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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Tallie Z Baram Prenatal stress (PNS) is a well-established risk factor for psychiatric disorders, yet the underlying neurobiological
mechanisms remain unclear. Here, we demonstrate that PNS induces long-term behavioral abnormalities,
including increased anxiety- and depressive-like behaviors specifically in adult male mice. To investigate po-
tential neurodevelopmental disruptions, we analyzed the medial prefrontal cortex (mPFC) at key postnatal
stages. RNA sequencing at postnatal day 1 (P1) revealed significant transcriptional changes, particularly in genes
associated with neuronal migration and differentiation, with a diminished effect by P14. Histological analysis
identified a transient imbalance in inhibitory neuron subpopulations, PNS decreased the density of early-born
neurons derived from the medial ganglionic eminence (MGE) while increasing late-born neurons derived from
the caudal ganglionic eminence (CGE) at P1. EAU labeling confirmed that these shifts were time- and subtype-
specific, affecting inhibitory neuron proliferation at distinct embryonic stages. By P15, these neuroanatomical
alterations largely resolved, yet behavioral abnormalities persisted into adulthood. Our findings suggest that PNS
disrupts inhibitory neuron development during a critical early window, leading to lasting behavioral conse-
quences despite the transient nature of anatomical changes. This study highlights the selective vulnerability of
inhibitory neuron subtypes to early-life stress and provides insight into potential mechanisms underlying stress-
related psychiatric disorders.
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1. Introduction

Early in development, the brain undergoes extensive dynamic
changes and is highly susceptible to changes in the in-utero environment.
Alterations in maternal nutrients and hormones, might have a profound
effect on cortical development and can result in lasting, and in some
cases also latent, behavioral programming of the embryo (Almond and
Currie, 2011; Vasistha and Khodosevich, 2021). Exposure to PNS, in
particular, was shown to lead to long-lasting behavioral and physio-
logical implications. Children born right after the Dutch Hunger Winter
or the Chinese famine, for example, were found to be at an increased risk
to develop psychiatric disorders, including major depression disorder
(MDD) and schizophrenia (Brown et al., 1995; Franzek et al., 2008;
Hoek et al., 1998; St Clair, 2005). Other longitudinal studies further
associate prenatal maternal exposure to stress with offspring depression

and anxiety later in life (Fraser et al., 2012; Kolominsky et al., 1999).
These effects are thought to be mediated, at least in part, by elevated
maternal cortisol levels and the subsequent increase in cortisol levels
reaching the developing embryo (Buss et al., 2012; Seckl and Meaney,
2004).

The effect of prenatal maternal stress can be modeled in animals.
Animal models of PNS ranged from tail suspension, crowding, repeated
shocks, restraint, and immobilization to stressors such as white noise
and flashing lights. These stressors are repeated several times per day in
some protocols, while others use varying stressors, subjecting the ani-
mals to unpredictable stressors daily (Boersma and Tamashiro, 2015;
Weinstock, 2017). Mice exposed to PNS are characterized by alterations
in a wide range of behaviors including cognitive, metabolic and social
behaviors (Weinstock, 2008). Here we focus on affective outcomes, as
these represent the most consistently reported and clinically relevant
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phenotype associated with PNS. Using these models, it was shown that
mice exposed to PNS are characterized by an increase in anxiety-like and
depressive-like phenotypes as measured by the open field test, elevated
plus maze, tail suspension and forced swim test (Enayati et al., 2020;
Estanislau and Morato, 2005; Jafari et al., 2017; Morley-Fletcher et al.,
2004; Mueller and Bale, 2008). These results vary depending on the
severity, duration and gestational period of the stressors; however, they
consistently indicate an increase in anxiety- and depressive-like behav-
iors in response to different stress paradigms.

The specific mechanism through which maternal stress increases
disease risk remains unclear; however, several key contributors have
been proposed, particularly involving cortical inhibitory neurons and
their development. Most cortical inhibitory neurons are derived from
two main populations, born in the medial and caudal ganglionic
eminence (Kelsom and Lu, 2013; Miyoshi et al., 2010; Miyoshi and
Fishell, 2011). MGE-derived inhibitory neurons account for around 60 %
of inhibitory neurons and give rise mainly to parvalbumin (PV)-ex-
pressing and somatostatin (SST)-expressing subtypes, which predomi-
nantly target pyramidal neurons. The CGE-derived neurons comprise
around 30 % of inhibitory cortical neurons and often modulate the ac-
tivity of other inhibitory neurons. Half of these co-express RELN and the
other fractions expresses vasoactive intestinal peptide (VIP) (Laclef and
Métin, 2018; Lim et al., 2018; Llorca and Deogracias, 2022; Miyoshi
et al., 2010; Miyoshi and Fishell, 2011). Inhibitory neuronal subtypes
differ in time of birth and migration. MGE interneurons are born as early
as embryonic day (E)9.5, with SST cell birth peaking at E11.5 and PV at
E14.5. The CGE is responsible for producing late born interneurons
peaking at E16.5. Both MGE- and CGE-derived inhibitory neurons
migrate tangentially to reach the cortical plate, where they then migrate
radially to reach the proper cortical layer. Most of migration is
completed by birth. As neurons reach their proper cortical location, they
grow axons and dendrites and form neuronal circuits.

