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Abstract
Stress during adolescence clearly impacts brain development and function. Sex differences in adolescent
stress-induced or exacerbated emotional and metabolic vulnerabilities could be due to sex-distinct gene
expression in hypothalamic, limbic and prefrontal brain regions. However, adolescent stress-induced gene
expression changes in these key brain regions were unclear. RNA extraction from whole brain regions,
instead of discrete nuclei, dilutes gene expression results. In this study, female and male adolescent
Sprague Dawley rats received one-hour restraint stress every day from postnatal day (PD) 32 to PD44,
their plasma corticosterone levels were measured, and their body weights, food intake and body
composition were monitored. On PD44, their brains and blood samples were collected. Circulating levels
of adioposity hormones (leptin and insulin) and sex hormones (estradiol and testosterone) were
measured. Gene expression in nine subregions was measured using RNA sequencing (RNA-Seq).
Differentially expressed (DE) genes were analyzed using bootstrapped receiver operating characteristic
(bROC) approach. The results indicated that sex differences in stress-induced DE genes were widespread,
being identi�ed in the hypothalamus, limbic system, and prefrontal cortex of adolescent brains.
Additionally, this study revealed canonical pathways enriched in stress compared to nonstress rats, which
were predictive of well-known sex-distinct maladies in the literature, providing examples of the DE genes
likely involved in producing sex-distinct and stress-induced diseases. In summary, �ndings from this
study suggest sex biases in stress-induced transcriptional changes during adolescence, indicating a
molecular basis for sex differences witnessed in stress-induced or exacerbated emotional and metabolic
disorders throughout life. Future studies are warranted to test the implications of the DE genes identi�ed
in this study in sex-distinct stress-induced susceptibilities.

1. Introduction
While decreased food intake due to exposure to an acute stressor may be bene�ciary, i.e. staying in
shelter when dangerous environment arises instead of seeking food, prolonged decreases in feeding with
persistent weight loss due to a chronic stressor could become harmful or ill-adaptive to an individual [1,
2]. Such non-successful allostatic habituation after chronic stress could be caused by dysregulation of
the hypothalamus-pituitary-adrenal cortex (HPA) axis after exposure to a chronic stressor [3]. Chronic
stress leads to dysregulation of the HPA axis with alterations in glucocorticoid secretion being heavily
associated with a wide array of maladies, including psychiatric disorders such as depression and post-
traumatic stress disorder [4, 5], cognitive impairment such as an increased risk for Alzheimer’s disease [6,
7], metabolic syndrome [8–10], and increased drug-seeking [11, 12]. Rodent studies are commonly used
to investigate underlying molecular mechanisms of such maladies in various brain regions [13].
Furthermore, abundant sex differences are witnessed in the presentation of stress-related maladies in
humans [14, 15], suggestive of differences in underlying neurobiology between sexes [16]. Numerous sex
differences exist in rodent stress literature that are re�ective of stress-induced sex differences in humans
[16]. For examples, mental disorders such as depression and anxiety are more prevalent in women [17,
18]; while metabolic disturbances are more prevalent in men, and estrogen has been shown to be
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protective against metabolic disturbances comparing to testosterone [15]. Likewise, female mice are
more vulnerable than male mice to depression-associated behaviors after chronic variable stress [19];
while male rats are more vulnerable than female rats to metabolic challenges after prenatal stress [20].
Rodent studies investigating brain region-speci�c responses have proven translatable to humans [13].

Sex differences witnessed in prevalent presentation of stress-induced disorders are manifested especially
during adolescence and puberty in humans and rodent models [17, 21]. Furthermore, stress during early
life contributes to developing anxiety and depression, along with obesity and insulin resistance [22]. In
rodents, while hypothalamic pathways are fully developed by PD18 [23], limbic regions take longer to
develop [24]. Many corticolimbic brain regions heavily implicated in stress-induced emotional disorders,
such as the hippocampus, amygdala and prefrontal cortex [14], undergo developmental and maturational
processes during adolescence [24], making adolescence an especially vulnerable window for stress-
induced long-term changes in adult behavior [25]. Therefore, discovery of underlying stress-induced
transcriptional changes in aforementioned brain regions during adolescence is critical to the
understanding of stress susceptibility to psychological and metabolic disorders [26].

