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Pubertal adversity alters chromatin dynamics and stress
circuitry in the pregnant brain
Kathleen E. Morrison 1,2, Anthony B. Cole3,4, Patrick J. Kane1, Victoria E. Meadows1, Scott M. Thompson3,5 and Tracy L. Bale1,2,5

Women who have experienced adverse childhood events (ACEs) around puberty are at the greatest risk for neuropsychiatric
disorders across the lifespan. This population is exceptionally vulnerable to neuropsychiatric disease presentation during the
hormonally dynamic state of pregnancy. We previously established that chronic adversity around puberty in female mice
significantly altered their HPA axis function specifically during pregnancy, modeling the effects of pubertal ACEs we also
reported in women. We hypothesized that the pregnancy hormone, allopregnanolone, was involved in presentation of the
blunted stress response phenotype by its interaction with the molecular programming that had occurred during pubertal
adversity experience. Here, in adult mice previously stressed during puberty, allopregnanolone administration was sufficient
to reproduce the decreased corticosterone response after acute stress. Examination of neuronal activation and the
electrophysiological properties of CRF neurons in the paraventricular nucleus of the hypothalamus (PVN) found no significant
changes in synaptic function that corresponded with the blunted HPA axis reactivity. However, at the chromatin level,
utilization of ATAC-Seq profiling demonstrated a dramatic remodeling of DNA accessibility in the PVN following pubertal
adversity. Altogether, these data establish a potential molecular mechanism whereby adversity during puberty can enact
lasting transcriptional control that manifests only during a unique period of the lifespan where dynamic hormonal changes
occur. These results highlight a biological process that may impart an increased risk for a highly vulnerable population, whereby
pubertal programming of the PVN results in aberrant HPA axis responsiveness when exposed to the hormonal changes unique
to pregnancy.
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INTRODUCTION
Exposure to adverse childhood experiences (ACEs) is a significant
risk factor for adult neuropsychiatric disorders [1, 2]. Women who
have experienced ACEs around the onset of puberty are at
the greatest risk for neuropsychiatric disorders across the lifespan
[3–5]. This population is particularly vulnerable to presentation of
neuropsychiatric symptoms during the hormonally dynamic state of
pregnancy and postpartum [6–9]. We previously established that
chronic adversity during puberty in female mice mimicked pubertal
ACEs in women, significantly reducing their stress reactivity, only
during pregnancy and postpartum [5]. Recent studies from a large
cohort of women have confirmed that ACE exposure during
childhood predicts maternal psychosocial outcomes, including
perception of current stress [10]. Risk of peripartum depression
and anxiety are also elevated in women with high ACEs and are
associated with long-term-negative outcomes for both mother and
baby, including increased incidence of undesirable maternal
behaviors and delayed achievement of developmental milestones
in infants [11–14]. Yet, few studies have examined the biological
programming that contributes to this risk for such a vulnerable
population.

To determine the mechanism underlying this unique dysregula-
tion, we examined the interaction of the pregnancy hormone
allopregnanolone with the molecular changes that occurred during
puberty. Allopregnanolone, a metabolite of progesterone, is found in
high concentration in the brain during pregnancy and early
postpartum, is implicated in normal pregnancy-related shifts in stress
function, and has been recently approved to treat symptoms of
postpartum depression [15–18]. Allopregnanolone potentiates the
effect of GABA, and as our previous study implicated a role for
increased sensitivity of the GABA system in the pubertal adversity
phenotype, we hypothesized that pubertal adversity and pregnancy
produced a synergistic effect to enhance inhibition of the stress
response [5]. In examination of the lasting effects of pubertal
adversity, we focused on the paraventricular nucleus of the
hypothalamus (PVN), both a key brain region that regulates the
hypothalamic-pituitary-adrenal (HPA) stress axis response and a
region that we have previously identified to have disruption at the
level of the transcriptome following pubertal adversity. We hypothe-
sized that pubertal stress would lead to programming of the PVN at
multiple molecular levels and thus probed neuronal activation,
electrophysiological properties, and the chromatin landscape.
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METHODS
Full details of experimental procedures and analyses are provided
in the Supplemental Materials and Methods.

Animals
All mice bred were virgin, in-house mixed C57BL/6:129 mice
(N= 139) [5, 19–21], except those used for electrophysiological
experiments, which were heterozygous Crh-IRES-Cre;Ai14 (N= 26),
expressing tdTomato in CRF neurons [22, 23]. All procedures were
approved by the University of Pennsylvania Institutional Animal
Care and Use Committee and by the University of Maryland
Baltimore Institutional Animal Care and Use Committee. All
procedures were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals.