Proper timing and placement of inhibitory neurons during develop-
ment are essential to proper synaptic connectivity and network forma-
tion (Bollmann et al., 2023; Duan et al., 2020; Modol et al., 2020).
Delayed migration and cortical layering can disrupt network connec-
tivity, a common pathophysiology of neurodevelopmental and psychi-
atric disorders associated with PNS, such as Schizophrenia and MDD
(Markham and Koenig, 2010). Previous studies have shown that changes
in the in-utero environment can lead to impairment in inhibitory neuron
development (reviewed by Vasistha and Khodosevich, 2021). For
example, fetal cocaine exposure results in impairment of interneuron
migration (McCarthy et al., 2011). Additionally, maternal inflammation
was shown to cause a reduction in GAD67+ cortical migration with a
specific decrease in PV+ and SST + neurons detected also two weeks
postnatally (Vasistha et al., 2019). Improper cortical development was
also shown in the context of prenatal psychogenic stress. Prenatal re-
straint stress resulted in a reduction in GABAergic neurons progenitors
in the telencephalon during embryogenesis, accompanied by a reduction
of dlx2 and nkx2.1 transcription factors, which regulate interneuron
migration (Lussier and Stevens, 2016; Stevens et al., 2013). Thus,
inhibitory neurons display a vulnerability to stress and other insults,
with different subtypes being differentially affected. However, while
maternal psychogenic stress has also been linked to improper cortical
development, its specific effects on inhibitory neuron subtypes remain
unexplored.

Here, we use chronic variable stress in pregnant dams to induce PNS
on offspring and show long lasting behavioral abnormalities in the adult
offspring, including increased anxiety- and depressive-like behaviors.
RNA sequencing of the mPFC at P1 revealed transcriptional alterations
in genes related to neuronal migration and differentiation particularly of
inhibitory neurons. These alterations largely diminished by P14.
Anatomical analysis at P1 showed a transient but significant shift in the
balance of inhibitory neuron subtypes with an increased density of CGE-
derived interneurons and a decreased density of MGE-derived pop-
ulations. EdU labeling further demonstrated that PNS alters the timing
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of interneuron proliferation in a subtype-specific manner. Although
these anatomical changes were largely resolved by P15, the early
disruption of inhibitory neuron development and cortical layering likely
contributes to lasting synaptic and circuit level alterations, leading to
behavioral dysfunction. Together, our findings reveal a transient,
developmentally timed impairment in inhibitory circuit formation
within the mPFC and highlight the selective vulnerability of interneuron
subtypes to PNS.

2. Materials and methods
2.1. Mice handling

ICR mice (Harlan Sprague Dawley Inc., Indianapolis, IN) were
maintained in a temperature-controlled (22 + 1 C) mouse facility on a
reverse 12 h light-dark cycle at the Weizmann Institute of Science, ac-
cording to institutional guidelines. Food and water were given ad libi-
tum. All experimental protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of The Weizmann Institute of
Science.

Mating: ICR female mice at the age of 11-13 weeks were mated with
ICR proven breeders and checked twice a day for a copulation plug.
Once a plug was detected (denoted GDO.5), females were randomly
assigned to stress or control group.

Weaning: Mice used for behavioral tests were weaned at the age of
P25 and cohoused with littermates according to sex in dark light cycle
(10:00-22:00).

2.2. PNS protocol

PNS protocol was conducted as previously reported (Schroeder et al.,
2018a, 2018b). In short, from GD1.5 to GD16.5, pregnant dams were
exposed to a chronic mild stress protocol that includes two short ma-
nipulations per day during the dark phase and a further manipulation
during the light phase of the day. The short stressors include cage tilt, no
bedding, water in cage, white noise, elevated platform, restraint and
swim stress. The light-phase manipulations include illumination, satu-
rated bedding, novel object and overcrowding.

2.3. Maternal postnatal behavior

As previously described (Schroeder et al., 2018a, 2018b), pregnant
dams were transferred on GD17 to cages containing a black acrylic
shelter that is seen through under infrared light and infrared camera,
and left undisturbed. Following birth, dams were recorded twice a week
during the dark phase for 2.5 h at a time. For frequency analysis-each
mother was observed every 5 min for 5 s. A total of 28 time points
(from min 15 to min 150, 5 min intervals) were evaluated. A single
behavior from the following list was assigned for each time points:
nursing, non-nutritive contact, self-grooming, eating, drinking, resting,
activity (mother exploring the cage and not in the nest). For entropy rate
analysis-mothers were observed continuously for 180 min and behaviors
were recorded as discrete sequences of the behaviors mentioned above.
Entropy rate was calculate as previously reported (Davis et al., 2017). In
short, we created a matrix of transition probabilities between all pairs of
discrete maternal behaviors by normalizing the number of transitions
from each behavior. We then calculated the stationary distribution of
the resulting first-order, time-homogeneous Markov chain and used it to
compute the Shannon entropy rate as a measure of behavioral
predictability.

2.4. Behavioral tests
Before each behavioral test, mice were moved to the test room and

habituated for at least 1-h prior testing. All tests took place in the middle
of the dark phase. Mice were single housed throughout behavioral
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testing.

