-hoc testing, as
appropriate. The significance level was P< 0.05. All data for these measures are reported as
mean #SEM.

A repeated measures mixed-model ANOVA was performed to evaluate ACE category and
time as predictors of cortisol change-from-baseline, controlling for race as a confounder. A
Wilcoxon rank sum test was used to analyze EPDS data.

RNA-Seq data were analyzed in the R environment for Mac with the packages RSubread
and DESeq (43-45). To identify differentially expressed genes, the Benjamini Hochbert
FDR correction was applied and an adjusted £ < 0.05 was used.

Preadolescent stress disrupted HPA axis responsiveness to acute restraint only during

pregnancy

The corticosterone response to acute restraint was disrupted by PAS only during pregnancy
(Figure 1). At 7.5dpc, PAS females had decreased corticosterone compared to Control
females (P < 0.05, Figure 1A). The effect of PAS was also observed for total corticosterone
(P<0.05), where PAS females had decreased area under the curve (AUC). Based on an a
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priori hypothesis that PAS would reprogram the hypothalamus, we conducted a specific
examination of the rise (15 min) and the peak (30 min) of the corticosterone response, as
these time points are most indicative of hypothalamic initiation of the corticosterone
response. This analysis revealed that PAS females had lower corticosterone at both 15 min
(P<0.05) and 30 min (P< 0.05). At 17.5dpc, while there was only a trend for PAS to
disrupt HPA axis responsiveness (P = 0.09, Figure 1B), there was an effect of PAS on
corticosterone at 30 min (P < 0.05).

In nulliparous females (Figure 1C), PAS had no impact on the corticosterone response or on
total corticosterone as measured by AUC. Similarly, nulliparous PAS and Control females
did not differ in corticosterone at 15 min or at 30 min. There was no effect of PAS on the
postpartum corticosterone response (Figure 1D), as indicated by corticosterone over time,
AUC measurement, or corticosterone at 15 min or at 30 min.

To examine the effect of PAS on anxiety-like behavior and locomotion during late
pregnancy, females were tested in the light-dark box (Figure 1E,F). PAS did not impact total
time in the light chamber of the box or the number of transitions between the light and dark
chambers.

Preadolescent stress altered maternal stress responding in mice and humans

To examine several aspects of maternal responsiveness to pups, females underwent either
separation testing or pup retrieval testing (Figure 2). When females were separated from
pups by a plastic mesh barrier (Figure 2A), we observed a disorganization of maternal
responsiveness in PAS females. When the correlation between total corticosterone released
and total distance travelled was examined, PAS disrupted the expected positive relationship.
In Control subjects, there was a positive correlation between AUC and distance travelled (P
< 0.05, Figure 2B). In contrast, there was no longer a relationship between AUC and
distance travelled in PAS females (P < 0.05, Figure 2C), indicating a disorganization of
maternal responsiveness. There was no effect of PAS on corticosterone measured over time
or on total distance travelled during the separation (Figure 2D,E). In pup retrieval testing
(Figure 2F), there was no effect of PAS on the latency to retrieve pups.

For the mothers who underwent infant separation testing (Figure 2G), ACE category showed
significance in predicting log-transformed cortisol change-from-baseline (P< 0.05), with a
beta estimate of —0.553 for high ACE women (Figure 2H). After exponentiating, this
indicates that high ACE women had, on average, a 42% lower cortisol response to the infant
separation paradigm than did low ACE women. The time point variable also showed
statistical significance (P < 0.05). Preadolescent ACE exposure did lead to an increased
incidence of depression symptoms (P < 0.05, Figure S1).

Peripheral factors of HPA axis responsiveness were not disrupted by preadolescent stress

To understand the mechanism by which PAS disrupted HPA axis responsiveness to acute
restraint, we examined gene expression in several nodes of the peripheral HPA axis that
contribute to stress responsiveness during late pregnancy. Analysis of gene expression in the
pituitary and adrenal suggests there was no reprogramming by PAS on these tissues during
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late pregnancy (Figure 3A,B). There was no effect of PAS on Crhr1, Nr3c1, or Pomc
expression in the pituitary, or on Hsd11b1 or Mc2rexpression in the adrenal.

During late pregnancy, each placenta can contribute CRF to the maternal circulation, which
may alter HPA axis responsiveness during pregnancy (Figure 3C,D). At 18.5dpc, there was
no effect of PAS on Crhor Crhbp expression in the placenta.