Pubertal stress
Administration of pubertal stress was performed as described
previously [5, 19]. Mice underwent 14 days of chronic variable
stress (CVS) starting on postnatal day (PN) 21, during which one
stressor was administered per day (60 min fox odor exposure, 15
min restraint, 3x cage change in one day, 36 h of constant light,
exposure to a novel object (marbles) overnight, novel 100 dB
white noise overnight, and saturated bedding overnight). Animals
in the CVS 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 mice remained with
the dam until they were weaned at PN28 into pair-housed cages.

Breeding scheme
At 10–12-weeks of age, female mice were bred with naive male
mice for 1–3 nights. Upon confirmation of a copulation plug,
female mice were established as pregnant and were immediately
removed to their own cages. Female mice were left undisturbed
until testing.

Glucocorticoid response to acute stress
Nulliparous adult female mice, adult female mice in the late stage
of pregnancy (17.5 days post conception [dpc]) and adult male
mice were tested for HPA axis responsiveness to a 15min restraint
stress, as previously [5, 19]. Corticosterone levels were determined
by 125I-corticosterone radioimmunoassay (MP Biomedicals). Each
set of experiments represents a different set of subjects, such that
mice were not tested more than once.

Pharmacological manipulation of allopregnanolone
To address the necessity of allopregnanolone in the blunted
HPA axis response of pubertally stressed females, pregnant
females at 17.5 dpc were given an intraperitoneal injection of
indomethacin (5 mg/kg, Tocris 1708) or vehicle (25% w/v
HPβCD) 2 h prior to a 15-min restraint stress. This dose and
delivery decreases allopregnanolone levels in the brain [24]. To
address the sufficiency of allopregnanolone to uncover a
blunted HPA response in pubertally stressed males, allopregna-
nolone (3 mg/kg 20 h before, and 1 mg/kg 2 h before, Tocris
3653) or vehicle (25% w/v HPβCD) was administered twice via
intraperitoneal injections prior to a 15-min restraint stress. This
approach has been used previously to manipulate allopregna-
nolone effects in the brain [25, 26].

Immunohistochemistry for c-Fos
Pregnant females at 17.5 dpc and age-matched nonpregnant
adults were exposed to a 15-min restraint stress. Ninety minutes
following the start of restraint, females were anesthetized and
subject to cardiac perfusion. For c-Fos immunohistochemistry,
sections were stained for c-Fos (1:800, Synaptic Systems 226–004,
guinea pig polyclonal) and Hoechst (Thermo Fisher Hoechst
33342). Hoechst-immunoreactive and c-Fos-immunoreactive cells

were quantified from 4 to 6 sections per animal from each set of
tissue stained. Cell density of Hoechst and c-Fos was quantified
with the FIJI distribution of ImageJ [27], using the Otsu threshold
method [28] and the Analyze Particles function. For analysis,
density of c-Fos was normalized to density of Hoechst in each
section.

PVN CRF electrophysiology
Pregnant females at 17.5 dpc and age-matched nonpregnant adults
were deeply anesthetized with isoflurane prior to transcardial
perfusion. After preparation, slices containing the PVN were
identified for recording using anatomical landmarks, as well as
expression of red fluorescent CRF-tdTomato cells. Spontaneous
inhibitory postsynaptic currents (sIPSCs) were recorded using
standard whole-cell voltage-clamp techniques.

Mouse tissue collection and analysis
Pregnant females at 17.5 dpc and age-matched nonpregnant
females were anesthetized and decapitated. Brains were rapidly
frozen on dry ice and were stored at −80 °C until analysis. Trunk
blood was collected into EDTA-coated tubes and processed for
plasma, which was stored at −80 °C until analysis. For analyses
of PVN from frozen tissue, whole brains were cryosectioned at
−20 °C. Using a hollow 1.0 mm needle, the PVN was removed
according to the mouse brain atlas [29]. PVN micropunches were
processed according to each specific analysis.

Allopregnanolone production. Allopregnanolone was quantified
in blood plasma via enzyme-linked immunosorbent assay (ELISA)
(Arbor Assays). Real-time quantitative PCR (qPCR) gene expression
of enzymes in the allopregnanolone synthesis pathway was
conducted on total RNA isolated from the PVN.

Western blot. For protein extraction, micropunches from PVNs of
two littermates were pooled. Protein was separated and transferred
to a nitrocellulose membrane. The membrane was probed with
anti-GABAA receptor delta (GABAAR δ) antibody (1:1000; Novus
Biologicals, NB300-200). As a loading control, the membrane was re-
probed with anti-GAPDH antibody (1:1000; Abcam, ab128915).
Quantification of sample lanes were performed in the AzureSpot
program (Azure Biosystems) by an investigator blind to group.
Within each sample, GABAAR δ values were normalized to GAPDH
for quantitative analysis.