2.4.1. Open-field test

Open field test was performed in a 50 X 50 X 22-cm grey box, lit to
120 lux. The mice were placed in the corner of the box and tracked for
10 min. Locomotion in the box was quantified using a video tracking
system (EthoVision). As proximity to the walls is an anxiety-related
behavior (Seibenhener and Wooten, 2015), a smaller 25 x 25 cm zone
in the center of the arena was programmed into the software tracking
system. Total distance moved, time spent in the center zone, and time
inactive were calculated using the tracking system.

2.4.2. Forced swim test

Mice were placed for 6 min inside plastic cylinders (height 25 cm,
diameter 18 cm), containing 12 cm of water maintained at 25 + 1 °C.
The session was videotaped for later analysis. Analysis of videotape was
performed using video tracking system (EthoVision). The duration of
immobility was monitored during the last 4 min of the 6-min test.
Immobility period was defined as the time spent by the animal floating
in the water without struggling, making only those movements neces-
sary to keep its head above the water.

2.4.3. Home-cage locomotion

Was assessed using the InfraMot system (TSE Systems). Mice were
housed individually for 90h, in which the first 18h were considered
habituation to the individual housing conditions (16:00-10:00). Mea-
surements of general locomotion consisted of three light and three dark
cycles in the last 72 h collected at 30 min intervals (dark begins at
10am).

2.5. Tissue extraction and cryodissections

Brains were extracted within 3 min from time of decapitation and
snap frozen in 2-methylbutane on dry ice and stored at —80 °C. Brains
were embedded in O.C.T and 200 pm thick coronal sections were sliced
on a cryostat. mPFC were collected using biopsy punch tools with inner
diameter of 0.8 mm for brains collected at P1 (FST, Item No. 18035-80),
and 1.2 mm for brains collected at P14 (EMS, Cat#. 69039-12). mPFC
region was detected and extracted based on atlas for the developing
mouse brain (Paxinos et al., 2020).

2.6. RNA sequencing and analysis

2.6.1. RNA library preparation

RNA was extracted using RNAeasy micro kit (Qiagen) according to
manufacturer’s protocol. Sequencing Libraries were prepared using an
in-house poly-A based RNA-seq protocol. Briefly, total RNA was frag-
mented followed by reverse transcription and second strand cDNA
synthesis. The double-strand cDNA was subjected to end repair, A base
addition, adapter ligation and PCR amplification to create libraries. Li-
braries were evaluated by Qubit and TapeStation. All libraries had an
RIN above 8.0.

2.6.2. RNA sequencing data preprocessing and QC

Sequencing libraries were constructed with barcodes to allow mul-
tiplexing of samples on a single lane of Illumina NovaSeq S1 (200 cy-
cles), resulting in a median of 59.5M paired end 100X2-bp reads per
sample. 93.4 % of reads had a Phred score greater than 30, with a total
average of Q = 34.41. Poly-A/T stretches and Illumina adapters were
trimmed from the reads using Cutadapt (version 2.7) (parameters: -times
2-05-m25-q10-e 0.1) (Martin, 2011). Reads shorter than 25bp after
trimming were discarded (1.0 % of reads). Reads were mapped to the M.
musculus reference genome GRCm38 using STAR (version 2.7.3a)
(Dobin et al., 2013), supplied with gene annotations downloaded from
Ensembl (and with EndToEnd option and outFilterMismatchNoverLmax
was set to 0.04). Mapping of reads to the genome resulted in 90.0 % of
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reads being mapped. Furthermore, 90.1 % of the uniquely mapped reads
were found counted on exons, resulting in a final median of 45.9M reads
per sample. Expression levels for each gene were quantified using
htseq-count (Anders et al., 2015), using the gtf above. RNA sequencing
data generated in this study have been deposited in the NCBI Gene
Expression Omnibus (GEO) (Edgar et al., 2002) under accession number
GSE296365.

2.6.3. Differential expression analysis

Differentially expressed (DE) genes were identified using DESeq2
(version 1.26) (Love et al., 2014) with the betaPrior, cooksCutoff and
independent filtering parameters set to False. Raw P values were
adjusted for multiple testing using the procedure of Benjamini and
Hochberg. Pipeline was run using snakemake (Molder et al., 2021).
Genes with adjusted p-values <0.05 and |fold change| > 1.4 were
considered DE.

2.6.4. Gene ontology

GO enrichment analysis was done using PANTHER with the over-
representation test (Ashburner et al., 2000; Carbon et al., 2021). DE
genes were used as an input and the background reference set was
defined as all genes with a Max_count>5 in our data set (19,748 genes).
Fisher test with FDR correction was conducted to detect enrichment in
GO biological processes annotations. Significant Go terms (FDR < 0.05)
with at least 2 related DE genes are presented. Terms with more than
4000 genes were excluded as having wide meaning. Terms were grouped
into eight clusters by hierarchical clustering of a binary term-gene
matrix using Jaccard distance, as implemented in the ComplexHeatmap
R package (Gu, 2022; Gu et al., 2016).

2.7. EdU injections

EdU (5-Ethynyl-2'-deoxyuridine, Lumiprobe, Geter) was dissolves in
PBS for final concentration of 30 mM (7.6 mg/mL). Dams are injected
Intraperitoneal with 0.05 mg/g at a single time-point.

