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Neurobehavioral abnormalities following prenatal psychosocial
stress are differentially modulated by maternal environment
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Prenatal stress (PS) is associated with increased vulnerability to affective disorders. Transplacental glucocorticoid passage and
stress-induced maternal environment alterations are recognized as potential routes of transmission that can fundamentally alter
neurodevelopment. However, molecular mechanisms underlying aberrant emotional outcomes or the individual contributions
intrauterine stress versus maternal environment play in shaping these mechanisms remain unknown. Here, we report anxiogenic
behaviors, anhedonia, and female hypothalamic-pituitary-adrenal axis hyperactivity as a consequence of psychosocial PS in mice.
Evidence of fetal amygdala programming precedes these abnormalities. In adult offspring, we observe amygdalar transcriptional
changes demonstrating sex-specific dysfunction in synaptic transmission and neurotransmitter systems. We find these
abnormalities are primarily driven by in-utero stress exposure. Importantly, maternal care changes postnatally reverse anxiety-
related behaviors and partially rescue gene alterations associated with neurotransmission. Our data demonstrate the influence
maternal environment exerts in shaping offspring emotional development despite deleterious effects of intrauterine stress.
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INTRODUCTION
Substantial evidence from human and animal studies indicates
that exposure to prenatal stress (PS) is a critical risk factor for
developing neuropsychiatric disorders later in life [1–3].
However, the contributing mechanisms by which these
intrauterine challenges program disease susceptibility remain
largely unknown. Studies in rodents have demonstrated that
PS can result in the emergence of anxiety-like and depressive-
related behaviors, reduced social interaction, and deficits in
attention and learning [4, 5]. These phenotypes are often
accompanied by dysregulation in hypothalamic-pituitary-
adrenal (HPA) axis activity [6], the main neuroendocrine system
regulating responses to stress, and such dysregulation is a
common feature in humans suffering from depression and
anxiety disorders [7]. The effects of PS in rodents on offspring
neurodevelopmental outcomes seem to be in part dependent
on the type of stress experienced, timing of exposure, and
offspring sex [1, 4, 8]. PS paradigms commonly utilized in
animal studies rely on physical stressors, such as restraint, or
do not accurately portray the multifaceted nature of stress
experienced by women [9, 10]. As such, it becomes imperative
to study the effects of gestational insults that are more
translationally relevant, such as exposure to chronic variable
psychosocial stressors.

Human and rodent studies have also demonstrated that PS is
correlated with abnormalities in maternal behavior [11]. There is
substantial evidence indicating that variations in maternal care can
strongly influence offspring behavior and HPA axis activity [1, 12].
This raises the intriguing question of whether the neurodevelop-
mental programming effects of maternal stress are a consequence
of in-utero disruptions or alterations in maternal care.
PS alters the developmental trajectory of vulnerable brain

structures, resulting in functional changes that are thought to
underlie the risk for developing emotional disorders [13]. The
amygdala is a key site for integrating neuroendocrine and
behavioral responses to stress and plays an essential role in
emotion regulation [14]. Most research examining the effects of PS
that are psychosocial in nature (exposure to social defeat) have
focused on measuring gene expression changes in key molecular
regulators of the HPA axis [4]. Upregulation in the glucocorticoid
receptor (GR) and corticotropin-releasing hormone (CRH) have
been noted, as well as altered CRH receptor (CRH R) levels [15–17].
While these findings underscore the importance of characterizing
gene transcription changes in the amygdala to better understand
the physiological basis of affective disturbances, sex-specific
alterations in amygdalar transcriptional profiles in response to
psychosocial PS and whether these changes arise in-utero or from
alterations in maternal care remains to be investigated.
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To address these questions, we developed a chronic gestational
stress (CGS) paradigm which consists of exposing pregnant mice to
psychosocially challenging insults presented in an unpredictable
fashion from gestational day 6.5–17.5. Employing these mild to
moderate psychosocial manipulations allows us to better mimic
stressors experienced by women during pregnancy [18]. We have
previously found exposure to our paradigm results in the
development of depression and anxiety-like phenotypes in dams
as well as abnormalities in maternal behavior, evidenced by the
emergence of fragmented and erratic maternal care patterns [19].
Here, we investigated the effects of psychosocial PS on offspring
behavior and neuroendocrine function. To elucidate the molecular
mechanisms underlying the various phenotypes observed, we
compared amygdalar transcriptional profiles of control (CTRL) and
PS offspring since the amygdala represents a nodal point between
the HPA axis and emotional output. Lastly, to dissociate the impact
of in-utero stress from abnormalities in maternal care resulting from
stress during gestation, we performed cross-fostering (CF) of pups at
birth between CTRL and CGS dams (Fig. 1).

MATERIALS AND METHODS
Animals
C57BL6/J mice were obtained from Jackson Laboratory. Mice were housed on
a 14 h/10 h light–dark cycle with access to water and chow ad libitum. Female
mice between 3 and 6 months of age were set up for timed-mating at 1800 h
and separated the following morning at 0800 h. Simple randomization was
used to divide mice with a copulatory plug, which was denoted as 0.5 days
post-coitum, into two experimental groups (CTRL and CGS). All mouse
experiments were in accordance with the guidelines of the National Institutes
of Health and were approved by the Cincinnati Children’s Medical Center
Animal Care and Use Committee.

Psychosocial prenatal stress
Chronic psychosocial stress paradigm during pregnancy (CGS) was conducted
as previously described [19]. Briefly, from gestational day (G) 6.5–16.5, mice
assigned to the stress group were exposed to variable psychosocial insults 2
times per day, 2 h each, and an overnight stressor. Stressors included
exposure to dirty rat bedding, foreign object (marble or lego) exposure, 30°
cage tilt, bedding removal, frequent bedding changes, overnight lights on,
overnight wet bedding, and overnight cage mate change. Control mice were
not disturbed.

Cross-fostering (CF)
Pups were switched with another litter within 24 h of birth, so as to
generate four groups for our studies: CTRL offspring, PS offspring, PS
offspring CF to CTRL mom, CTRL offspring CF to CGS mom.