To assess adrenal responsiveness, an ACTH stimulation test was administered at 17.5dpc
(Figure 3E). There was no effect of PAS on corticosterone production following ACTH
stimulation. Similarly, there was no effect of PAS on corticosterone AUC.

As circulating hormone levels are both increased during late pregnancy and can impact HPA
axis responsiveness, 17p-estradiol and progesterone levels in plasma were examined at
18.5dpc (Figure 3F,G). There was no effect of PAS on the amount of circulating 17p-
estradiol or progesterone.

PVN transcriptome during pregnancy was altered by preadolescent stress

Gene expression patterns in the late pregnancy PVN were analyzed using RNA-Seq to
investigate long-term reprogramming of the HPA. Analysis of differentially expressed genes
revealed a total of 24 genes that were dependent upon PAS experience. These genes fell into
three categories that suggest a potential for broad changes in gene transcription that were
reprogrammed by PAS. First, six of the differentially expressed genes were immediate early
genes (IEGs), all of which were significantly increased in the PVN of PAS females (Figure
3H). Second, several genes were identified as being under the transcriptional regulation of at
lest one of the identified IEGs (Figure 31). As we would predict based on the relationship
between IEGs and their downstream targets, these genes are also significantly increased in
the PVN of PAS females. Many of these genes (NabZ2, Npas4, Nrdal, Rpl29, Rrad) are
involved in transcriptional or translational regulation. Other genes that were identified as
being regulated by the IEGs include PcskZ, which regulates the cleavage of neuroendocrine
peptide precursors, and S/c32a1, the vesicular GABA transporter. Finally, other differentially
expressed genes were not directly regulated by any of the IEGs (Figure 3J). Here, genes
have a variety of biological functions that may control the PVN response to stimuli,
including regulation of transcription (Btg2, Scandl) and response to hormone stimulus
(Serpina3n).

Discussion

Exposure to adverse childhood experiences (ACEs) increases the risk for depressive and
anxiety disorders in women (1-5). This long-term programming may interact across the
female lifespan with periods of hormonal fluctuation such as those experienced during
pregnancy to precipitate affective disturbance and altered stress reactivity (6-8). Peripartum
depression and anxiety that occurs during pregnancy or in the postpartum period is
associated with negative outcomes for both the mother and offspring (9-15). A key
underlying feature of most neuropsychiatric diseases is disruption of the HPA stress axis,
which undergoes dynamic changes during preadolescence and during pregnancy (16-18).
Further, the HPA axis represents an important translational measure, as the underlying neural
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circuitry is highly conserved among vertebrates. As the mechanisms by which preadolescent
adversity impacts stress responsiveness during pregnancy and postpartum are unknown, we
developed a novel preclinical mouse model to examine this connection. Translationally,
pregnant women with high or low ACE experience were tested for stress responsiveness.

Consistent with our hypothesis, preadolescent stressed (PAS) females had a significantly
blunted corticosterone response to stress during both early and late pregnancy. While the
effect is more clear in early pregnancy, it is likely that the increased variability due to the
heightened hormonal state of late pregnancy obscures the effect. To determine the specificity
of this hyporesponsive HPA to the pregnancy period, we also compared mice prior to
pregnhancy and postpartum. At both time points, the corticosterone response was normal,
suggesting that the period of pregnancy is a unique physiological state that interacts with the
PAS programming to blunt the HPA axis. No differences between groups were found for
stress-related behaviors or locomotion, suggesting the PAS programming may be specific for
neuroendocrine regulation and the precipitation of behavioral changes would require
additional insults. As the postpartum period is a unique hormonal state, we hypothesized that
a more maternal-relevant stressor may be important in assessing the HPA axis, and therefore
utilized a pup separation stressor postpartum (46). In this test, the dam was separated from
pups by a mesh barrier, which allowed for visual, auditory, and olfactory cues to reach the
dam, but barred the dam from retrieving or interacting with the pups. As the corticosterone
response is largely suppressed during the postpartum window, we were concerned about a
floor effect obscuring the ability to detect a group differences. An advantage of this
separation test is that females were freely moving, providing more detailed information
about general arousal state. Therefore, we measured both the corticosterone response to this
stressor and the distance travelled during the test in order to allow a correlation of these
measures, permitting more nuanced insight into the responsiveness of the females. As
predicted, when a small cohort was examined, there was a positive correlation between these
measures in nonstressed controls, while in PAS mice there was no longer a correlation. As
both measures indicate energy mobilization which is likely instigated by sympathetic
nervous system activation, the loss of a correlation in PAS mice indicates a disorganization
of the typically coordinated adaptive stress response (7; 47). This may lead to vulnerability
of chronic or severe stressors experienced during pregnancy or postpartum to induce
affective dysfunction. Similar to behaviors during pregnancy, PAS did not alter any
behavioral measures postpartum, indicated by normal maternal care during a pup retrieval
task (48). This suggests potential reprogramming of the HPA axis that lasts into the
postpartum window but may be stimulus-specific, and is consistent with work showing that
pup separation can alter anxiety-like behavior in postpartum females (49). Together, these
data suggest that PAS in female mice interacts with pregnancy and postpartum to produce a
disrupted stress response.