2.8. Immunohistochemistry and imaging

2.8.1. Immunostaining

A description of antibodies used in this study is given in Supple-
mentary Table 1. For immunofluorescense of P1 mice, mice were
perfused with PBS, brains were submerged in 4 % paraformaldehyde
(PFA) in PBS overnight and transferred to 4 % PFA with 30 % sucrose
until further use. For cryosectioning samples were embedded in OCT and
sectioned by cryostat at a thickness of 20 pm. Slices were mounted and
all further steps were conducted on mounted slides. All steps were done
at room temp unless mentioned otherwise. Slides were dried for 15min
then treated with 10 mM Sodium citrate pH6 for 15min at 85 °C for
antigen retrieval. After washing the tissue 3X5' in TBS 0.5 % Triton, EQU
click assay was done by treating the tissue for 30min with Cy5-azide
(Karefast, FLP 025) 2.5 pM in a solution containing 100 mM Tris, 1
mM CuSO4, and 100 mM ascorbic acid in PBS. Samples were rinsed
again in 3X5’ in TBS 0.5 % Triton. For OPAL staining-slides were
blocked with 0.6 % H202 diluted in TBS 0.5 % Triton for 1h, washed in
PBS and blocked for 2h with 20 % NHS in 0.2 % Triton X-100 containing
PBS. The following steps were repeated twice for each of the antibodies:
primary antibody incubation with 2 % NHS and 0.5 % Triton X-100 O.N
at 4 °C, PBS washes, Secondary HRP antibody incubation with 2 % NHS
and 0.5 % Triton X-100 for 1.5h, PBS washes, Signal amplification using
OPAL reagent for 15min in TSA buffer (prepared from 0.31gr boric acid
and 5ul 30 % H202 in 50 ml DDW, adjusted pH8.5), PBS washed and
antibody stripping in sodium citrate for 10min at 95 °C. after repeating
these steps twice, nuclei were counterstained with DAPI for 3 min
(1:500, Sigma), washed in PBS and coverslips were mounted on slides
with aqua-poly/mount (Polysciences). To ensure no unspecific binding,
a negative sample was run in each batch, treated with all same



K. Shoshani-Haye et al.

conditions while leaving out mouse anti-Lhx6 primary antibody in the
second iteration.

For immunofluorescence of P15 mice, mice were perfused with 4 %
PFA in PBS, submerged in 4 % PFA O.N and transferred to 4 % PFA with
30 % sucrose until further use. For cryosectioning samples were
embedded in OCT and sliced in a microtome at a thickness of 40 pm.
Histology was conducted on floating sections. EAU Click-assay was
conducted with similar concentrations as mentioned for P1 sample, with
Cy3-azide (Karefast, FCC 147). For staining-sections were permeabilized
for 1h in 0.2 % Triton X-100, blocked for 2h with 20 % NHS in 0.2 %
Triton X-100 containing PBS. Subsequently, they were incubated for 48h
at 4 °C with appropriate primary antibodies. The following day, sections
were washed and then incubated with biotin overnight at 4 °C. Samples
were washed again and incubated with Alexa Fluor conjugated Avidin
and secondary antibodies for 2h at room temperature. Nuclei were
counterstained with DAPI (1:1000, Sigma) and coverslips were mounted
on slides with aqua-poly/mount (Polysciences).
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2.8.2. Image acquisition and analysis

Images were acquired using Dragonfly confocal microscope system
(Dragonfly 600 spinning disk, Andor Technology) with 20x oil objec-
tive. A 12um Z-stack montage is acquired in all relevant channels. Fiji
was used for maximum intensity projection (Schindelin et al., 2012).
Images were analyzed in QuPath (Bankhead et al., 2017) with exten-
sions as followed. Cell segmentation was done using StarDist extension
(Weigert and Schmidt, 2022) based on Dapi channel, using a model
trained on representative images with the parameter CellExpansion set
to 5 um, and excluding nuclei with area that is larger than 350 pm? or
smaller than 10 pm?. Positive cell classification was done using QuPath
built-in object classifier with random trees, using all shapes and all in-
tensity parameters of the relevant channels. The classifiers were trained
on representative region images from all conditions and automatically
applied to all images. Regions of interest were annotated by aligning
sections to the atlas of developing mouse brain (Paxinos et al., 2020)
using Warpy extension (Chiaruttini et al., 2022). Values obtained from
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Fig. 1. Mice exposed to PNS Display an increase in anxiety- and depressive-like phenotype. (A) Prenatal stress protocol. During gestation, from GD1.5 to GD
16.5 dams are exposed to two short manipulations during the dark phase, and a further long manipulation during the entire light phase. The short manipulations
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during pregnancy. PNS dams show less increase in weight during gestation compared to control (repeated measure ANOVA F(1,53) = 9.892, p = 0.002). (C) Maternal
behavior in the initial three weeks after birth. Each dam is monitored twice a week. The plot depicts the average number of events observed within the 6 sessions per
mouse (n = 6 per group). (D) Weight of male littermates at P1 (t(35) = 2.88 q = 0.007), P14 (t(168) = 5.165 q < 0.0001), P56 (t(89) = 4.450 q < 0.0001). Benjamini,
Krieger and Yekutieli correction for multiple comparisons. (E) Time spent near walls in the OF test (t(20) = 2.414 p = 0.025). (F) Distance traveled within the OF
arena (t(20) = 1.039 p = 0.311). (G) Time spent highly active during the FST session (t(20) = 3.903, p = 0.0009). (H) Average activity during FST (t(20) = 5.906 p <
0.0001). (I) Locomotor activity averaged during dark and light hours (repeated measure ANOVA F(1,17) = 0.417 p = 0.527). (J) Home cage locomotor activity across
time in HCL test. Bargraphs represent means, whiskers represent SEM.
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three coronal sections of the mPFC were averaged to yield a single
parameter for each subject.