Despite a need to discover neurobiology underlying sex differences manifested due to stress, little is
known about stress-induced unique transcriptional differences among various brain nuclei, especially on
a genome-wide scale. Recent neuro-sequencing studies support that analyzing genes from speci�c
subnuclei, instead of from entire nuclei or whole brain regions, yields results that are more conclusive and
consistent, due to relatively similar neurochemical and genetic components within each subnuclei [27,
28]. Therefore, we aimed to investigate the transcriptional changes due to stress in speci�c subnuclei of
brain regions heavily studied and especially implicated in stress-related maladies in rodent studies. These
brain regions include major players in cortico-limbic and prefrontal circuitry, including the amygdala,
hippocampus, prefrontal cortex, along with the major neuroendocrine regulator of energy homeostasis
and stress response, the hypothalamus [29].

The hypothalamus integrates many signals from the body and other brain regions, and is responsible for
maintaining energy homeostasis and adapting in times of stress via autonomic and endocrine outputs
[29]. The major hypothalamic subregions integrating neural and endocrine signals involve the arcuate
nucleus (ARC), paraventricular nucleus (PVN), and ventromedial hypothalamic nucleus (VMH), which
form a complicated loop to regulate energy homeostasis. This loop is comprised of projections to single-
minded 1 (SIM1) neurons in the PVN. Activation of these SIM1 neurons by ARC pro-opiomelanocortin
(POMC) neurons stimulates glutamatergic projections to the parabrachial nucleus and decreases feeding;
whereas inhibition of these SIM1 neurons by ARC agouti-related protein (AgRP)/neuropeptide Y (NPY)
neurons increases feeding [29–31]. Completing this loop, VMH neurons project to and activate
AgRP/NPY neurons; and POMC neurons project to and activate VMH neurons [32]. The PVN neurons
controlling energy homeostasis are also intertwined in the HPA axis that regulates stress response.
During the stress response, parvocellular neurons in the PVN release corticotropin releasing hormone
(CRH) onto the anterior pituitary [33] and causes the release of adrenocorticotropic hormone (ACTH) into
the systemic circulation, stimulating the synthesis and secretion of corticosterone (CORT), the primary
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rodent glucocorticoid, from the adrenal cortex [34]. After adaptive stress responses take place,
glucocorticoids provide negative feedback inhibition to both PVN and anterior pituitary [33]. High levels of
CORT initiated during the stress response activate glucocorticoid receptors presented widely in the brain
[35–37], triggering nuclear localization and regulation of the transcription of genes [38]. Since
transcription, translation and post-translational processes are highly energy-consuming, glucocorticoids
also induce mitochondrial energy production [39]. Glucocorticoid receptors translocate to the nucleus to
induce transcriptional factors or translocate into the mitochondria to stimulate expression of certain
mitochondrial genes [38], either of which promotes mitochondrial RNA synthesis and ATP production [39].

While the hypothalamus is the primary initiator of the stress response, increases in stress-related
symptoms in humans coincide with enhanced amygdala and hippocampal responsiveness to stress [40].
The canonical understanding is that the hippocampus suppresses, while the amygdala enhances, HPA
axis responses and releases of ACTH and CORT [4], although a �ner understanding of complex
associations among these regions is in development [41]. Addionally, the PVN has monoaminergic and
cholinergic projections to the midbrain and hindbrain [16]. Limbic regions such as the amygdala and
hippocampus project to the PVN [23] for regulation of CRH release and thus the HPA axis [42]. The
basolateral amygdala (BLA) is important in regulating reward, emotion, and stress responses [43]. For
example, hyperexcitability of BLA output to the nucleus accumbens core results from stress, and
hyperexcitability of nucleus accumbens core region is associated with behavioral disorders such as
attention-de�cit hyperactivity disorder, post-traumatic stress disorder, and increased stress-induced drug
addiction [43]. The central nucleus of amygdala (CEA) mediates feeding and anxiety responses [44]. CRH
receptor signaling in the CEA mediates stress-induced anxiolytic responses [44]. Since the CEA connects
to both reward circuitry and gustatory regions in the brain, it is in an unique position to be able to process
rewarding stimuli with appetitive behavioral responses [44]. Projections from the parabrachial nucleus to
the CEA are known for appetite suppression [44]. Thus, it is important to understand gene expression
changes in response to stress in these amygdala regions.