ATAC-sequencing. PVN micropunches were immediately dis-
pensed into pre-chilled tubes and stored at −80 °C until processing.
Each n represents the PVN from a single animal (n= 6/group). Nuclei
were extracted, chromatin tagmented, and libraries prepared
according to the OMNI-ATAC protocol, which was developed for
frozen tissue [30]. Paired-end 75-bp sequencing of the libraries was
performed in the Illumina Next 550 sequencer using the NextSeq
High Output v2 kit.

RNA-sequencing. PVN micropunches were immediately dispensed
into 500 µl of Trizol and stored at −80 °C until processing. Each n
represents the PVN from a single animal (n= 6/group). Total RNA
was extracted and prepared for RNA-Sequencing. Single-end 75-bp
sequencing was performed on libraries on the Illumina NextSeq
550 sequencer using the NextSeq High Output v2.5 kit.

Statistical analysis
An investigator blind to group conducted all data collection and
analysis. For hormonal, electrophysiological, and immunohistochem-
ical findings, data were analyzed by two-way analysis of variance
(ANOVA) with Fisher’s Least Significant Difference (LSD) post-hoc
testing as appropriate. Western blot, gene expression, and
allopregnanolone ELISA data were analyzed by t-test. Exact tests
that were used for all data presented are in the Supplement
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(Table S1). The significance level was p < 0.05. All data for these
measures are reported as mean ± SEM.
For electrophysiological data, Clampfit software (Molecular

Devices) was used to identify individual sIPSCs using a variable-
amplitude shape template set to detect positive-going currents
with an amplitude above a threshold (typically 5 pA). Parameters
of individual events collected included time of event, peak
amplitude of event, and decay tau of event. Each 3-min recording
was separated into 1-min bins, and the frequency, average
amplitude, and average decay tau for each bin were calculated.
Events with decay taus over 100 ms were rarely identified during
analysis and were discarded from analysis. The average frequency,
amplitude, and decay tau for ten bins for each cell were
calculated, and the averages of each cell from a given animal
were then averaged to produce a single n.
ATAC-Seq data were analyzed in the R environment for Mac and

in the terminal using the following pipeline: RSubread [31] to align
sequence reads to the genome, Rsamtools [32] to sort BAM files,
MACS2 [33] to call nucleosome free regions, soGGi [34] to merge
open regions within a group. To identify differentially expressed
peaks, the DESeq2 package was used [35]. Database of Annotation,
Visualization, and Integrated Discovery functional annotation
clustering was used for determination of gene clusters that were
significantly enriched within a gene set based on gene ontology
terms, with an enrichment score more than 1.3 equivalent to a p <
0.05 [36, 37]. RRHO2 was used for identification of concordant and
discordant peak expression in a threshold free manner [38]. HOMER
was used to perform de novo and known transcription factor-
binding motif analysis [39]. RNA-Seq data were analyzed in the R
environment for Mac with the packages kallisto and DESeq2 [40].
To identify differentially expressed genes, the Benjamini–Hochbert
false-discovery rate correction was applied and an adjusted p < 0.05
was used.

RESULTS
Allopregnanolone is necessary and sufficient to unmask the
blunted HPA axis programmed by pubertal stress
We have previously reported that pubertal stress (CVS) resulted in
a blunted corticosterone response to acute restraint stress
compared to mice not stressed during puberty (Control) later in
adulthood when females are pregnant (Fig. 1a). We hypothesized
that allopregnanolone would be necessary and sufficient to
produce a blunted corticosterone response in adult, pubertally
stressed mice. To determine if pregnancy-related levels of
allopregnanolone were necessary to produce the blunted
corticosterone response in pubertally stressed females, we
blocked allopregnanolone synthesis with indomethacin that
inhibits the enzyme 3α-hydroxysteroid oxidoreductase, which
converts 5α-dihydroprogesterone to allopregnanolone, prior to a
15-min restraint stress (Fig. 1b). In Control females, there was no
effect of indomethacin on the corticosterone response to stress
(Fig. 1c, FTime(3,24)= 10.30, p= 0.0002; FDrug(1,8)= 0.5396, p=
0.4836; FTime*Drug(3,24)= 0.01778, p= 0.9967). However, in CVS
females (Fig. 1d), indomethacin treatment resulted in a signifi-
cantly higher rise in corticosterone in response to restraint stress
(FDrug(1,7)= 0.6049, p= 0.4622; FTime(3,21)= 38.03, p < 0.0001;
FTime*Drug(3,21)= 4.687, p= 0.0117). Indomethacin-treated
females had more corticosterone than vehicle-treated females at
30min following the start of restraint (p= 0.0417), but not at other
time points. When compared by two-way ANOVA for treatment
and stress, total corticosterone showed the same pattern as what
we have previously reported, but failed to reach significance
(FStress(1,15)= 1.994, p= 0.1784; FDrug(1,15)= 0.4096, p= 0.5318;
FStress*Drug(1,15)= 2.033, p= 0.1744, with the Tukey post-hoc test
between Control Vehicle and CVS Vehicle at p= 0.0836).
Pregnancy is a dynamic stage where changes occur at