2.9. Statistical analysis

Statistical analyses were performed using GraphPad Prism 8
(GraphPad software, Inc., La Jolla, CA). Tests included repeated mea-
sures ANOVA, t tests or one-way ANOVA when relevant. Differences
between the groups were assessed using Sidak’s multiple comparisons
post-hoc. Specific details of N and tests used are provided in the figure
legends.

3. Results

3.1. Mice exposed to PNS display an increase in anxiety- and depressive-
like phenotype

In order to study the behavioral outcomes of PNS, we employ a
model of chronic variable stress during gestation (Schroeder et al.,
2018Db). From gestation day 1.5 (GD1.5) to GD16.5, pregnant dams were
exposed to PNS protocol that included two short manipulations per day
during the dark phase and a further manipulation during the light phase
of the day (Fig. 1A). As previously reported (Schroeder et al., 2018a,
2018b), PNS dams gained significantly less weight during gestation
(Fig. 1B). In accordance with previous work, no differences were
observed in pregnancy rate, GD at birth, survival of pups to weaning or
litter size (Supplementary Fig. 1). To ensure the observed effects are a
result of maternal stress during pregnancy rather than changes in post-
natal maternal behavior, we monitored maternal behavior during the
initial three weeks post birth. Mothers did not display changes in the
frequency of pup- or self-oriented behaviors (Fig. 1C). As prenatal stress
might affect the duration of each behavior bouts and the predictability
of their sequence (Birnie and Baram, 2022, 2025) we additionally
monitored for the number and duration of behavioral bouts, as well as
frequency of behavioral transitions. Using these parameters, we calcu-
lated the entropy rate, a measure of behavioral predictability, and found
no significant differences between groups (Supplementary Fig. 2). These
results suggest that long lasting effects are more likely derived from the
prenatal environment.

We examined the effect of PNS on both male and female offspring.
PNS males were born with lower body weight, nevertheless, from P14
onward had higher body weight than control (Fig. 1D). We additionally
tested for anxiety- and depressive-like behaviors in the open field test
(OF) and the forced swim test (FST). In the open field test, PNS males
spent more time near the walls, indicative of high anxiety-like behavior
(Fig. 1E). No significant difference was observed in the total distance
traveled in this test (Fig. 1F). Furthermore, males exposed to PNS
showed a decrease in total activity time in the forced swim test (Fig. 1G),
and in their mean activity level (Fig. 1H), indicative of a more
depressive-like phenotype. Locomotor activity during light and dark
phase was tracked in the home cage locomotion (HCL) system. No effect
in locomotor activity was observed between PNS and control males in
the HCL test (Fig. 1I and J). In comparison, female offspring showed a
similar increase in body weight in adulthood and an increase in loco-
motor activity during the dark phase (Supplementary Fig. 3A-C), how-
ever, no significant differences were observed in measures of anxiety or
depressive-like behavior (Supplementary Fig. 3D-G). PNS is known to
affect offspring in a sexually dimorphic manner, with several studies
reporting specifically males being more prone to develop anxiety- and
depressive-like behaviors (Mueller and Bale, 2008; Van den Hove et al.,
2013; Zuena et al., 2008). Given that our findings align with these ob-
servations, we have chosen to focus in this study on male offspring.

3.2. PNS alters transcription of genes associated with cellular migration

Clear alterations in male offspring behavior following exposure to
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PNS were observed in our model and in several previously published
studies in rodents and humans. Here, we were interested in examining
whether these effects are mediated by differential gene expression at
perinatal stages. Pregnant dams were randomly assigned to PNS and
control groups, and brains of the offspring were collected at either one
day postnatally (P1) or at two weeks of age (P14). RNA was extracted
from the mPFC and differential comparison analysis of PNS vs. control
was conducted per time-point. Genes with adjusted p-values <0.05 and |
fold change| > 1.4 were considered differentially expressed (DE).

PNS altered the expression of 74 genes at P1, whereas fewer DE genes
were observed at P14 (Fig. 2A and B). Gene ontology enrichment
analysis of DE genes at P1 revealed 53 enriched biological processes,
with 48 out of the 74 DE genes linked to these terms. Clustering based on
DE gene similarity resulted in 8 clusters, each representing different
biological processes including extracellular organization, regulation of
cell locomotion and embryonic development (Fig. 2C). No pathways
were enriched in the DE gene set at P14. Of particular interest was
cluster 4, which encompassed GO terms related to the regulation of cell
locomotion, a process critical for neuronal migration during cortical
development. A network graph of the GO terms in cluster 4 illustrates
the relationships between DE genes and their associated biological
processes (Fig. 2D). Among the 31 DE genes linked to these terms, many
were related specifically to cellular locomotion in the cortex, and spe-
cifically at perinatal stages, such as igf2, serpinfl, enpp2, reln and nr2f2
(Bai et al., 2022; Greenman et al., 2015; Kelsom and Lu, 2013; Pardo
etal., 2019; Vasistha and Khodosevich, 2021). Many of these genes serve
specifically in the development of inhibitory neurons (Kelsom and Lu,
2013; Vasistha and Khodosevich, 2021).