The hippocampus is important in memory formation, learning, and mood regulation [45]. For example,
chronic stress or chronic CORT administration induces hippocampal atrophy with depressive-like
behaviors in rodents [46]. The Cornu Ammonis areas 1 (CA1) is the major output of the hippocampus,
with connections to the medial prefrontal cortex, nucleus accumbens, entorhinal cortex, and amygdala
[47]. Furthermore, BLA to CA1 connections are important in anxiety, social dysfunction, and emotion-
modulated spatial memory [47]. The Cornu Ammonis areas 3 (CA3) offers glutamatergic projections to
the CA1 via the Schaeffer collateral, and increased excitatory connections from CA3 to CA1 has been
reported to be necessary for restraint stress-induced CA1 dendritic atrophy [48]. Speci�cally, ten days of
chronic restraint stress in male mice produces signi�cant retraction of apical dendrites in dorsal CA1 and
ventral and dorsal CA3 short-shaft pyramidal neurons [48]. The dentate gyrus (DG) is one of the brain
regions known to display adult neurogenesis and decreased depressive-behavior in rodents [45]. Decrease
in neurogenesis has been noted in the DG of adult male rats after 21 days of 6-hour repeated restraint
stress [49]. Thus, these hippocampal regions are susceptible and pertinent to stress responses.
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The orbitofrontal cortex (OFC) of the prefrontal lobe is critical to social and emotional behavioral health.
In humans, the OFC is important in self-regulating many aspects of social and emotional behavior and
appropriate awareness of other people’s emotions [50]. It is also one of the last brain regions to fully
develop, and damaged developmental connections between the OFC and amygdala or hippocampus by
early life stress lead to later life social, emotional and health de�cits [50, 51]. Furthermore, the OFC is
suggested as a signi�cant brain region in controlling feeding below excessive, unhealthy levels that
cause obesity [52], and functional output of the OFC is altered by obesity [52]. CRH also directly affects
the prefrontal cortex [53]. Thus, the OFC plays important roles in regulation of limbic and hypothalamic
regions, with functional consequences witnessed due to stress.

To generate data worthy of translatability to known sex differences in human stress-induced maladies,
adolescent male and female rats underwent chronic restraint stress from postnatal day (PD) 32 to PD44
(Fig. 1A). Results of adolescent stress on food intake, body weight, body composition, and CORT
responses were measured to assess regulation of energy homeostasis and HPA axis in response to
chronic stress. Nine discrete brain nuclei and subregions, including ARC, VMH and PVN of the
hypothalamus; BLA and CEA of the amygdala; CA1, CA3 and DG of the hippocampus; and OFC of
prefrontal lobe, were analyzed for genome-wide transcriptome changes using RNA sequencing (RNA-Seq)
(Fig. 1B). Global transcriptome pro�les were generated, and genes differentially expressed (DE) due to
adolescent chronic stress were identi�ed for each subregion analyzed. Canonical pathway analyses
identi�ed players that are likely crucial candidates for causing known stress-induced sex differences.
Thus, this study provides evidence for molecular bases underlying known stress-induced maladies in
both sexes.

2. Materials & Method

2.1 Animals, treatments and measurements
Twenty-four female and 24 male Sprague Dawley Rats (Charles River, Wilmington, MA, USA) at three-
week of age arrived at Miami University’s Animal Care Facility. Rats were initially group-housed and then
single-housed on PD26 in a temperature- (21 ± 2°C) and light- (12:12 light: dark; lights on at 0600 h and
lights off at 1800) controlled vivarium. Female and male rats were housed in two separate rooms. A
standard rodent chow (Purina Rodent Chow No. 5001, St. Louis, MO, USA) and water were provided ad
libitum except during the one-hour restraint stress procedure. Body weight and food intake of rats were
measured daily from PD28 to PD44 and weekly afterwards. Body composition (i.e., fat mass and lean
mass) was measured using a whole-body composition analyzer (EchoMedical Systems, Houston, TX,
USA) before stress on PD31, on the 12th day of stress PD43, and after stress had been terminated on
PD56 (Fig. 1A).

Rats were metabolic-pro�le matched into nonstress and stress groups (n = 12/group) with similar daily
food intake, body weights, and body composition on PD31. The stress group rats were subjected to one-
hour restraint every day for 13 consecutive days, while the nonstress group rats were left intact, from
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PD32 to PD44 when rats at this age are considered in adolescence [54]. At random times during the light
phase, rats receiving stress were transported in their home cages to a nearby room within the facility for
stress procedure. Brie�y, stress rats were placed into cylindrical Plexiglas restrainers (Plas-Labs, Lansing,
MI, USA) in their home cages for one hour, then were released from the restrainers and transferred back to
their home room. Nonstress rats were left in the home room the entire time. On PD43, rats were metabolic-
pro�le matched into further two groups euthanized either one hour after the last restraint stress on PD44
during adolescence or 20 days after the last stressor exposure on PD64 during adulthood (n = 6/group;
Fig. 1A).