As our goal is to provide translational insight, we recruited pregnant women with low or
high ACE and examined them for maternal stress responsiveness in a manner similar to that
of the mouse model. We examined the effect of preadolescent ACE experience on maternal
cortisol during an infant separation test, during which time the infants experienced mild
distress and crying that the mother could hear while waiting in an adjacent space. The same
effect of preadolescent adversity was observed when a small cohort was examined, where
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women who experienced a high level of preadolescent stress (2+ ACESs) responded with a
42% decrease in the cortisol response compared to women who experienced a low level of
preadolescent stress (0 ACEs). Further, these results support our hypothesis that the HPA
axis dysfunction may be a risk factor for subsequent life insults to precipitate disease, as
depression symptoms postpartum were higher, albeit in the non-clinical range, in high versus
low ACE women, and suggests that our mouse model recapitulates clinically relevant
findings of a hyporesponsive HPA axis and would be a useful tool for examination of such
studies.

In our mechanistic studies to determine where along the HPA stress axis PAS programming
changes may have occurred, we first examined compelling peripheral gene candidates in the
pituitary gland, adrenal gland, and placenta that might underlie a pregnancy-specific change
in stress reactivity. No differences were found between groups in relevant gene expression in
these tissues. Additionally, we utilized an ACTH stimulation test to confirm peripheral
endocrine responses were similar between groups, and found that similar corticosterone
levels were produced in response to exogenous application of ACTH, suggesting that PAS
did not alter functioning of the adrenal. We also examined estradiol and progesterone levels
to ensure the gonadal axis was not accounting for group differences. No differences for
either hormone were found between groups during late pregnancy. However, we were not
able to examine neurosteroids or their metabolites that may be changed and specific to
pregnancy, such as allopregnanolone, which could act locally in the PVN on the inhibitory
GABA neurons to dampen the HPA stress axis (50-52). Taken together, these findings
suggest that the impact of PAS to alter the HPA axis is likely central.

Therefore, to examine potential central mechanisms altered by PAS, we measured
programmatic gene expression changes using a broad transcriptomics approach of RNA-Seq
in the paraventricular nucleus (PVN), the key hypothalamic regulator of the HPA stress axis.
We found that PAS altered baseline gene expression in the PVN of pregnant females, with
differentially expressed genes falling into several functional categories. PAS females had
significantly increased expression of six immediate early genes (IEGs; Arc, Egrl, Fos, Fosb,
Junb, Jund), which is intriguing given the extensive actions of IEGs. IEGs are the first genes
activated in response to cellular stimuli, act as important transcription factors for later gene
expression, and subserve a wide variety of neural processes such as brain development and
plasticity (53). Indeed, many of the differentially expressed genes identified by RNA-Seq are
also targets of these IEGs, suggesting that even at baseline, PAS females have heightened
transcriptional regulation. Further, these IEGs are components of the activator protein-1
transcription factor, which is a critical component of estrogen receptor-mediated
enhancement of gene expression at estrogen response elements and has numerous
downstream targets that are relevant to PVN function, including CRF and the glutamate
AMPA receptor (54-56). While there was no effect of PAS on circulating estradiol or
progesterone levels during pregnancy, this does not rule out a hormonal mechanism for
pregnancy-specific alterations in HPA axis responsiveness, as this is still a period in which
hormone levels are high for extended periods of time. Estradiol is a potent regulator of HPA
axis responsiveness, and the possibility remains that the increased IEG expression is
interacting with hormonal control of the PVN to produce pregnancy-specific HPA axis
changes (26; 27). Additionally, as IEGs are rapidly expressed due to their open chromatin
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and association with permissive histone structures, the increased presence of these genes in
the PVN of PAS females suggests a tighter control of neuronal activation and ability during
acute stress to quickly inactivate these neurons.