3.3. PNS impairs the density of cells born at various embryonic days in
the developing prefrontal cortex

Given the association of DE genes with cellular locomotion, we
focused on anatomical assessment of cell birth and migration. We uti-
lized 5-Ethynyl-2-deoxyuridine (EdU) labeling to mark cells born at the
time of injection and track their subsequent localization within the
cortex. Pregnant dams in the PNS and control groups were injected with
EdU at one of three timepoints corresponding to embryonic days E11.5,
E14.5 or E16.5 (Fig. 3A). Similar to RNA seq experiments, brains were
extracted one day postnatally. We quantified the number of EAU+ cells
in the mPFC and their distribution by dividing the cortex into ten equal
sized bins (Fig. 3B). Remarkably, PNS resulted in large scale reduction of
cells born at E11.5 (Fig. 3C and D). Quantification of densities per bin
showed that the decrease in EAU+ cell density was more pronounced
mainly in deeper cortical layers (Fig. 3E). Interestingly, a compensatory
effect was observed in later stages, characterized by an increase in
EdU+ cells in PNS mice injected at E14.5 (Fig. 3F-H) and at E16.5
(Fig. 31-K).

3.4. PNS differentially alters the density of MGE- and CGE-derived
GABAergic neurons on P1

To determine if alterations in EdU+ cell density are unique to
inhibitory neurons, we stained for inhibitory neurons markers as well
(Fig. 4A). At P1, inhibitory neurons are still at the phase of maturation
and migration, and can be identified by combinatorial expression of
transcription factors (Kessaris et al., 2014) (Fig. 4B). Staining to Nr2f2
and Lhx6 enables differentiating between CGE-derived neurons
(Nr2f2+, Lhx6-) and MGE-derived neurons, in specific, precursors of PV
(Nr2f2-, Lhx6+) and of SST (Nr2f2+, Lhx6+) subpopulations.

We were able to show that PNS induced alteration in the ratio of
CGE- and MGE-derived inhibitory neurons. Specifically, PNS increased
the number of NR2F2+, Lhx6- (CGE-derived) neurons in the mPFC
(Fig. 4C-E) while decreasing the number of LHX6+ (MGE-derived)
neurons on postnatal day 1 (Fig. 4F-H). Interestingly, the ratio of SST+
neurons (a subtype of LHX6+ neurons also expressing NR2F2+) was not
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affected by PNS, indicating that this effect was not uniform across all
inhibitory neuron subtypes (Fig. 41-K).

We further conducted an analysis comparing the proportion of cells
labeled with EdU that also exhibited staining of inhibitory markers. The
density of early born (e.g. E11.5) Lhx6+ neurons decreased due to PNS,
whether they were Nr2f2 negative or positive, while the density of
Nr2f2+/Lhx6- born at similar time were not affected (Fig. 4L-N). The
density of inhibitory neuron populations born at E14.5 remained unaf-
fected by PNS (Fig. 40-Q). Finally, the density of Nr2f2+/Lhx6-neurons
was increased by PNS specifically in late born cells (e.g. E16.5) with no

effect seen at that time point in Lhx6+ neurons (Fig. 4R-T). In conclu-
sion, PNS induced alteration in the ratio of early born MGE- and late
born CGE-derived inhibitory neurons at P1, suggesting a time specific
vulnerability of distinct interneurons subtypes.

3.5. PNS induces a transient impairment of GABAergic interneurons
subpopulations

Following the results observed at P1, we were also interested in
examining if changes in cortical development obtained by PNS are
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represent Sidak’s post-hoc test.

maintained until P15. We injected PNS and control mice with EdU at
E11.5, E14.5, or E16.5, and brain extractions were performed at P15
(Fig. 5A). Quantification of EAU+ cell density in the mPFC revealed no
significant differences in mice injected with EdU at E11.5 due to PNS
(Fig. 5B and C). However, mice injected with EQU at E14.5 exhibited an
increase in cell birth, consistent with the results observed at P1 (Fig. 5D
and E). For cells born at E16.5, there was a trend toward increased
density in PNS mice, similar to the pattern seen at P1, but this effect did
not reach statistical significance (Fig. 5F and G), suggesting that the
impact of PNS on inhibitory cell populations reduces by two weeks of
age.

By two weeks of age, CGE- and MGE-derived interneurons express

subtype specific genes (e.g. SST, PV, VIP, RELN) - indicating the dif-
ferentiation to specific inhibitory neurons’ subtypes. Therefore, we
stained samples extracted at P15 for RELN, VIP, PV and SST, along with
EAU click assay (Fig. 6A). Although a decrease in CGE derived neurons
was observed at P1 in mice subjected to PNS, this difference was not
observed when quantifying the two main CGE-derived subclasses at P15,
either for RELN+ cells (Fig. 6B and C) nor VIP+ cells (Fig. 6E and F).
When looking at cortical layers, the density of RELN+ was significantly
decreased compared to control (Fig. 6D), but not the density of VIP+
neurons (Fig. 6G). Similarly, when quantifying the two main MGE-
derived inhibitory subclasses, no changes were observed between PNS
and control mice in the density and cortical distribution of PV+ cells
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(Fig. 6H-J), nor in the density and cortical distribution of SST+ cells
(Fig. 6K-M) This was ubiquitous to all cortical layers in the mPFC.