For the purpose of measuring CORT levels due to stress (n = 12/group), on the 1st and 12th days of
restraint stress (PD32 and PD43), serial blood collection was performed between 0700 and 0900 to avoid
circadian variation in CORT levels. Brie�y, serial blood samples from the tail vein were taken via tail clip
for both the stress and nonstress groups at 0 min immediately before, and at 5, 15, 30, and 60 min after,
either being placed into a restrainer (stress) or not (nonstress); then at 120 min, one hour after rats were
taken out of the restrainer (stress) or not (nonstress). Plasma was collected following blood sample
centrifugation and stored at -20°C until use for CORT ELISA (Enzo Life Sciences, Ann Arbor, MI, USA). Also
during the early hours of light cycle when rats have least feeding and physical activity, a drop of blood
from the tail vein was taken before stress occurred to measure glucose (In�nity® glucometers and test
strips, US Diagnostics, New York, NY).

All female rats were monitored for their estrous cycles, and were sacri�ced in the estrus. Rats were
overdosed by iso�urane anesthesia, decapitated, and trunk blood and brains were immediately collected.
Brains were �ash frozen in isopentane over dry ice and stored at -80°C until cryosectioning. Plasma
samples were collected and stored at -20°C until ELISAs for measuring 17-beta estradiol and testosterone
(Cayman Chemicals, Ann Arbor, MI, USA), and leptin and insulin (Crystal Chem Inc., Downers Grove, IL,
USA). All animal procedures were approved by the Institutional Animal Care and Use Committee of Miami
University Ohio and were conducted in compliance with the Guide for the Care and Use of Laboratory
Animals as adopted by the National Institutes of Health.

2.2 Brain region microdissection for RNA sequencing and
genome mapping
Nine discrete brain nuclei subregions (ARC, VMH, PVN, CEA, BLA, CA1, CA3, DG, and OFC) were
microdissected using Palkovits punch technique in the brains collected on the last day of adolescent
stress on PD44. Brei�y, frozen brains were coronally cryosectioned every 300 µm at a maintained
temperature of -9 ºC, and identi�ed for their Paxinos and Watson Bregma levels [55]. Sections were thaw-
mounted on glass microscope slides that were stored on ice; then slides were placed on dry ice and
sections rapidly refroze to the slide for Palkovits punch technique (Stoelting, Wood Dale, IL, USA).
Punches included 9 discrete brain regions: OFC at Bregma 5.6–3.3 mm; PVN at Bregma − 0.60 – -2.10
mm; ARC and VMH at Bregma − 1.8 – -3.0 mm; CEA and BLA at Bregma − 1.5 – -3.0 mm; and CA1, CA3,
and DG at Bregma − 3.0 – -3.9 mm (Fig. 1B). The frozen punches were immediately stored at -80 ºC until
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RNA isolation. The 0.50 mm punch was used for punches of PVN, ARC, VMH, CEA, BLA, and OFC. The
0.25mm punch was used for punches of CA1, CA3, and DG.

RNA was extracted and analyzed for genome-wide transcriptome using RNA-Seq. Samples were
sequenced on Illumina HiSeq3000 using 150bp paired-end reads (Center for Genome Research and
Biocomputing at Oregon State University, Corvallis, OR, USA). About 57.5 million raw reads of 2 × 150 bp
each were retrieved for each sample. CLC Genomics Workbench 10.0 (Qiagen) was used for preparing
and mapping reads. Trimming of any low-quality reads with Phred quality score of Q30 was performed.
Q30 is Illumina’s quality score that provides 99.9% accuracy [56]. After QC and adaptor read-through
trimming, deconvoluting PCR based duplicates using UMIs, 98% of the reads mapped to the Rattus
norvegicus genome (Ensembl, Rnor_6.0).