Offspring behavioral assessment
Behavioral tests were conducted in offspring when they reached postnatal
day (PN) 28. One cohort underwent testing for anxiety-related behaviors
using light–dark transition box (LD), followed by open field test (OFT) to
assess for changes in locomotor activity, social interaction assay (SI) to
measure alterations in sociability, and fear conditioning (FC) to quantify
deficits in associative learning. A second cohort was used to assess
behavioral coping strategy to stress using the forced swim test (FST). A
third cohort was used to measure changes in anhedonia using the sucrose
preference test (SPT). Experimenters were blinded to group membership.
Light–dark transition box (LD). The LD was performed as previously

described [20]. Mice were placed on the lighted side and the amount of
time spent in each side of the apparatus, as well as number of crossings,
was recorded over a 10min period.
Open field test (OFT). The OFT was conducted as previously described

[21]. Mice were tested for 1 h and locomotor activity was analyzed in 5min
intervals.
Social interaction assay (SI). SI was performed as previously described

[22] with minor modifications. Amount of time spent interacting with the
stranger mouse was used to quantify the degree of social interaction.
Fear conditioning test (FC). The FC assay which consisted of CS/US

training and contextual and auditory cued components for fear
conditioning was performed as previously described [23] in order to
assess associative learning. Freezing behavior was quantified on day two
(contextual fear testing) and three (cued fear testing).
Forced swim test (FST). The FST was performed as previously described

[22]. Duration of immobility, as well as the frequency of immobility
episodes, were recorded.
Sucrose preference test (SPT). The SPT was conducted as previously

described [19]. Water and sucrose consumption (ml) were measured and
preference was calculated using the average of the measurements from
the last 4 days with the following formula: % preference= [(sucrose
consumption/sucrose + water consumption) × 100].

Serum corticosterone (CORT) measurements
In a separate cohort of mice, submandibular bleeds were performed at
PN28 at circadian nadir, peak, and immediately following a 15min swim in
water (25 °C). Serum CORT measurements were performed by ELISA per
manufacturer’s protocols (Arbor Assay, Ann Arbor, MI).

Functional analysis:
• qPCR embryonic amygdala

Functional analysis:
• Behavior
• HPA axis activity
• Amygdala RNA-seq in CTRL and PS offspring
• qPCR to validate RNA-seq results and measure gene 

expression changes in CF offspring

TM G6.5 G16.5 G17.5 Beginning on PN28PP0

Birth and
cross-fostering (CF)

CTRL dam

CTRL offspring

CTRL CTRL CTRL CTRL CTRL CTRL

CGS dam CGS damCTRL dam

PS offspring PS offspring CF to CTRL mom CTRL offspring CF to CGS mom

PS PS PS PS PS PS

Fig. 1 Schematic outlining of the experimental paradigm. Psychosocial stress was performed from gestational day 6.5 (G6.5) to G17.5. Fetal
amygdala qPCR was performed on G17.5. A separate subset of mice was cross-fostered (CF) at birth so as to generate four separate groups for
our studies. Functional analysis was carried out in these four groups beginning at postnatal (PN) day 28, including behavior and
neuroendocrine characterization. RNA-seq analysis was performed in control and PS offspring amygdala samples and a subset of differentially
expressed genes from this analysis were measured in cross-fostered offspring amygdala samples via qPCR.
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Maternal behavior assessment
A separate cohort of mice was used for maternal behavior assessment,
as previously described [19]. From postpartum day 2 to 5 (PP2-PP5),
dams were observed for a 30 min period during the light cycle and the
percentage of time spent nursing, licking/grooming pups, and off nest
were recorded. The degree of fragmentation in maternal care was
represented by the total number of licking/grooming bouts and the
average length of an individual bout [19, 24]. The entropy rate was
used to quantify the degree of unpredictability in maternal care, as
previously described [19, 24–26]. Pup retrieval test was performed on
PP6, as previously described [19]. Latency for dams to recover the first
pup and the rest of the pups were recorded.

Maternal milk corticosterone (CORT) measurements
Milk was collected from dams on PP9 as previously described [27]. Dams
were separated from pups for 4 h prior to milking and anesthetized with
ketamine (0.1 ml/20 g body weight ip) (Sigma, St. Louis, MO). Oxytocin (20
USP/ml ip) (Sigma) was injected to promote milk letdown and milk was
collected 15min after injection from each teat with capillary tubes
(Drummond Scientific, Broomall, PA) and stored at −20 °C. Milk CORT
measurements were performed by ELISA per the manufacturer’s protocol
(Abcam, Cambridge, UK).

Mouse tissue collection, amygdala microdissections, and RNA
isolation
Pregnant female mice were euthanized on G17.5. Fetuses were
collected. Tail tissue samples were used for genotyping to identify
the sex of individual fetuses as previously described [16]. Brains from
corresponding fetuses were collected and the ventrolateral portions of
caudal telencephalic gross sections containing the amygdala were
microdissected. For PN28 offspring, mice were sacrificed via cervical
dislocations and brains were harvested, immediately frozen on dry ice,
and stored at −80 °C. Amygdalar dissections were performed as
previously described [28]. RNA from fetal brain and PN28 amygdalar
dissections was purified using RNeasy Micro Kit (Qiagen, Hilden,
Germany).

quantitative PCR (qPCR)
RNA was converted to cDNA using the Quantitect Reverse Transcriptase Kit
(Qiagen) and stored at −20 °C. qPCR was performed using Taqman system
with Taqman Gene Expression Master Mix (ThermoFisher Scientific) on
each cDNA sample as previously described [19] with minor modifications.
Gene expression data were calculated using the ΔΔCt method.

RNA-sequencing
RNA isolated from amygdalar microdissections from four control and four
PS offspring (per sex) from different litters at PN28 was used for directional
RNA-seq performed by the Genomics, Epigenomics, and Sequencing Core
at the University of Cincinnati following previously published methods
[29, 30]. The sequencing setting of single read 1 × 85 bp to generate ∼50M
reads per sample was used. Sequencing data have been deposited in
NCBI’s Gene Expression Omnibus and are accessible through GEO Series
accession number GSE189330.

RNA-sequencing analysis
RNA-seq reads were aligned to mouse genome, mm10, using STAR aligner
[31]. Raw reads counts aligned to each genes were measured using
FeatureCounts [32]. Differentially expressed genes (DEGs) were analyzed
using RUVseq [33] and EdgeR [34]. Genes with fold-change > 1.5 and FDR
< 0.05 were selected as differential genes for gene ontology analysis using
EnrichR [35].

Statistics
Data were analyzed by mixed linear factorial ANOVA with degrees of
freedom calculated using the Kenward-Roger method (Proc Mixed, SAS
version 9.4, SAS Institute, Cary, NC, USA), two-way ANOVA test followed
by Tukey’s post hoc test (Prism 7.0c software; GraphPad Software, Inc.,
San Diego, CA, USA), or unpaired two-tailed t-test (Prism 7.0c software)
as indicated in figure legends. P ≤ 0.05 was considered significant. The
n represents either offspring, litter numbers, or dams as indicated in
figure legends. Results are reported as mean ± standard error of the
mean (s.e.m.).