These studies demonstrate that preadolescence is a period of brain development during
which stress experience can reprogram aspects of the PVN. When this altered PVN baseline
then interacts with the dynamic hormonal period of pregnancy, it manifests into a hypo-
responsive HPA stress axis. Future studies are necessary to precisely pinpoint the likely
epigenetic mechanism by which this outcome is specific to pregnancy. While the PVN is the
central regulator of HPA axis responsiveness, it is part of an extended stress circuit in the
brain, including the prefrontal cortex, amygdala, hippocampus, and bed nucleus of the stria
terminalis, which is subject to long-term reprogramming by life stress exposures (57-61).
Nonetheless, these studies confirm clinical reports suggesting that preadolescent ACE are an
important risk factor, and may be a first insult contributing to, affective disorder risk across
the lifespan, especially during periods of dynamic hormonal flux.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Preadolescent stress disrupted HPA axis responsiveness to acute restraint stress only during

pregnancy. (A) The corticosterone response to restraint was blunted in PAS females
compared to Controls at 7.5dpc (n7 = 6-8/group), as indicated by both a main effect on the
corticosterone curve (Fgpresd(1,12) = 14.038, P=0.0028; F;imd2.3,28.0) = 280.35, P<
0.0001; Fsprass+ime(2.3,28.0) = 2.17, P=0.13) as well as total area under the curve (AUC)
measurement ({12) = 3.70, P=0.003). PAS females had lower corticosterone at both 15 min
(412) = 2.32, £=0.039) and 30 min time points ((12) =2.67, = 0.020). (B) In late
pregnancy (17.5dpc, 7= 8/group), preadolescent stress significantly altered the peak in
corticosterone, as indicated by PAS females having blunted corticosterone at the 30 min time
point compared to Controls (14) = 2.30, A= 0.038). There was no effect of PAS on
corticosterone over time (Fjme(1.7,23.9) = 4.042, P=10.036; Fg0s(1,14) = 3.30, P=0.090;
Fstresstime(1.7,23.9) = 0.32, £=10.70), AUC measurement ({14) = 1.74, £=0.10), or
corticosterone at the 15 min time point ({14) = 2.096, = 0.055). Disruption of the
corticosterone response to acute restraint stress is specific to pregnancy. (C) There was no
effect of PAS in nulliparous females (77 = 7-8/group), as indicated by an effect on the
corticosterone curve (Fgyes{(1,13) = 0.82, P=0.38; F;ime(2.4,31.7) = 120.43, £< 0.0001;
Fstress*time(2.4,31.7) = 0.81, P=0.47), AUC measurement ({13) = 0.96, A= 0.35), or
corticosterone at 15 min ({13) = 0.92, £=0.37) or at 30 min (#13) = 0.90, A= 0.38). (D)
Similarly, there was no effect of PAS on the postpartum corticosterone response (/7= 3-4/
group, Fstress(1,5) = 2.66, P=0.16; Fgimd(3,3) = 14.32, P=0.028; Fstresstime(3,3) = 0.87, P=
0.55), AUC measurement (45) = 0.47, P=0.65), or corticosterone at 15 min (#5) = 0.08, P
=0.94) or at 30 min (#5) = 0.68, P=0.53). PAS effects on pregnancy stress responsiveness
were specific to the HPA axis, as performance on the light-dark box test of anxiety-like
behavior at 17.5dpc (7= 8-10/group) showed no effect of PAS on (E) total time in the light
(416) = 0.52, P=0.61) or (F) number of transitions between the light and dark chambers
(416) = 0.058, AP=0.95). *P< 0.05.
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Figure 2.