Lastly, we were interested in looking at the ratio of EdU+ cells
specifically within inhibitory neurons subpopulation at P15. Analysis of
co-staining resulted in an increase in the density of RELN+ neurons born
specifically at E14.5 but not at other timepoints (Fig. 6N-P). A similar
trend was also shown for VIP+ neurons (Fig. 6Q-S). Hence-the density
of CGE-derived neurons is increased at P1 following PNS, whereas a
similar trend is also observed at P15 in the differentiated sub-
populations, specifically in those born at E14.5. No effect in newborn
cells was observed at P14 for MGE derived inhibitory neurons, neither
PV+ cells (Fig. 6T-V) nor SST+ cells (Fig. 6W-Y).

In summary, histological results from P1 and P15 indicate that the
impact of PNS on cell birth is both subtype- and stage-specific, affecting
cell density and distribution mainly at P1, with a diminished effect by
P15.

4. Discussion

PNS has long been associated with adverse behavioral outcomes in
the offspring, including increased risk to develop various disorders such
as schizophrenia, MDD and anxiety disorders. Although the link be-
tween maternal mental state and offspring behavior is well established,
the specific mechanisms through which maternal stress affects offspring
brain development remain unclear. Rodent models provide an excellent
framework for studying these effects, with chronic variable stress
emerging as a widely used model for PNS. This model exposes pregnant
rodents to unpredictable stressors over time and simulates the behav-
ioral outcomes observed in humans exposed to PNS, including height-
ened anxiety- and depressive-like behaviors.

In this study, we employed a mouse model of chronic variable stress
during pregnancy and showed an increase in anxiety- and depressive-
like behavior in the adult male, but not female, offspring, as measured
in the open field and forced swim tests. We identified significant tran-
scriptional changes in the mPFC at P1 in genes related to cell migration
and differentiation whereas many of these genes serve specifically in the
development of inhibitory neurons (Kelsom and Lu, 2013; Vasistha and
Khodosevich, 2021). These alterations were less pronounced at P14. We

further demonstrate an increase in CGE-derived neuron density at P1 in
response to PNS, alongside decreased MGE-derived neuron density
within the mPFC. Additionally, EQU labeling revealed time specific al-
terations in neuronal populations, with an underrepresentation of cells
born at E11.5 and overrepresentation of cells born at later timepoints
(E14.5, E16.5). By combining EdU labeling with inhibitory neuron
markers, we demonstrated that the increase in the density of
CGE-derived neuron was specifically from cells born at E16.5, while the
decrease in MGE-derived neuronal density was predominantly from cells
born at E11.5. These effects appear to be transient, as they were detected
at P1 but to a lesser extent at P15.

Several studies previously demonstrated the effect of various
stressors on inhibitory neuron populations within cortical layers. This
includes immunogenic stress (Vasistha et al., 2019), cocaine and alcohol
exposure as well as restraint stress. For example, immunogenic stress
was shown to cause subtype and time specific effect on inhibitory neu-
rons at several timepoints pre- and postnatally, affecting both MGE- and
CGE-derived inhibitory neurons in the motor and sensory cortex
(Vasistha et al., 2019). Prenatal restraint stress revealed a general
decrease of telencephalic Gad67+ at E12.5, that was apparent up until
PO (Stevens et al., 2013). Additionally, restraint stress was shown to
affect specifically the ratio of PV interneurons in the mPFC (Lussier and
Stevens, 2016). Thus, inhibitory neurons display a vulnerability to al-
terations in the prenatal environment. In the current study we showed
an effect that goes beyond PV neurons, illustrating a time- and
subtype-specific sensitivity of inhibitory neurons to PNS.

MGE-derived neurons primarily mediate cortical inhibition, whereas
CGE-derived neurons often facilitate disinhibition. Essentially, both al-
terations reported here, lead to a common outcome — a reduction in
overall inhibition. These alterations at perinatal stages may lead to
disruption of transient network formation that subsequently modulates
maturation of cortical circuits (Bollmann et al., 2023; Duan et al., 2020).
Even though fewer differences were observed at P15, changes in the
density of inhibitory neuron subpopulations within the first two prenatal
weeks can be sufficient in causing long lasting modifications in synaptic
connectivity and neural circuit formation (Bollmann et al., 2023; Duan
et al., 2020; Modol et al., 2020). These alterations may manifest later in
development as disruptions in behavioral outcomes and susceptibility to
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psychiatric disorders. Indeed, changes in connectivity in the mPFC is a
phenotype strongly linked to schizophrenia and MDD (Hu et al., 2023;
Liu et al., 2021), whereas PNS was linked to increased risk for both of
these disorders (Brown et al., 1995; Franzek et al., 2008; Hoek et al.,
1998; St Clair, 2005).