receptor, endocrine, and genetic levels. To determine whether

allopregnanolone alone was sufficient to blunt the HPA axis, we
utilized adult males that had been stressed during puberty. By
testing males, we were able to examine whether the impact of
pubertal stress on the response to allopregnanolone in adulthood
resulted from sex-specific programming or if the presentation of
the phenotype was sex-specific because males do not get
pregnant. Adult control and pubertally stressed males were given
allopregnanolone or vehicle prior to a 15-min restraint stress
(Fig. 1e). Raising allopregnanolone in Control males had no effect
on the corticosterone response (Fig. 1f, FTime(3,33)= 60.42, p <
0.0001; FDrug(1,11)= 0.3129, p= 0.5871; FTime*Drug(3,33)=
0.9845, p= 0.4120). In adult CVS males, allopregnanolone treat-
ment significantly blunted the total corticosterone response to an
acute restraint stress (Fig. 1g, FTime(3,36)= 59.42, p < 0.0001;
FDrug(1,12)= 7.244, p= 0.0196; FTime*Drug(3,36)= 2.252, p=
0.0989). This effect was driven by significantly lower corticoster-
one in CVS males treated with allopregnanolone than in vehicle-
treated CVS males at both 15min (p= 0.0311) and 30min (p=
0.0039) following the start of restraint. Altogether, these findings
demonstrate that allopregnanolone is necessary and sufficient to
produce a blunted HPA axis response only in pubertally stressed
animals. Analysis of circulating levels of allopregnanolone at
17.5 dpc and relevant allopregnanolone synthesis pathway gene
expression in the PVN suggests that pubertal stress did not
change the total amount of allopregnanolone present during
pregnancy (Supplementary Fig. S1).

Pubertal stress alters PVN responsiveness, but not by changing
GABA synaptic function
As the corticotropin-releasing factor (CRF) cells within the para-
ventricular nucleus of the hypothalamus (PVN) are responsible for
initiation of an HPA response, we examined several cellular
properties in the PVN. We first measured c-Fos immunoreactivity
following a 15-min restraint stress in the PVN and other brain
regions involved in stress responsiveness or known to be
programmed by stressful life experiences (Fig. 2a). We hypothesized
that the c-Fos response in the PVN would be blunted in pregnant
females previously subjected to pubertal stress (CVS) compared with
nonstressed controls (Control). In the PVN (Fig. 2b), there was a
significant interaction between pubertal stress exposure and
pregnancy on c-Fos immunoreactivity (FStress*Pregnancy(1,21)= 7.573,
p= 0.0119; FPregnancy(1,21)= 8.627, p= 0.0079; FStress(1,21)= 12.01,
p= 0.0023). Nonpregnant CVS females had significantly less c-Fos
immunoreactivity than did Controls (p= 0.0009), while there was no
difference between pregnant Control and CVS females (p= 0.5567).
There was a main effect of pregnancy on c-Fos immunoreactivity
(p < 0.05), which was to decrease c-Fos immunoreactivity relative to
nonpregnant females. This decrease is consistent with several
studies demonstrating a general suppression of c-Fos immunor-
eactivity in the PVN of rodents during late pregnancy [41–43]. This
may represent a floor effect that could have obscured our ability to
detect a further decrease by CVS. Of the other brain regions
examined (Supplementary Fig. S2), only in the anteroventral bed
nucleus of the stria terminalis did pubertal stress alter c-Fos
immunoreactivity in response to an acute stressor.
Altogether with our findings that the effect of CVS on the HPA

was to blunt reactivity and that CVS animals were more sensitive
to the GABA receptor allosteric modulator allopregnanolone, we
hypothesized that CVS altered GABAergic inhibitory synaptic
transmission in the PVN. Pregnancy-related changes to the GABAA

receptor delta subunit (GABAAR δ) in the hippocampus have been
implicated in affective dysfunction during and after pregnancy
[44]. Further, allopregnanolone is known to strongly modulate
αβδ-containing GABAARs [45]. Therefore, we examined the effect
of pubertal stress and pregnancy on levels of GABAAR δ in the PVN
using Western blotting (Fig. 2c). In nonpregnant females, there
was no effect of pubertal stress on the level of GABAAR δ protein
in the PVN (Fig. 2d, t(7)= 1.443, p= 0.1923). Similarly, there was
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no effect of pubertal stress on the expression of GABAAR δ in the
PVN of pregnant females (Fig. 2d, t(6)= 0.8411, p= 0.4325).
An alternate hypothesis was that pubertal stress increased