2.3 DE gene, gene ontology, and pathway analyses
DE gene analysis was performed in CLC Genomics Workbench 10.0 (Qiagen) using bootstrapped receiver
operating characteristic (bROC) approach with a GINI coe�cient of con�dence (CONF) ≥ 0.95 cut-off for
DE of identi�ed genes [57, 58] between nonstress and stress groups within each sex. The use of the bROC
statistical approach for low replicate numbers has been validated for microarray and RNA-Seq
experiments [57]. It is similar to DESeq Bioconductor package [59], but deviates in that it does not assume
a functional form of the noise distributions, rather it sub-samples the noise distributions of the data from
the two groups and creates pseudo-replicates (bootstrap) to effectively apply the non-parametric ROC
procedure for data in a binary (two-group) comparison. In other words, bROC analysis supersedes the low
replicate number of samples common to most RNA-Seq experiments, while at the same time creating
large numbers of pseudo-replicates that are better re�ective of the datasets being analyzed.

All molecules from the RNA-Seq mapped data, along with their associated bROC analysis expression and
GINI coe�cient values, were inserted into Ingenuity Pathway Analysis (IPA, Spring Release 2020, Qiagen)
as the reference ‘dataset’. Some ensembl gene IDs are not recognized by IPA, possibly because these
gene IDs do not correspond to or cannot be unambiguously mapped to any known gene products [60].
Thus, ensembl gene IDs not recognized by IPA were not included in the analyses. The “tissues and cell
lines” setting was used to �lter the IPA library to include only those genes known to be included in tissues
and cells of each speci�c brain nuclei investigated.

The IPA library of canonical pathway analyses identi�ed pathways that were most signi�cant to the
dataset. Molecules from the RNA-Seq mapped dataset that met the GINI coe�cient with the con�dence ≥ 
0.95 cut-off and were associated with a canonical pathway in the Ingenuity Knowledge Base were
considered for the analysis [61]. The signi�cance of the association between the dataset and the
canonical pathway was measured in two ways: (1) a ratio of the number of molecules from the dataset
that map to the pathway divided by the total number of molecules that map to the canonical pathway is
displayed; and (2) a right-tailed Fisher’s Exact Test was used to calculate a P value determining the
probability that the association between the genes in the dataset and the canonical pathway is explained
by chance alone [61]. Comparison analyses were performed using IPA to view canonical pathways
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enriched in females and males side-by-side. Upstream regulator analyses performed using IPA identi�ed
known regulators of the input data set [61]. Comparison analyses of these top upstream regulators were
performed using IPA in order to view top upstream regulators in females and males side-by-side.

2.4 Statistical analyses
CORT measurements were analyzed by two-way repeated measures ANOVA for the factors of stress
condition (stress and nonstress) and time points (0 min, 15 min, 30 min, 60 min, and 120 min) with
Bonferroni multiple comparison tests (GraphPad Prism version 9.0, San Diego, CA, USA). CORT area
under the curve (AUC) was calculated from 0 min to 60 min timepoints and analyzed by unpaired t-tests
between stress and nonstress groups (GraphPad Prism). Cumulative food intake and body weights from
PD27 to PD64, fat mass and lean mass measurements on PD31, PD43, and PD56, and measurements of
hormones (estradiol, testosterone, leptin, and insulin) on PD44 and PD64 were analyzed by mixed
measures two-way ANOVA for the factors of stress condition (stress and nonstress) and time (PD) with
Bonferroni multiple comparison tests (GraphPad Prism). Statistic signi�cance was set at P < 0.05.
Comparisons between nonstress vs stress within each sex were made using IPA for canonical pathways
and upstream regulators. Right-tailed Fischer’s Exact P value tests were performed. -log(p) ≥ 1.302 was
set to indicate signi�cant overlap of molecules involved in speci�c canonical pathways between datasets
of differential expressed genes and total transcripts expressed.

3. Results

3.1 Plasma CORT and blood glucose levels of stress or
nonstress rats.
On the 1st day of chronic restraint stress on PD32, stress females had greater circulating CORT levels
than nonstress females at 30 and 60 min into restraint stress, although they had lower CORT level than
nonstress females right before the test at 0 min (Fig. 2A). The corresponding area under the curve (AUC)
was greater for stress females than nonstress females on the 1st day of stress (Fig. 2A). In contrast, on
the 12th day of stress on PD43, CORT levels of all time points and AUC were comparable between female
stress and nonstress groups (Fig. 2B). Similar as the females, on the 1st day of stress, stress males had
greater plasma CORT levels at 15 min and 30 min into restraint stress and greater AUC than nonstress
males (Fig. 2C). Different from the female groups, on the 12th day, stress males had greater plasma
CORT levels at 15 min, 30 min, and 60 min, and greater AUC than nonstress males (Fig. 2D). In summary
female adolescent rats showed abolished HPA response to stress on day 12 of chronic restraint stress,
whereas male adolescent rats had sustained HPA response to stress, which was still seen on day 12 of
stress. Thus, stress induced sex distinct CORT response between adolescent females and males, with the
increases in CORT levels continued into day 12 of stress in adolescent male rats, but not female rats.