RESULTS
Effects of psychosocial stress and cross-fostering on maternal
behavior
We had previously published exposure to psychosocial stress
during pregnancy results in abnormalities in the quality of
maternal care, including fragmented and erratic maternal care
patterns, as well as increased time retrieving pups in pup retrieval
task [19], summarized in Table S1. To assess whether CF of
offspring results in differences in maternal behavior, we examined
the quantity and quality of maternal signals delivered by CTRL
dams with CF PS offspring and CGS dams with CF CTRL offspring
in the early postpartum period. No differences were observed in
quantitative measures of maternal care, including percent time
spent grooming CF offspring (Fig. S1A; t-test, t16= 1.190, P=
0.2514), nursing CF offspring (Fig. S1B; t-test, t16= 0.1082, P=
0.9152), or off-nest (Fig. S1C; t-test, t16= 1.078, P= 0.2970),
suggesting the overall duration of maternal care received was
not affected by CF of offspring. However, CGS dams with CF CTRL
offspring exhibited abnormalities in more qualitative aspects of
maternal behavior, including increased fragmentation, defined by
significantly shorter mean duration of licking/grooming bouts
(Fig. S1D; t-test, t16= 2.870, P= 0.0111) and a significant increase
in the average number of bouts (Fig. S1E; t-test, t16= 2.641, P=
0.0178), as well as a trend towards more unpredictable and
chaotic maternal care patterns, as quantified by a trend towards
an increased entropy rate (Fig. S1F; t-test, t16= 1.798, P= 0.0910).
We further assessed maternal care via the pup retrieval task.
Although no differences were found in the latency to retrieve the
first pup (Fig. S1G; t-test, t16= 1.684, P= 0.1117), CGS dams with
CF CTRL offspring displayed a significant increase in time needed
to retrieve all pups (Fig. S1H; t-test, t16= 2.526, P= 0.0225). These
results are consistent with maternal behavior analysis previously
performed [19] comparing control vs CGS dams without CF
offspring, and indicate PS offspring CF to CTRL moms are
experiencing changes in their postnatal maternal environment
characterized by more consistent, less fragmented maternal
signals when compared to CTRL offspring CF to CGS moms.

Effects of psychosocial PS and changes in postnatal maternal
environment on behavior
We next measured the effects of psychosocial PS on anxiety-like
behaviors via LD. A significant PS × CF interaction was detected in
the total amount of time spent in the light zone of LD (Fig. 2A;
F1,27.7= 9.68, p= 0.0043). Offspring exposed to psychosocial PS
showed a decrease in total time spent in the light zone when
compared with age-matched CTRL offspring (P= 0.0023). This
reduction was reversed in PS offspring CF to CTRL mothers (P=
0.0005), suggesting the emergence of an anxiety-like phenotype
following PS that is significantly improved by changes in maternal
care. No differences were observed between CTRL offspring and
CTRL offspring CF to CGS mothers (P= 0.6456), indicating the
fragmented maternal care patterns displayed by dams exposed to
psychosocial stress during pregnancy [19] are not contributing to
the emergence of anxiety-related behaviors in offspring. When
evaluating the total number of entries into the light zone, a
significant CF effect was detected (Fig. 2B; F1,19.1= 40.44, P <
0.0001), where both PS offspring raised by CTRL mothers and
CTRL offspring raised by CGS dams had more entries into the light
zone. Despite these changes, analysis of locomotion in OFT
revealed no significant effect of CF (Fig. 2C; F1,26.9= 0.04, P=
0.8419) or PS effect (Fig. 2C; F1,26.9= 0.48, P= 0.4940), suggesting
that behavioral abnormalities or normalization of anxiety-like
behaviors in PS offspring CF to CTRL mothers are not due to
ambulatory changes.
In a separate experiment, we used the FST to assess for the type

of coping strategy (active vs. passive) [36] displayed by PS
offspring when being exposed to an acute inescapable stressor.
We found a significant PS effect on the total amount of time spent
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immobile (Fig. 2D; F1,30.6= 12.12, P= 0.0015). Interestingly, both
PS offspring and PS offspring CF to CTRL mothers exhibited a
significant reduction in immobility time when compared with
respective CTRLs. We interpret this measure to reflect a more
active coping strategy in PS offspring when faced with a stressor
(e.g., swimming), which becomes significant as altered stress
coping strategies have been found to be associated with a higher
vulnerability for aberrant emotional outcomes, such as anxiety
[37, 38]. Our data further suggest this alteration in stress coping
strategy is a result of in-utero stress and not modulated by
changes in postnatal environment (e.g., maternal care) as time
spent immobile in CTRL offspring raised by CGS dams was similar
to CTRL offspring raised by CTRL mothers (Fig. 2D; F1,30.6= 0.54,
P= 0.4673 for PS × CF interaction). No differences were observed
across groups in the total number of immobility episodes (Fig. 2E;
F1,25= 2.91, P= 0.1006 for PS effect; F1,25= 0.91, P= 0.3487 for CF
effect). We used the SPT to evaluate anhedonia, a symptom often
seen in depression [39]. A significant PS × CF interaction was

observed on the preference for 4% sucrose solution (Fig. 2F; F1,26.9
= 3.24, p= 0.0416). PS offspring displayed significantly reduced
preference for 4% sucrose than age-matched CTRL offspring (P=
0.0396), a measure considered to represent an inability to
experience pleasure. Interestingly, the emergence of this anhe-
donic behavior seemed to be mediated by both effects of in-utero
stress and alterations in postnatal maternal environment as CTRL
offspring raised by stressed mothers also exhibited a reduction in
sucrose preference when compared with non-CF CTRLs (P=
0.0221). Our data suggest that anhedonic characteristics could not
be rescued by normalizing maternal care delivered to pups as PS
offspring CF to CTRL dams exhibited a similar reduction in sucrose
preference as non-CF PS offspring (P= 0.9252). Noteworthy, no
significant sex × PS interaction was found on the amount of time
spent in the light zone in LD (Fig. 2A; F1,105= 0.00, P= 0.9951), on
the amount of time spent immobile in the FST (Fig. 2D; F1,93.9=
1.62, P= 0.2064), and on 4% sucrose preference in the SPT (Fig. 2F;
F1, 84.9= 0.00, P= 0.9816), indicating male and female PS offspring
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were equally affected in the behavioral parameters measured by
these assays.
There were no differences in the total amount of time spent

socializing with a stranger mouse in SI in PS offspring when
compared with CTRLs (Fig. S2A) or in associative learning
as measured by no changes in freezing behavior during FC
(Fig. S2B−D).

Effects of psychosocial PS and changes in postnatal maternal
environment on neuroendocrine function
In order to determine the effects of psychosocial PS on
neuroendocrine function, we measured circadian concentrations
in serum CORT levels and in response to a novel acute stressor at
PN28. No differences were observed in CORT measurements at the
circadian nadir timepoint (Fig. 2G; F1,21= 2.92, P= 0.1023 for PS
effect; F1,21= 0.03, P= 0.8598 for sex effect; F1,21= 0.22, P=
0.6462 for PS × sex interaction). Analysis of peak CORT values
revealed no effect of PS (Fig. 2H; F1,20.3= 0.00, P= 0.9631),
although there was a significant main effect of sex (Fig. 2H;
F1,22= 198.13, p < 0.0001). Increased CORT was measured at the
peak timepoint in females across all our groups when compared
with males, a normal sex-variation often noted in HPA axis activity
[40]. Following 15min of swimming, there was a significant PS ×
sex interaction on serum CORT levels (Fig. 2I; F1,105= 6.39, P=
0.0129). Elevation in stress-induced CORT secretion was observed
in PS females when compared with PS males (P= 0.0012).
Importantly, PS females and PS females CF to CTRL dams had
similar serum CORT levels in response to the 15min swim, which
were significantly higher than CTRL females and CF CTRL females
(P < 0.0001).