GABA function within the PVN, so that when allopregnanolone
was present, a synergistic effect occurred, thus lowering the
output of the PVN. As CRF cells in the PVN are a critical output
cell in initiation of the HPA axis, we examined the inhibitory
input to these cells and whether pubertal stress or pregnancy-
altered baseline GABA function. We recorded spontaneous
inhibitory postsynaptic currents (sIPSCs) from tdTomato-
expressing neurons in the PVN of CVS and Control female
CRF-reporter mice [22, 23] using whole-cell voltage-clamp
(Fig. 2e). Neither the frequency (Fig. 2f, FStress*Pregnancy(1, 22)=

0.002969, p= 0.9570; FPregnancy(1, 22)= 0.1204, p= 0.7319;
FStress(1, 22)= 1.048, p= 0.3171) nor amplitude (Fig. 2g,
FStress*Pregnancy(1, 22)= 0.9619, p= 0.3374; FPregnancy(1, 22)=
0.5251, p= 0.4763; FStress(1, 22)= 1.488, p= 0.2354) of sIPSCs
was altered by pubertal stress or pregnancy. Altogether, these
findings suggest that pubertal stress did not significantly alter
GABAergic inhibitory system within the PVN.

Allopregnanolone may interact with pubertal stress programming
of the chromatin landscape
We have previously shown that pubertal stress resulted in
increased expression of immediate early genes (IEGs) in the adult
PVN in the absence of a stimulus, which is contrary to their

Fig. 1 Allopregnanolone is necessary and sufficient to uncover the latent HPA axis reprogramming by pubertal stress. a We previously
established that chronic variable stress during puberty leads to a blunted HPA axis only during pregnancy and postpartum in female mice.
When HPA axis tissues were examined for transcriptomic changes, pubertal stress altered the transcriptome of the paraventricular nucleus of
the hypothalamus (PVN), but not the pituitary gland, adrenal gland, or placenta. In the PVN, six immediate early genes (IEGs) were significantly
increased in the PVN of CVS females during late pregnancy, suggesting that the chromatin is in a more open state, thus allowing the
permissive transcription of these genes at baseline state [5]. The permissive transcription of these genes in CVS females during late pregnancy
suggests that pubertal stress imparted a lasting effect on the chromatin in the PVN. b As allopregnanolone levels are high during pregnancy,
we hypothesize that it is the exposure to high allopregnanolone levels in pregnancy that uncovers the blunted HPA axis phenotype in
CVS females. To reduce allopregnanolone synthesis in control and pubertally stressed females, indomethacin was administered 2-h prior to a
15-min restraint stress. c In Control females, indomethacin had no effect on corticosterone production (n= 4–6/group). However, as predicted,
indomethacin treatment elevated the HPA axis stress response in d CVS females compared to vehicle-treated CVS females (n= 4–5/group). In
particular, Indomethacin-treated CVS females had significantly more corticosterone than vehicle-treated CVS females at 30min following the
start of restraint. e To demonstrate programming specificity of pubertal stress, adult male mice treated with allopregnanolone prior to a
15-min restraint stress showed no effect in f Control males (n= 6–7/group), but significantly reduced the corticosterone response in
g pubertally stress males (n= 7/group). There was significantly lower corticosterone in CVS males treated with allopregnanolone than in
vehicle-treated CVS males at both 15 and 30min following the start of restraint. Gray bars (c, d, f, g) represent 15-min restraint time. Mice were
freely moving in their home cage following restraint. *p < 0.05.

Pubertal adversity alters chromatin dynamics and stress circuitry in the. . .
KE Morrison et al.

1266

Neuropsychopharmacology (2020) 45:1263 – 1271



canonical activity-dependent expression [5]. This implicated an
openness of the chromatin landscape, which would allow IEGs to
be transcribed permissively. Pubertal stress-induced programming
of the chromatin state represents a lasting change that could
impact multiple systems within the PVN.
Given our previous findings of increased IEGs in the PVN of

pubertally stressed pregnant females, we hypothesized that the
chromatin in the PVN would be more permissive, thus making
these IEGs and other genes available for transcription [5]. To
examine this hypothesis, we used ATAC-Seq to profile the open
chromatin in the PVN of adult pubertally stressed (CVS) and
nonstressed (Control) females (Fig. 3a and Supplementary
Fig. S3A). For each replicate, we obtained an average of 184
million paired-end reads, which is sufficient for the detection of
accessible regions and downstream transcription factor analysis
[46]. Control regions Gapdh and Actb demonstrated consistent
signal between replicates and groups (Fig. 3b). Open regions were
defined as 100 bp or less in length, as previously described [47].
This selection criterion for open regions was confirmed by both
the strength of the signal at transcription start sites (TSSs) that was
consistent across groups (Fig. 3c) and by the stable annotation
location of peaks to the genome (Supplementary Fig. S3B). To
determine the number of open sites for each group, a cutoff was
applied to all detected regions (present in at least two samples
within each group). Adult, nonpregnant females had minimal
differences in the number of open sites in PVN chromatin,
regardless of pubertal stress experience. Control, nonpregnant
females had 60,404 total open sites and nonpregnant CVS females
had 59,175 open sites (Fig. 3d). Exposure to pregnancy
had opposing effects on the number of open sites in the PVN,
where pregnant Control females responded with decreased
permissiveness of the chromatin (53,103 open sites) and pregnant
CVS females responded with increased permissiveness of the