Segparation from offspring resulted in disrupted postpartum stress responsiveness in both
mice and humans with adverse preadolescent experience. (A) During a postpartum
separation test in mice, females (1= 7-10/group) were separated from pups (2 male, 2
female, PN7) by a mesh screen for 15 min, during which distance travelled was measured,
and following which there was blood collection (BC) to assess corticosterone response to the
test. (B) A predicted positive correlation between total distance travelled and total
corticosterone (area under the curve units, AUC) was observed in Control females (r= 0.68,
P=0.042). (C) However, this relationship was disrupted in PAS females (r=-0.50, P=
0.31). There was no effect of PAS alone on (D) corticosterone measurement over time
(Fstress(1,15) = 1.23, P=0.28; Fj;e(1.6,24.0) = 30.089, P < 0.0001; Fypress*ime(1.6,24.0) =
0.072, P=0.89) or (E) distance travelled during the 15 min separation ({13) = 1.10, P=
0.29). (F) Preadolescent stress did not alter maternal behavior, as assessed on a pup retrieval
task (PN2, n= 4-6/group), as indicated by latency to retrieve pups (Fsses{(1,8) = 1.48, P=
0.26; Fpy(1.5,12.2) = 9.34, P=0.0054; Fypresspyp(1.5,12.2) = 0.041, P=0.93). (G) Women
were assessed in a similar task at 6 months postpartum (7= 9-11/group). (H) High ACE
women have a significant blunting of salivary cortisol (P =0.013). There was also a
predicted significant effect of time on salivary cortisol (£ =0.011). *£< 0.05.
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Figure 3.
Preadolescent stress resulted in long-term reprogramming of gene expression in the PVN but

did not alter peripheral regulators of HPA axis responsiveness. At 17.5dpc (= 5-6/group),
there was no effect of PAS on (A) pituitary expression (relative to Control) of CrAir1 (49) =
1.45, P=0.18), Nr3c1 (49) =0.27, P=0.80), or Pomc (£9) = 0.78, P= 0.45), nor was there
an effect on gene expression in (B) the adrenal gland, including HsdZ1b1 ({9) = 0.51, P=
0.62) and Mc2r(49) = 0.55, P=0.59). As the placenta can contribute CRF to maternal
circulation, we also measured gene expression in the late pregnancy placenta, but there was
no effect of PAS on either (C) Crh (Fstres(1,20) = 1.066, P=0.31; Fg,(1,20) = 0.23, P=
0.64; Fgtress*sex(1,20) = 0.080, P=0.78) or (D) Crhbp expression (relative to Control male;
Fstres(1,20) = 0.15, P=0.70; Fgex(1,20) = 1.76, P=0.20; Fsprass*sex(1,20) = 1.94, P=0.18).
(E) Responsiveness of the adrenal gland to ACTH stimulation was assessed, and
preadolescent stress had no effect on corticosterone response (7= 6-10/group), as indicated
by corticosterone over time (Fgyps{(1,12) = 0.057, P=0.81; Fsime(3,10) = 12.76, A= 0.0009;
Fstress*time(3,12) = 0.82, P=0.51) or AUC measurement ({12) = 0.24, P=0.82). The effect
of PAS on the HPA axis is unlikely to be related to alterations in circulating hormone levels,
as there was no effect of PAS on (F) plasma estradiol ({13) = 0.25, £=0.80) or (G) plasma
progesterone (413) = 0.095, = 0.93) in 18.5dpc females (n7 = 7-8/group). Differential gene
expression analysis of RNA-Seq data revealed that 24 genes in the late pregnancy PVN
differed between PAS and Control females (7= 6/group). These genes fell into three
categories that suggest a broad change in gene expression as a result of preadolescent stress.
(H) Of the differentially expressed genes, 6 were immediate early genes (IEGs), all of which
were increased in the PVVN of PAS females. Log?2 fold change is relative to Control value. (1)
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Of the remaining genes, 7 were identified as having at least one of the six IEGs as a
transcription factor. Interestingly, many of these genes (Nab2, Npas4, Nrd4al, Rpl29, and
Rrad) are involved in transcriptional or translational regulation. Other genes that were
identified as being regulated by the IEGs include PcskZ, which regulates the cleavage of
neuroendocrine peptide precursors, and S/c32a1, the vesicular GABA transporter. (J) Other
differentially expressed genes were not directly regulated by the any of the IEGs and have a
variety of biological functions, including regulation of transcription (Bftg2, Scand1) and
response to hormone stimulus (Serpina3n). *significantly different between Control and
PAS.
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