Effects of cross-fostering on maternal milk composition
To address if changes in maternal milk composition could be
partially underlying programming of offspring brain development
and behavior, we measured milk CORT concentration at PP9
between CGS and CTRL dams. No significant differences in CORT
milk were observed between these two groups (Fig. S3; t-test,
t16= 1.400, P= 0.1805), suggesting changes in quality of maternal
care as opposed to milk CORT content are contributing to the
offspring behavioral changes being observed after CF.

Effects of psychosocial PS on fetal amygdala
To examine the possible effects of psychosocial PS on fetal
brain development, we investigated whether changes in gene
expression could be measured in the amygdala, a key brain
region for emotional output, at E17.5. We focused on molecular
regulators of the HPA axis as previous studies have shown
these to be altered by PS [4]. We observed a trend towards a
significant main effect of PS on CRH mRNA levels (Fig. S4A;
F1,4 = 5.39, P= 0.0810). CRH levels were elevated in PS fetuses
when compared with CTRLs, although this difference was not
statistically significant. We also detected a trending effect of PS
on amygdalar GR expression (Fig. S4B; F1,4 = 6.84, P= 0.0591).
PS fetuses exhibited reduced but not statistically significant GR
mRNA levels when compared with CTRL fetuses. There was a
significant main effect of PS on CRH R1 expression (Fig. S4C;
F1,4 = 16.14, P= 0.0159). Psychosocial PS exposure resulted in
decreased amygdalar CRH R1 mRNA levels in E17.5 fetuses.
Analysis of CRH R2 expression revealed no significant effect of
PS (Fig. S4D).

Effect of psychosocial PS on amygdalar transcriptomes
To investigate the molecular mechanisms underlying sex-specific
effects of psychosocial PS on behavior and neuroendocrine
function, we performed RNA-seq on PN28 amygdalar samples
from CTRL and PS male and female offspring. Principal component
analysis revealed that samples from PS mice were distinguishable
from CTRL mice more significantly in male than in female samples

(Fig. 3A). To examine detailed transcriptomic changes, we
performed DEG analysis using four pairwise comparisons: CTRL
male vs. PS male, CTRL female vs. PS female, CTRL male vs. CTRL
female, and PS male vs. PS female. DEGs were determined by FDR
< 0.05 and FC > 1.5. Indeed, male mice displayed much larger
number of DEGs after PS exposure than females (Fig. 3B).
In the CTRL male vs. CTRL female amygdala comparison, there

were 18 DEGs, with 9 female-specific and 9 male-specific genes
(Fig. S5A). Transcripts displaying the largest effect were localized
on sex chromosomes (e.g., Xist, Eif2s3y) (Fig. S5B), and previously
reported to be differentially expressed between the sexes in the
hypothalamus [41]. Gene ontology (GO) analysis for the DEGs in
this comparison revealed enrichment in genes encoding for
calcium-binding proteins associated with a wide variety of
processes, including inflammation (RAGE receptor binding) and
energy metabolism (long chain fatty acid binding) (Fig. S5C).
In the CTRL male vs. PS male comparison, we identified a total

of 452 DEGs with 178 upregulated and 274 downregulated
(Fig. 3C). According to GO analysis, we observed that genes
related to the regulation of transmembrane transport and
components of the synaptic membrane were significantly down-
regulated in PS males. The majority were genes associated with
potassium channels (including KCNF1, KCNH4, KCNK9, KCNA3, and
KCNV1), genes associated with calcium signaling (ATP2B4, TRDN,
and CACNG6, CRACR2A, and CAMK2D), genes implicated in
glutamatergic signaling (GSG1L, CNIH3, CACNG5, and GRIN3A),
and GABAergic signaling (GABRQ, GABRA3, and HAP1) (Fig. 3D).
Although GO analysis among the upregulated genes in PS males
did not reveal any significant pathway enrichment (data not
shown), several of the significantly upregulated genes were also
associated with glutamatergic signaling (including GRM2, GRM4,
HOMER 3, TCF7L2, and GRID2IP).
Interestingly, only a small subset of genes were differentially

expressed in PS females compared with CTRL females. This
comparison yielded only a total of 8 DEGs, with 5 upregulated and
3 downregulated (Fig. 3E). Among the genes displaying the largest
effects were SLC6A5, involved in glycine neurotransmitter uptake,
and DBH, which encodes the rate-limiting enzyme for norepi-
nephrine (NE) biosynthesis [42], which were significantly upregu-
lated after PS (Fig. 3F).
In the final comparison, PS male vs. PS female, we identified

517 DEGs, with 344 PS female-specific and 177 PS male-specific
genes (Fig. S5D). GO analysis with the biological process and
cellular component categories confirmed alterations in synaptic
transmission, transmembrane transport, and glutamatergic
receptor signaling, as noted above, with genes under these
categories significantly expressed in PS females when compared
with PS males (Fig. S5E).

Effects of changes in postnatal maternal environment on
amygdalar gene expression
Several of the genes associated with synaptic transmission were
chosen for qPCR validation. In PS males, we were able to confirm
significant alterations of genes encoding proteins involved in
glutamatergic (downregulation of GSG1L, GRIN3A, CNIH3, and
CACNG5, and upregulation of HOMER 3 and GRM2) and GABAergic
neurotransmission (downregulation of GABRA3A) (Fig. 4A, B).
Downregulation of genes associated with ion channel complexes
was also confirmed (KNCH4, KCNA3, and CACNG6) (Fig. 4C). GABRQ
was the only gene chosen for validation via qPCR which exhibited
a trend towards downregulation after PS in males (P= 0.0837), a
direction of change consistent with RNA-sequencing results, but
that did not reach statistical significance (Fig. 4A). In females, there
was a significant upregulation in DBH after PS, and a trend
towards increased levels of SLC6A5 (Fig. 4D; P= 0.0899).
To differentiate the contribution of in-utero stress from

maternal environment on gene transcription, we measured how
CF altered PS-induced gene expression changes. We observed
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that most of the genes downregulated in PS males were also
downregulated in CTRL males CF to CGS moms, suggesting both
in-utero stress and alterations in maternal care are contributing to
transcriptional changes noted in our study (Fig. 4A, C). Impor-
tantly, in PS males CF to CTRL moms, we observed a partial rescue
of alterations in genes associated with glutamatergic signaling. We
find expression levels of HOMER3 (Fig. 4B; F(1,12)= 7.990; P=
0.0153 PS × CF interaction; post hoc P < 0.05) and GRM2 (Fig. 4B;
F(1,12)= 6.178; P= 0.0287 PS × CF interaction; post hoc P < 0.01)
are normalized following CF, and note a trend towards normal-
ization of CACNG5 and HAP1 (Fig. 4A), suggesting a partial rescue
in metabotropic glutamatergic neurotransmission could underlie
the reversal of anxiety-related behaviors in PS males CF to CTRL
moms. In PS females, we observe expression of DBH is normalized
following CF to CTRL moms (Fig. 4D; F(1,12)= 6.235; P= 0.0281
PS × CF interaction; post hoc P < 0.05), suggesting a partial rescue
in NE neurotransmission could underlie the reversal of anxiogenic
behaviors in PS females CF to CTRL moms.
Our results are summarized in Table S2.