chromatin (65,243 open sites) compared to their nonpregnant
state. These findings suggested that Control females should
respond to pregnancy with a downregulation of genes at the
transcriptome level, while CVS females should respond with an
upregulation. RNA-Seq analysis of the PVN confirmed this
prediction (Supplementary Fig. S4). The effect of CVS on the
accessible chromatin peaks was not consistent between
the nonpregnant and pregnant state. RRHO analysis showed that
the peaks that were the most/least accessible in CVS females were
discordant when comparing this effect in nonpregnant and
pregnant mice (Fig. 3e). This confirms the prediction from our
previous transcriptomic findings that the chromatin in the PVN of
pregnant CVS females was more open than chromatin of pregnant
Control females, and that exposure to pregnancy exacerbated the
differences between the treatment groups.
We performed differential accessibility analysis to identify peaks

with significantly different openness within the PVN based on
pubertal stress and pregnancy experience (p < 0.05; log2 fold
change >1 or <−1). There were 162 differentially accessible peaks
when nonpregnant Control and nonpregnant CVS females were
compared (Fig. 3f). Of these peaks, the majority (150 peaks) were
more open in CVS females than in Controls. These findings
confirm a latent programming of the PVN at the level of chromatin
accessibility, where we detect subtle differences in outcomes
when females are not pregnant. When pregnant Control and CVS
chromatin was analyzed, there were 483 differentially accessible
peaks in the PVN, recapitulating the enhancement of differences
between the two groups during pregnancy, similar to the
phenotype we have observed in the HPA axis response [5] (Fig. 3f).
Functional annotation clustering of the differentially accessible
peaks shows that these peaks converge on pathways that
provide the potential to alter the way that the PVN responded
to general remodeling associated with pregnancy, including

Fig. 2 Pubertal stress alters responsiveness of the PVN when females are exposed an acute stress in adulthood, but not through changes
to the GABA system. Cellular responsiveness to an acute restraint stress was examined in adult females that had been exposed to pubertal
stress or not, and that were virgins or pregnant 17.5 dpc. a c-Fos staining was performed in several brain regions known to regulate the stress
axis. A representative photomicrograph is shown for the PVN. b In the PVN, there was an interaction between pubertal stress and pregnancy,
such that virgin CVS females had a blunted c-Fos response (n= 4–8/group). CVS nonpregnant females had significantly less c-Fos
immunoreactivity than did Controls, while there was no difference between pregnant Control and CVS females. cWhile the GABAAR δ subunit
has been previously implicated in pregnancy-related changes to HPA axis responsiveness in the hippocampus, we find no difference in
d. Total GABAAR δ in the PVN between Control and CVS females either in not pregnant (n= 4–5/group) or in 17.5 dpc pregnant females (n=
3–5/group). e The PVN of adult control and stressed females, either pregnant or not, was subject to slice electrophysiological recording. The
inhibitory input to corticotropin-releasing factor (CRF) cells was recorded in the form of spontaneous inhibitory postsynaptic currents (sIPSCs).
Representative traces are shown from pregnant Control (black line) and CVS (red line) females. f Pubertal stress had no effect on the frequency
of sIPSCs in CRF neurons of adult females, whether pregnant or not (n= 5–8/group). g Similarly, the amplitude of the sIPSCs was not altered
by pubertal stress exposure. *p < 0.05.
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categories: postsynaptic membrane, synapse, membrane integrity,
cell differentiation, axon guidance, and calmodulin binding
(Supplementary Fig. S5). This suggests that Control and CVS
females may have a divergent response in how pregnancy
remodels the structure or responsiveness of synapses and cells
in the PVN.

To determine the transcription factors that would be associated
with regions of chromatin accessibility during pregnancy in CVS
females, we performed binding motif analysis using HOMER
(Fig. 3g and Supplementary Table S2). The effect of pregnancy
produced some overlap in significantly enriched binding motifs,
including for that of the glucocorticoid receptor, progesterone