Following PNS, a lower density of cells born at E11.5 is evident in the
mPFC by P1, mainly in ventral cortical layers. In contrast, an increased
density of EAU+ cells is observed at P1 when EdU was introduced at
E14.5 or E16.5. At P15 a difference in EQU+ density of mice injected at
E14.5 was observed, yet other differences observed at P1 were dimin-
ished. The discrepancy between the densities of cells born at various
embryonic stages and observed at P1 and P15 emphasizes the impor-
tance of developmental timing when interpreting long-term outcomes of
PNS. Changes in cell density and distribution may be due to alterations
in cell proliferation, cell migration and positioning, and cell death.
Altered migration and positioning of inhibitory neurons could delay
their integration into early cortical circuits. Given the critical role of
interneurons in orchestrating spontaneous bursts and waves during
development, even a transient shift in their distribution could disrupt
circuit formation (Bollmann et al., 2023; Duan et al., 2020; Modol et al.,
2020). Indeed, even single GABAergic “hub” cells can strongly modulate
population dynamics in the developing cortex (Bollmann et al., 2023). In
parallel, cell death is a major force in determining the final cell
composition of cortical inhibitory circuits as it eliminates more than 40
% of initially generated inhibitory neurons (Southwell et al., 2012).
Changes in the timing, extent, or selectivity of programmed cell death
could therefore also contribute to the observed differences in inter-
neuron density between P1 and P15. Further studies may elucidate the
extent of each of these processes and their contribution to shaping
network dynamics that underly adult behavioral outcomes.

The effect of PNS on the birth of MGE-derived neurons is evident as
early as E11.5 and can be observed at P1. Alternatively, PNS effect CGE-
derived neurons that were born at a later time-point, notably E16.5, as
observed at P1. This corresponds with the natural timing of interneuron
generation, as MGE-derived neurons are born earlier than CGE-derived
neurons. By P15, an increase is observed in RELN+ and VIP+ (both
originate from the CGE) neurons born at E14.5, yet the remaining effects
observed at P1 were diminished. This suggests that PNS exerts both
immediate and transient effects on inhibitory neurons, highlighting the
selective vulnerability of distinct interneuron populations at different
developmental time points. Consistent with previous research, which
demonstrated that PNS affects GABAergic neurons in a transient
manner, the current findings reinforce the idea that certain interneuron
subtypes are more susceptible to early-life stress during specific critical
windows of development.

This temporal sensitivity extends beyond cellular effects, as the
duration and timing of PNS also play a crucial role in shaping behavioral
outcomes in adulthood (Lebow et al., 2024). Our model included stress
throughout most of gestation and corroborates with previous studies
that utilizes comparable duration of stress, thus emphasizing the sig-
nificance of sustained PNS in shaping adult behavior. Previous work
differs in the duration and severity of the stress applied to mothers, and
consequently also in the phenotype observed in adult offspring mice,
spanning from increase in stress related behaviors to changes in social
and cognitive behaviors (Weinstock, 2008). For instance, PNS limited to
a single trimester did not induce changes in anxiety like phenotype as
measured by the OF test (Mueller and Bale, 2008), yet prolonged stress
resulted in increased anxiety-like behavior, indicated by more time
spent near walls (Lussier and Stevens, 2016). Similarly, stress exposure
early or throughout gestation increased immobility in the FST, unlike
exposure restricted to mid or late gestation periods (Mueller and Bale,
2008; Soares-Cunha et al., 2018).

Human and rodent studies have demonstrated a sexually dimorphic
effect of PNS on offspring behavior (Glover and Hill, 2012; Weinstock,
2008). While several studies have reported non-sex-specific effects,
other display sex-specific behavioral changes following PNS. Several
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factors mediate these differences, including the type of stressor, the
timing during gestation and the duration. For instance, human studies
conducted on the Dutch famine cohort have shown that PNS exposure
during the first trimester was associated with increased rates of addic-
tion in males but not females, while schizophrenia increased in females
only (Franzek et al., 2008; Susser and Lin, 1992). Additionally, when the
stress occurred during the second trimester, an increase in affective
disorders was observed specifically in male (Brown et al., 1995). Animal
models demonstrate a similar differential effect of PNS on males and
females (Glover and Hill, 2012; Weinstock, 2008). These differences are
thought to arise from the sexually dimorphic nature of brain develop-
ment and hormonal regulation during gestation (Glover and Hill, 2012;
McCormick et al., 1995; Welberg and Seckl, 2001). Using a model of
chronic variable stress, we show that, under this specific protocol males
are more prone to develop anxiety- and depressive-like behaviors.
Therefore, we have focused our molecular and anatomical analysis on
males. Nevertheless, exploring sex-specific responses to different types
and durations of prenatal stress may provide a more comprehensive
understanding of the long-term effects of PNS.

Finaly, our findings suggest that PNS transiently impairs interneuron
development rather than causing permanent gross anatomical disrup-
tions. While inhibitory neurons eventually reach their cortical destina-
tions, transient changes in cell density of specific inhibitory subtypes
may nonetheless affect network formation and synaptic integration,
potentially underlying the behavioral deficits observed in adult
offspring. This pattern of early anatomical recovery with lasting
behavioral consequences emphasizes the role of critical periods and
network formation in long-term behavioral outcomes. Better under-
standing these mechanisms may ultimately contribute to the identifi-
cation of sensitive developmental windows and targets for early
intervention.
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