DISCUSSION
In our study, we find psychosocial PS results in the emergence of
anxiety-like behaviors, an altered behavioral coping strategy to
stress, and anhedonia in male and female offspring. Neuroendo-
crine abnormalities, evidenced by acute stress-induced HPA axis
hyperactivity, are only observed in PS female offspring. We further
demonstrate these abnormalities are differentially modulated by
changes in maternal care postnatally, with only anxiety-related
behaviors rescuable by CF to CTRL mothers. In addition, we find

evidence that these abnormalities are preceded by gene
expression changes in the fetal amygdala, suggesting program-
ming of brain development leading to increased susceptibility to
emotional disturbances. The molecular analysis further revealed
phenotypic changes in PS offspring to be associated with sex-
specific disturbances in genes associated with synaptic transmis-
sion, including genes associated with glutamatergic and GABAer-
gic signaling in PS males, and upregulation of DBH, known to
regulate NE synthesis [42], in PS females. Lastly, CF of PS offspring
to CTRL mothers partially normalizes changes in gene expression
related to glutamatergic and NE signaling, which may contribute
to the reversal of anxiety-like behaviors.
Our data indicate exposure to psychosocial PS leads to anxiety-

like behaviors and anhedonia in male and female offspring. In
contrast, only PS female offspring exhibit HPA axis dysregulation.
Consistent with our data, an abundance of studies have shown PS
exposure results in depressive behaviors and anhedonia in
offspring of both sexes [10]. However, previous studies reporting
the effects of PS on anxiety-related behaviors and neuroendocrine
dysfunction are not always consistent. PS paradigms with a
psychosocial component have demonstrated anxiety-like beha-
viors and HPA axis hyperactivity in male offspring [15, 16, 43], with
males being particularly susceptible to effects of PS experienced
during early gestation [16]. Interestingly, increased anxiety and
stress-induced HPA axis hyperactivation are reported in PS female
offspring if stress paradigms with a psychosocial component are
applied during middle to late gestation [44, 45]. These results
suggest sex-specific windows of vulnerability to psychosocial PS,
with females becoming susceptible to HPA axis dysfunction and
the development of anxiety during mid-to-later stages of fetal

Fig. 3 Psychosocial PS results in sexually dimorphic gene expression changes in offspring amygdala. A Principal component analysis plot.
B Total number of differentially expressed genes for the various pair-wise comparisons made, CTRL offspring = 4 per sex, PS offspring = 4
per sex. C Scatter plot displaying 178 upregulated and 274 downregulated genes in PS males when compared with CTRL males. Genes were
considered significant with an FDR < 0.05 and FC > 1.5. D Significantly enriched pathways after gene ontology analysis of downregulated
genes using biological process and cellular component categories. Genes significantly downregulated in the amygdala of PS males when
compared to CTRL males include genes associated with potassium channels, calcium signaling, glutamatergic signaling, and GABAergic
signaling. E Scatter plot displaying 5 upregulated and 3 downregulated genes in PS females when compared with CTRL females. F Summary
of DEGs. Genes were considered significant with an FDR < 0.05 and FC > 1.5.
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development. These sex-dependent effects of PS could partially be
explained by the developmental timing of relevant processes,
including a greater increase in limbic GR expression in female
brains during later in-utero life [46].
Our findings further demonstrate both PS male and female

fetuses exhibited changes in amygdalar gene expression. Psycho-
social PS was associated with decreased CRHR1 mRNA levels in
both sexes and trends towards upregulation of CRH and down-
regulation of GR expression. These results suggest the protective
glucocorticoid barrier in the placenta [47] is being overcome by
excess glucocorticoids resulting in fetal overexposure to CORT and

alterations in brain developmental trajectories. An additional
contributor might include catecholamines, stress-related amine
hormones known to regulate various placental processes and
influence brain development [47].
The amygdala undergoes dramatic structural and functional

modifications as a result of stress [48, 49]. Here, we examined
amygdalar transcriptional responses following psychosocial PS. PS
males exhibited alterations in genes involved in synaptic transmis-
sion, including downregulation of voltage-gated potassium chan-
nels and calcium signaling genes. In addition, we detected
alterations in transcripts encoding synaptic proteins involved in
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Fig. 4 Validation of RNA-seq results through qPCR and effects of CF on gene expression. A Validation of RNA-seq results for a subset of
genes confirms downregulation in genes associated with glutamatergic and GABAergic neurotransmitter systems in PS males that are not
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glutamatergic and GABAergic neurotransmission. Our findings are
consistent with other studies examining the effects of prenatal
insults on amygdalar gene expression, which have observed
changes in ion transporter complexes, GABAA receptor subunits,
as well as ionotropic and metabotropic glutamate receptors [50–52].
Our data, however, identify a number of novel PS responsive
transcripts, including genes encoding regulatory proteins known to
modulate AMPA receptor trafficking and channel kinetics, such as
GSG1L, CACNG5, and CNIH3 [53, 54], and genes encoding proteins
involved in postsynaptic stabilization of metabotropic glutamate
receptors, such as HOMER3, and GABAA receptor trafficking partner
HAP1 (Fig. 5) [55, 56]. Proper excitatory and inhibitory neurotrans-
mission balance is crucial for preventing amygdala hyperactivity, a
neurological feature often noted in patients suffering from
emotional disorders [57–60]. The complex pattern of gene changes
associated with synaptic transmission detected in our study could
be affecting the balance of excitatory and inhibitory transmission
within the amygdala and resulting in the behavioral abnormalities
observed in PS males. Unexpectedly, only minor changes were
observed in PS females, including increased expression of dopamine
beta hydroxylase (DBH), a gene associated with NE synthesis [42]
(Fig. 5). Stress induced increases in DBH can result in increased
noradrenergic tone and partially underlie the enhanced stress
sensitivity and increased anxiety noted in PS females [61, 62].
Additionally, other brain regions known to exhibit a sexually
dimorphic response to stress, such as the bed nucleus stria
terminalis [63, 64], could be more robustly affected.
A primary objective of our study was to dissociate in-utero from