Fig. 3 Pubertal stress produces lasting changes in the chromatin landscape of cells in the PVN. a The PVN of adult mice, either not
pregnant or pregnant (17.5 dpc), that had been exposed to pubertal stress (CVS) or not was subject to ATAC-Seq (n= 6/group). Analysis of
both the signal in b housekeeping genes and c the location of reads relative to transcription start sites (TSSs) shows that the ATAC-Seq results
are of high quality and that group does not alter the basic representation of peak signal in control regions or location of peaks within the
genome. d Examination of the number of open peaks within the PVN by group shows that Control and CVS females have a similar number of
open peaks in the nonpregnant PVN that is dramatically altered in opposite directions by exposure to pregnancy. Control females respond to
pregnancy with fewer open peaks in the PVN while CVS females respond to pregnancy with more open peaks in the PVN relative to the not
pregnant state. e The effect of CVS on the accessible chromatin peaks is not consistent between the not pregnant and pregnant state. RRHO
analysis shows increased signal in the upper left and lower right quadrant of the heatmap, which indicates a discordant effect of CVS on the
chromatin landscape in not pregnant and pregnant females. f Heatmap displaying the differentially accessible peaks (162 peaks) when
nonpregnant Control peaks were compared with nonpregnant CVS peaks. This confirms that there are latent differences in PVN chromatin in
nonpregnant stressed females. Heatmap displaying the differentially accessible peaks (483 peaks) when pregnant Control peaks were
compared to pregnant CVS peaks. This shows that there is an enhancement of differences in chromatin accessibility between Control and CVS
females when they are exposed to pregnancy. Heatmaps are ranked from most open (red) to least open (blue) in Controls. g Transcription
factor (TF)-binding motif analysis was performed on the differentially accessible peaks in Control females (not pregnant versus pregnant) or
CVS females (not pregnant versus pregnant) for the effect of pregnancy. Pregnancy resulted in a dramatic remodeling of CVS chromatin that
resulted in significantly more types of binding motifs becoming available throughout the chromatin. h These enriched motifs cluster into
relevant TF families for controlling how the PVN responds to input. Example binding motifs are provided for several critical TF families.
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receptor, and androgen receptor. Outside of this expected overlap
in hormone-related-binding motifs, pregnancy induced a wider
remodeling of transcription factor-binding sites in CVS females (83
enriched binding sites) than in the PVN of Control females (18
enriched binding sites, Fig. 3h). These enriched sites in CVS
females clustered into several important families, including ETS-
domain, forkhead, high-mobility group (HMG), and basic leucine
zipper (bZIP). The most enriched family was the ETS-domain,
which functions to recruit histone acetyl transferases or deacety-
lases to broadly regulate chromatin dynamics [48]. Altogether,
these results suggest that there were lasting effects of pubertal
stress on chromatin dynamics.

DISCUSSION
Adverse childhood experiences (ACEs) that occurred during the
plastic period of brain maturation, puberty, are one of the
strongest predictors of adult neuropsychiatric disorders in women
[49, 50]. For this population, ACEs may result in a more susceptible
background upon which the dynamic hormonal changes that
occur in pregnancy and postpartum represent a “second hit” that
further increases risk for disease presentation [51]. We previously
established that chronic adversity during puberty in female mice
recapitulated pubertal ACEs in women, significantly altering their
HPA stress axis function during pregnancy and postpartum [5]. To
determine the mechanisms underlying this unique dysregulation,
we examined the pubertal molecular programming and its
interaction with the pregnancy hormone allopregnanolone.
We first utilized pharmacological manipulations in adult mice

exposed to pubertal adversity to examine whether allopregnano-
lone, a progesterone metabolite implicated in pregnancy neu-
ropsychiatric symptoms, was involved in the production of our
maternal stress axis phenotype. Blocking allopregnanolone synth-
esis in pregnant females exposed to pubertal adversity disrupted
phenotype presentation, while elevating circulating allopregna-
nolone levels in adult males exposed to pubertal adversity
recapitulated it. These results suggest that allopregnanolone is
both necessary and sufficient to cause the dysregulation of the
HPA stress axis found during pregnancy in mice that had been
exposed to adversity during puberty.
Next, we examined the molecular level at which pubertal

adversity programmed the HPA axis. We previously reported that
the transcriptome of the paraventricular nucleus of the hypotha-
lamus (PVN) was disrupted by pubertal adversity, while the
peripheral nodes of the HPA axis (pituitary and adrenal gland)
remained unaffected [5]. Using c-Fos immunoreactivity as a
readout of PVN activation, we found that fewer cells were
activated in response to an acute stressor in nonpregnant females
exposed to pubertal adversity, compared to mice not subjected to
pubertal adversity. In pregnant mice, in contrast, pubertal
adversity had no effect. These results are not consistent with
our HPA axis function findings, where we instead observed a
blunted HPA response only during pregnancy and not in the
nonpregnant state. These results also do not follow the prediction
from our previous transcriptome findings, where c-Fos gene
expression was increased in pregnant females exposed to
pubertal adversity. However, this discrepancy may be due to
differences in measurement timing in pregnancy (18.5 dpc versus
17.5 dpc), c-Fos expression at baseline versus after acute stress, or
a floor effect of pregnancy on c-Fos immunoreactivity. The PVN is
populated by a number of different cell types, so it remains
possible that cell-type-specific examination of c-Fos immunor-
eactivity would yield further insight that is masked by a limited
approach. While there is clearly something different about how
the PVN of adults exposed to pubertal adversity responds to acute
stressors, it is not obvious how this manifests at the cellular level.
Allopregnanolone produces inhibitory effects in the brain