postnatal maternal environmental effects. In line with other
studies, our data indicate that in-utero stress contributes to the
emergence of anxiety-related behaviors, anhedonia, and HPA axis
dysfunction [4, 65, 66]. Interestingly, we find these abnormalities
are differentially affected by changes in maternal environment.
Anxiety-like behavior exhibited by PS offspring is rescued by CF to
CTRL mothers who exhibit less fragmented maternal care patterns

than CGS dams, suggesting neural circuit alterations underlying
this phenotype are ameliorated by changes in postnatal maternal
care. Given no differences were observed in maternal milk CORT
concentrations in the early postpartum period between CTRL and
CGS dams with CF offspring, these results suggest changes in
behavioral phenotype are likely due to changes in quality of
maternal care received, as opposed to CORT content in maternal
milk. Nevertheless, further studies are needed to determine if
differences in nutritional content or other milk bioactive
molecules [27] could be implicated in the reversal of program-
ming of anxiety-like behaviors.
We further observed normalization of amygdalar HOMER3

and metabotropic glutamate receptor GRM2 expression follow-
ing CF of PS males with CTRL dams, as well as the rescue of DBH
expression in PS females CF to CTRL moms (Fig. 5). These results
suggest CF-induced changes in metabotropic glutamate signal-
ing and NE signaling could be partially restoring the balance in
excitatory and inhibitory transmission within the amygdala of
PS offspring, thus ameliorating anxiogenic behaviors. Previous
studies manipulating the quality of maternal care by neonatal
handling have shown the reversal of both anxiogenic behavior
and HPA axis hyperactivity following PS [5, 67, 68]. In our study,
cross-fostering was not effective in rescuing the enhanced HPA
axis drive and altered stress coping strategy noted in PS
offspring, suggesting the influence of psychosocial PS on these
phenotypes differs from the effect of other types of prenatal
insults, with psychosocial PS being associated with more
persistent deleterious alterations. Lastly, the emergence of
anhedonia in PS offspring observed in our study seemed to be
mediated both by in-utero stress and abnormalities in maternal
care, and was not ameliorated with CF. Gene expression
alterations not normalized by CF might be contributing to
these phenotypes, including downregulation of several regula-
tory proteins associated with AMPA receptor trafficking and ion
channel complexes in PS males.
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Fig. 5 Model summarizing gene expression changes in PS offspring and normalizations induced by CF. A In males, psychosocial PS results
in downregulation genes encoding proteins associated with glutamatergic signaling, GABAergic signaling, and ion channel transporter
complexes. These transcriptional changes associated with synaptic transmission are likely resulting in an imbalance in excitatory and
inhibitory transmission, resulting in the behavioral abnormalities observed in PS males. CF to CTRL mothers normalizes gene expression
changes associated with metabotropic glutamate receptor signaling and reverses anxiety-related behaviors. B In females, PS results in an
upregulation of DBH, which is likely to increase noradrenergic tone and partially underlie HPA axis hyperactivity and increased anxiety noted
in PS females. CF normalizes DBH expression and reverses anxiety-related behaviors in PS females.
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In conclusion, we find psychosocial PS results in behavioral and
sex-specific neuroendocrine abnormalities that are differentially
modulated by changes in maternal care. These abnormalities are
associated with a complex pattern of gene expression changes in
the amygdala indicating dysfunctions in neurotransmitter systems,
with pronounced sex differences. In addition, we find CF triggers
changes in genes associated with glutamatergic and NE neuro-
transmission that are associated with the reversal of anxiety-
related behaviors. Studies aimed at interrogating the role specific
CF altered genes play in rescuing anxiogenic behaviors could
provide opportunities for the development of novel, clinically
relevant therapeutic strategies.

REFERENCES
1. Bale TL. Epigenetic and transgenerational reprogramming of brain development.

Nat Rev Neurosci. 2015;16:332–44.
2. Bale TL, Baram TZ, Brown AS, Goldstein JM, Insel TR, McCarthy MM, et al. Early life

programming and neurodevelopmental disorders. Biol Psychiatry. 2010;68:314–9.
3. Faa G, Manchia M, Pintus R, Gerosa C, Marcialis MA, Fanos V. Fetal programming

of neuropsychiatric disorders. Birth Defects Res Part C Embryo Today Rev.
2016;108:207–23.

4. Brunton PJ. Effects of maternal exposure to social stress during pregnancy:
Consequences for mother and offspring. Reprod Camb Engl. 2013;146:R175–189.

5. Weinstock M. Changes induced by prenatal stress in behavior and brain mor-
phology: Can they be prevented or reversed? Adv Neurobiol. 2015;10:3–25.

6. Glover V, O’Connor TG, O’Donnell K. Prenatal stress and the programming of the
HPA axis. Neurosci Biobehav Rev. 2010;35:17–22.

7. Young AH. Cortisol in mood disorders. Stress Amst Neth. 2004;7:205–8.
8. Leshem M, Schulkin J. Transgenerational effects of infantile adversity and

enrichment in male and female rats. Dev Psychobiol. 2012;54:169–86.
9. Bleker LS, De Rooij SR, Roseboom TJ. Programming effects of prenatal stress on

neurodevelopment—the pitfall of introducing a self-fulfilling prophecy. Int J
Environ Res Public Health. 2019;16:13.

10. Weinstock M. Prenatal stressors in rodents: Effects on behavior. Neurobiol Stress.
2016;6:3–13.

11. Hillerer KM, Neumann ID, Slattery DA. From stress to postpartum mood and
anxiety disorders: How chronic peripartum stress can impair maternal adapta-
tions. Neuroendocrinology. 2012;95:22–38.

12. Hackman DA, Farah MJ, Meaney MJ. Socioeconomic status and the brain:
Mechanistic insights from human and animal research. Nat Rev Neurosci.
2010;11:651–9.

13. Harris A, Seckl J. Glucocorticoids, prenatal stress and the programming of disease.
Horm Behav. 2011;59:279–89.

14. Arnett MG, Pan MS, Doak W, Cyr PEP, Muglia LM, Muglia LJ. The role of
glucocorticoid receptor-dependent activity in the amygdala central nucleus
and reversibility of early-life stress programmed behavior. Transl Psychiatry.
2015;5:e542.

15. Brunton PJ, Russell JA. Prenatal social stress in the rat programmes neuroendo-
crine and behavioural responses to stress in the adult offspring: Sex-specific
effects. J Neuroendocrinol. 2010;22:258–71.

16. Mueller BR, Bale TL. Sex-specific programming of offspring emotionality after
stress early in pregnancy. J Neurosci. 2008;28:9055–65.

17. Zohar I, Weinstock M. Differential effect of prenatal stress on the expression of
corticotrophin-releasing hormone and its receptors in the hypothalamus and
amygdala in male and female rats. J Neuroendocrinol. 2011;23:320–8.

18. Yim IS, Tanner Stapleton LR, Guardino CM, Hahn-Holbrook J, Schetter CD. Bio-
logical and psychosocial predictors of postpartum depression: Systematic review
and call for integration. Annu Rev Clin Psychol. 2015;11:99–137.

19. Zoubovsky SP, Hoseus S, Tumukuntala S, Schulkin JO, Williams MT, Vorhees CV,
et al. Chronic psychosocial stress during pregnancy affects maternal behavior
and neuroendocrine function and modulates hypothalamic CRH and nuclear
steroid receptor expression. Transl Psychiatry. 2020;10:6.

20. Amos-Kroohs RM, Williams MT, Braun AA, Graham DL, Webb CL, Birtles TS, et al.
Neurobehavioral phenotype of C57BL/6J mice prenatally and neonatally exposed
to cigarette smoke. Neurotoxicol Teratol. 2013;35:34–45.

21. Kuerbitz J, Arnett M, Ehrman S, Williams MT, Vorhees CV, Fisher SE, et al. Loss of
intercalated cells (ITCs) in the mouse amygdala of Tshz1 mutants correlates with
fear, depression, and social interaction phenotypes. J Neurosci. 2018;38:1160–77.

22. Amos-Kroohs RM, Davenport LL, Gutierrez A, Hufgard JR, Vorhees CV, Williams
MT. Developmental manganese exposure in combination with developmental
stress and iron deficiency: Effects on behavior and monoamines. Neurotoxicol
Teratol. 2016;56:55–67.

23. Vorhees CV, Graham DL, Braun AA, Schaefer TL, Skelton MR, Richtand NM,
et al. Prenatal immune challenge in rats: Effects of polyinosinic-polycytidylic
acid on spatial learning, prepulse inhibition, conditioned fear, and responses
to MK-801 and amphetamine. Neurotoxicol Teratol. 2015;47:54–65.

24. Molet J, Heins K, Zhuo X, Mei YT, Regev L, Baram TZ, et al. Fragmentation and
high entropy of neonatal experience predict adolescent emotional outcome.
Transl Psychiatry. 2016;6:e702.

25. Davis EP, Stout SA, Molet J, Vegetabile B, Glynn LM, Sandman CA, et al. Exposure
to unpredictable maternal sensory signals influences cognitive development
across species. Proc Natl Acad Sci USA. 2017;39:10390–5.

26. Baram TZ, Davis EP, Obenaus A, Sandman CA, Small SL, Solodkin A, et al. Frag-
mentation and unpredictability of early-life experience in mental disorders. Am J
Psychiatry. 2012;9:907–15.

27. Chen Y, Wang J, Yang S, Utturkar S, Crodian J, Cummings S, et al. Effects of high-
fat diet on secreted milk transcriptome in midlactation mice. Physiol Genomics.
2017;49:757–62.

28. Zapala MA, Hovatta I, Ellison JA, Wodicka L, Del Rio JA, Tennant R, et al. Adult
mouse brain gene expression patterns bear an embryologic imprint. Proc Natl
Acad Sci USA. 2005;102:10357–62.

29. Rapp SJ, Dershem V, Zhang X, Schutte SC, Chariker ME. Varying negative pressure
wound therapy acute effects on human split-thickness autografts. J Burn Care
Res. 2020;41:104–12.

30. Walsh KB, Zhang X, Zhu X, Wohleb E, Woo D, Lu L, et al. Intracerebral
hemorrhage induces inflammatory gene expression in peripheral blood: Global
transcriptional profiling in intracerebral hemorrhage patients. DNA Cell Biol.
2019;38:660–9.

31. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics. 2013;29:15–21.

32. Liao Y, Smyth GK, Shi W. featureCounts: An efficient general purpose program for
assigning sequence reads to genomic features. Bioinform Oxf Engl.
2014;30:923–30.

33. Risso D, Ngai J, Speed TP, Dudoit S. Normalization of RNA-seq data using factor
analysis of control genes or samples. Nat Biotechnol. 2014;32:896–902.

34. McCarthy DJ, Chen Y, Smyth GK. Differential expression analysis of multifactor
RNA-Seq experiments with respect to biological variation. Nucleic Acids Res.
2012;40:4288–97.

35. Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al.
Enrichr: A comprehensive gene set enrichment analysis web server 2016 update.
Nucleic Acids Res. 2016;44:90–97.

36. Molendijk ML, de Kloet ER. Coping with the forced swim stressor: Current-state-
of-the-art. Behav Brain Res. 2019;364:1–10.

37. Stepanichev M, Manolova A, Peregud D, Onufriev M, Freiman S, Aniol V, et al.
Specific activity features in the forced swim test: Brain neurotrophins and
development of stress-induced depressive-like behavior in rats. Neuroscience.
2018;375:49–61.

38. Murray R, Boss Williams KA, Weiss JM. Effects of chronic mild stress on rats
selectively bred for behavior related to bipolar depression and depression.
Physiol Behav. 2013;119:115–29.

39. Planchez B, Surget A, Belzung C. Animal models of major depression: Drawbacks
and challenges. J Neural Transm. 2019;126:1383–408.

40. Rao RT, Androulakis IP. Modeling the sex differences and interindividual varia-
bility in the activity of the hypothalamic-pituitary-adrenal axis. Endocrinology.
2017;158:4017–37.

41. Mozhui K, Lu L, Armstrong WE, Williams RW. Sex-specific modulation of gene
expression networks in murine hypothalamus. Front Neurosci. 2012;6:63.

42. Fan Y, Chen P, Li Y, Zhu M-Y. Effects of chronic social defeat on expression of
dopamine β-hydroxylase in rat brains. Synapse. 2013;67:300–12.

43. Abe H, Hidaka N, Kawagoe C, Odagiri K, Watanabe Y, Ikeda T, et al. Prenatal
psychological stress causes higher emotionality, depression-like behavior, and
elevated activity in the hypothalamo-pituitary-adrenal axis. Neurosci Res.
2007;59:145–51.

44. Bosch OJ, Müsch W, Bredewold R, Slattery DA, Neumann ID. Prenatal stress
increases HPA axis activity and impairs maternal care in lactating female off-
spring: Implications for postpartum mood disorder. Psychoneuroendocrinology.
2007;32:267–78.

45. Soares-Cunha C, Coimbra B, Borges S, Domingues AV, Silva D, Sousa N, et al. Mild
prenatal stress causes emotional and brain structural modifications in rats of both
sexes. Front Behav Neurosci. 2018;12:1–15.

46. Owen D, Matthews SG. Glucocorticoids and sex-dependent development of
brain glucocorticoid and mineralocorticoid receptors. Endocrinology.
2003;144:2775–84.

47. Bronson SL, Bale TL. The placenta as a mediator of stress effects on neurode-
velopmental reprogramming. Neuropsychopharmacology. 2016;41:207–18.

48. Schulkin J. The CRF signal: uncovering an information molecule. Oxford Uni-
versity Press: New York, NY; 2017. xi, 324.

S.P. Zoubovsky et al.