via action at GABAA receptors containing delta (δ) subunits

(GABAAR δ) [52]. We tested the hypothesis that our HPA stress axis
phenotype was due to pubertal adversity programming of
increased GABAAR δ expression, thus increasing brain sensitivity
to allopregnanolone. However, in examination of protein levels in
the PVN of adults we found no difference in GABAAR δ based on
pubertal adversity in either pregnant or nonpregnant females,
suggesting that changes in GABAAR δ are not involved in the
detected phenotype. Next, we recorded spontaneous inhibitory
postsynaptic potentials (sIPSCs) to determine if pubertal adversity
affected responses to acute stressors by programming GABAergic
synaptic function in stress-responsive corticotropin-releasing factor
(CRF) neurons in the PVN. No significant differences in sIPSC
amplitude or frequency were found between treatment groups. This
suggests that pubertal adversity did not alter CRF-cell activation by
changing spontaneous inhibitory input from GABAergic cells. The
possibilities remain that differences in inhibitory input would be
detected under different conditions, such as with the addition of
local stimulation, or that pubertal adversity instead altered
excitability of CRF neurons.
We next examined the molecular transcriptional machinery in

adult females exposed to pubertal adversity. Our previous
transcriptomic analysis of the PVN revealed widespread increase
in the baseline expression of immediate early genes (IEGs) as a
result of pubertal adversity [5]. Increased IEG expression
suggested that the chromatin in the PVN of pregnant females
exposed to pubertal adversity was in a more permissive state. We
used ATAC-Sequencing to profile DNA accessibility in the PVN and
found significantly more open peaks associated with pubertal
adversity. The impact of pubertal adversity on chromatin
accessibility was further enhanced in pregnancy, where there
were ~3x more differentially accessible peaks. The perturbation of
the normal chromatin landscape by pubertal adversity is likely due
to epigenetic mechanisms, as epigenetic modifiers are responsible
for chromatin conformation and can be altered by the environ-
ment [53–56]. Further, puberty represents a time when stress may
alter the trajectory of the brain by enacting programming at the
epigenetic level [57–61].
Using transcription factor-binding motif analysis, we identified

distinct signatures of pregnancy-altered binding motifs that
depended upon pubertal adversity [62]. Pregnancy induced a
dramatic remodeling in the PVN specifically in females subject to
pubertal adversity. The accessible transcription factor-binding
sites in the PVN of pubertal adversity-exposed females clustered
into several important families, with the most enriched families
being those with an ETS-domain that contain transcription factors
that interact with a wide variety of co-regulatory partners, can
produce gene-specific responses, and recruit histone acetyl
transferases or deacetylases [48]. Other transcription factor family
motifs that were highly enriched in PVN of females exposed to
pubertal adversity belong to families that can bind to condensed
chromatin, are involved in DNA binding, and initiate alterations to
post-translational modifications of histones [63–65]. Whether the
chromatin was left in a generally unstable state by pubertal
adversity or there was more specific programming of chromatin
regulators is yet to be examined. However, open chromatin
detected in the PVN of pregnant mice exposed to prior pubertal
adversity suggests a mechanism whereby permissive transcription
by these neurons allows them to be more dynamic in their
response to neuroendocrine-negative feedback, thereby shutting
down the stress response faster. While it is yet unknown what the
mechanism of allopregnanolone action is in the remodeling of
DNA availability in pubertally stressed adult females, our current
data suggest an interaction at the chromatin level to uncover the
pubertal stress programming.
In sum, we demonstrate that puberty is a sensitive window for

adversity, potentially mediated through enduring changes to the
chromatin that can permit lasting changes in transcriptional
control, to increase risk of HPA axis dysfunction during later times
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of dynamic hormonal change, such as pregnancy and postpartum.
Our findings are especially interesting in light of the recent
approval of Brexanolone, a proprietary formulation of allopregna-
nolone, for the treatment of postpartum depression [18]. It is of
critical importance that drug development focus on inclusion of
women’s health as a priority, as prior research has shown that
women experience greater prevalence of affective disorders and
often respond differently than men to therapeutic treatments
[66, 67]. While studies in mice with abnormal postpartum
behaviors and a dysregulated HPA stress axis were responsive to
Brexanolone [68–70], our data in mice and humans suggest that a
subpopulation of women with high-pubertal ACEs who manifest
with a hyporesponsive HPA axis in pregnancy and postpartum
would respond to allopregnanolone treatment with a further
exacerbation of stress axis dysfunction, the consequences for
which are not currently known [5].
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