9

Translational Psychiatry           (2022) 12:22 



49. Zhang X, Ge TT, Yin G, Cui R, Zhao G, Yang W. Stress-induced functional alterations in
amygdala: Implications for neuropsychiatric diseases. Front Neurosci. 2018;12:367.

50. Barrett CE, Hennessey TM, Gordon KM, Ryan SJ, McNair ML, Ressler KJ, et al.
Developmental disruption of amygdala transcriptome and socioemotional
behavior in rats exposed to valproic acid prenatally. Mol Autism. 2017;8:42.

51. Ehrlich DE, Neigh GN, Bourke CH, Nemeth CL, Hazra R, Ryan SJ, et al. Prenatal
stress, regardless of concurrent escitalopram treatment, alters behavior and
amygdala gene expression of adolescent female rats. Neuropharmacology.
2015;97:251–8.

52. Laloux C, Mairesse J, Van Camp G, Giovine A, Branchi I, Bouret S, et al. Anxiety-like
behaviour and associated neurochemical and endocrinological alterations in male
pups exposed to prenatal stress. Psychoneuroendocrinology. 2012;37:1646–58.

53. Bissen D, Foss F, Acker-Palmer A. AMPA receptors and their minions: auxiliary
proteins in AMPA reeptor trafficking. Cell Mol Life Sci. 2019;76:2133–69.

54. Gu X, Mao X, Lussier MP, Hutchison MA, Zhou L, Hamra FK, et al. GSG1L sup-
presses AMPA receptor-mediated synaptic transmission and uniquely modulates
AMPA receptor kinetics in hippocampal neurons. Nat Commun. 2016;7:1–18.

55. Mandal M, Wei J, Zhong P, Chen J, Duffney LJ, Liu W., et al. Impaired AMPA
receptor trafficking and function by mutant Huntingtin. J Biol Chem.
2011;39:33719–28.

56. Twelvetrees AE, Lesept F, Holzbaur ELF, Kittler JT. The adaptor proteins HAP1a
and GRIP1 collaborate to activate the kinesin-1 isoform KIF5C. J Cell Sci. 2019;132:
jcs215822.

57. Babaev O, Piletti Chatain C, Krueger-Burg D. Inhibition in the amygdala anxiety
circuitry. Exp Mol Med. 2018;50:1–16.

58. Luscher B, Shen Q, Sahir N. The GABAergic deficit hypothesis of major depressive
disorder. Mol Psychiatry. 2011;16:383–406.

59. Murrough JW, Abdallah CG, Mathew SJ. Targeting glutamate signaling in
depression: progress and prospects. Nat Rev Drug Discov. 2017;16:472–86.

60. Tzanoulinou S, Riccio O, de Boer MW, Sandi C. Peripubertal stress-induced
behavioral changes are associated with altered expression of genes involved in
excitation and inhibition in the amygdala. Transl Psychiatry. 2014;4:e410.

61. Levy BH, Tasker JG. Synaptic regulation of the hypothalamic-pituitary-adrenal axis
and its modulation by glucocorticoids and stress. Front Cell Neurosci. 2012;6:24.

62. Niwa M, Matsumoto Y, Mouri A, Ozaki N, Nabeshima T. Vulnerability in early life to
changes in the rearing environment plays a crucial role in the aetiopathology of
psychiatric disorders. Int J Neuropsychopharmacol. 2011;14:459–77.

63. Carvalho-Netto EF, Myers B, Jones K, Solomon MB, Herman JP. Sex differences in
synaptic plasticity in stress-responsive brain regions following chronic variable
stress. Physiol Behav. 2011;104:242–7.

64. Herman JP, Tasker JG. Paraventricular hypothalamic mechanisms of chronic
stress adaptation. Front Endocrinol. 2016;7:137.

65. Weinstock M. The long-term behavioural consequences of prenatal stress. Neu-
rosci Biobehav Rev. 2008;32:1073–86.

66. Weinstock M. Prenatal stressors in rodents: Effects on behavior. Neurobiol Stress.
2017;6:3–13.

67. Maccari S, Piazza PV, Kabbaj M, Barbazanges A, Simon H, Le, et al. Adoption
reverses the long-term impairment in glucocorticoid feedback induced by pre-
natal stress. J Neurosci. 1995;15:110–6.

68. Vallée M, Mayo W, Dellu F, Le Moal M, Simon H, Maccari S. Prenatal stress induces
high anxiety and postnatal handling induces low anxiety in adult offspring: Cor-
relation with stress-induced corticosterone secretion. J Neurosci. 1997;17:2626–36.

ACKNOWLEDGEMENTS
This work was supported by the National Institute of General Medical Sciences T32
GM063483-14 grant, Cincinnati Children’s Hospital Research Foundation, and the
University of Cincinnati Office of the Vice President for Research – URC Graduate
Student Stipend and Research Cost Program for Faculty—Student Collaboration
award to SPZ. Additionally, the authors would like to thank the Genomics,
Epigenomics, and Sequencing Core at the University of Cincinnati for their help in
generating the transcriptomics data for this project.

AUTHOR CONTRIBUTIONS
Conceptualization: SPZ, MTW, CVV, KC, HWL, LJM; methodology: SPZ, MTW, AR, CVV,
KC, HWL, and LJM; formal analysis: SPZ, AR, MTW, KC, HWL, and LJM; investigation:
SPZ, MTW, SH, ST, AR, CVV, KC, HWL, and LJM; writing of the original draft: SPZ, MTW,
KC, HWL, and LJM; writing—review & editing: SPZ, MTW, JS, CVV, KC, HWL, and LJM;
funding acquisition: SPZ and LJM. All authors gave final approval for publication.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41398-022-01785-5.

Correspondence and requests for materials should be addressed to Louis J. Muglia.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

S.P. Zoubovsky et al.

10

Translational Psychiatry           (2022) 12:22 

https://doi.org/10.1038/s41398-022-01785-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Neurobehavioral abnormalities following prenatal psychosocial stress are differentially modulated by maternal environment
	Introduction
	Materials and methods
	Animals
	Psychosocial prenatal stress
	Cross-fostering (CF)
	Offspring behavioral assessment
	Serum corticosterone (CORT) measurements
	Maternal behavior assessment
	Maternal milk corticosterone (CORT) measurements
	Mouse tissue collection, amygdala microdissections, and RNA isolation
	quantitative PCR (qPCR)
	RNA-sequencing
	RNA-sequencing analysis
	Statistics

	Results
	Effects of psychosocial stress and cross-fostering on maternal behavior
	Effects of psychosocial PS and changes in postnatal maternal environment on behavior
	Effects of psychosocial PS and changes in postnatal maternal environment on neuroendocrine function
	Effects of cross-fostering on maternal milk composition
	Effects of psychosocial PS on fetal amygdala
	Effect of psychosocial PS on amygdalar transcriptomes
	Effects of changes in postnatal maternal environment on amygdalar gene expression

	Discussion
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