Stress hyperglycemia has been reported in rodents receiving chronic restraint stress [62]. In this study,
blood glucose levels were similar between adolescent female nonstress (189.58 ± 4.84 mg/dl) and stress
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(179.25 ± 3.39 mg/dl) groups, and between adolescent male nonstress (170.00 ± 4.46 mg/dl) and stress
(179.00 ± 6.17 mg/dl) groups, on the 1st day of stress (PD32), as it was expected. However, on the 12th
day of stress (PD43), blood glucose levels remained similar between nonstress (174.25 ± 4.40 mg/dl) and
stress (174.08 ± 2.12 mg/dl) females and between nonstress (173.50 ± 5.62 mg/dl) and stress (159.83 ± 
4.67 mg/dl) males. There was no difference in blood glucose levels between stress and nonstress groups
for either females or males throughout this study, possibly because current stress paradigm is not severe
enough to cause hyperglycemia.

3.2 Body weight, food intake and body composition of
nonstress and stress rats.
Female body weight was affected by time (F = 1.213, P < 0.0001) and interaction between time and stress
(F = 9.841, P < 0.0001), but not stress (F = 2.390, P > 0.05) (Fig. 3A). Post hoc tests revealed that body
weight was signi�cantly lower in stress females than nonstress females on PD43 during adolescent
stress and PD57 during early adulthood after stress had terminated, and such difference in body weight
between female groups was no longer signi�cant on PD64 (Fig. 3A). There were no differences in
cumulative food intake for stress females compared to nonstress females during adolescence or early
adulthood (Fig. 3B).

In males, ANOVA revealed that time (F = 31.42, P < 0.0001), stress (F = 7.756, P < 0.05), and interaction
between time and stress (F = 13.70, P < 0.0001) had signi�cant effects on body weights. Post hoc tests
revealed that body weight was signi�cantly lower in stress males compared to nonstress males at �ve
timepoints PD39, PD40, PD41, PD43 and PD44 during adolescent stress, and all three timepoints PD50,
PD57 and PD64 during early adulthood after stress had terminated (Fig. 3C). In males, time (F = 39.65, P 
< 0.0001), stress (F = 5.199, P < 0.05), and interaction between time and stress (F = 9.100, P < 0.0001) had
signi�cant effects on cumulative food intake. Post hoc tests revealed that food intake was signi�cantly
lower in stress males compared to nonstress males on the last day of adolescent restraint stress PD44
(Fig. 3D). Similar to their body weights, lower food intake of stress males continued throughout early
adulthood at all three time points measured on PD50, PD57 and PD64 (Fig. 3D). It is noteworthy that
stress-induced lower body weights were detected before lower food intake in males, indicating that
adolescent stress induced lower weight gain is not entirely due to hypophagia in males, and is
presumably due to an increase in metabolic rate or energy expenditure.

Corresponding to the two timepoints when the stress females showed lower body weights compared to
nonstress females, stress females had delayed lower body fat mass shown on PD56 during adulthood,
instead of at the end of adolescent stress (Fig. 3E), and had temporally lower body lean mass on the last
day of stress PD43 (Fig. 3F), compared to nonstress females. On the other hand, stress males had
persistently lower body fat mass (Fig. 3G) and lean mass (Fig. 3H) than nonstress males at both
timepoints measured at the end of adolescent stress on PD43 and two weeks after stress had been
terminated on PD56.
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3.3 Plasma levels of adiposity hormones and sex hormones
of nonstress and stress rats.
Hormones were measured in blood samples collected on PD44 or PD64. Plasma levels of leptin and
insulin were not signi�cantly different between stress and nonstress groups within the same sex on either
PD44 or PD64 (Table 1). Additionally, leptin level increased with age from adolescence PD44 to
adulthood PD64 in both females (F = 9.772, P < 0.01) and males (F = 23.93, P < 0.0001), with males but
not females showing signi�cance in post hoc tests (Table 1). Neither leptin nor insulin level was affected
by stress in females or males, although we expected to see lower leptin levels in stress groups with lower
body fat mass compared to nonstress groups. Leptin has been shown to increase in response to stress
[63], which could counterbalance its reduction due to fat mass decrease.

Table 1
A:

Female Rats PD44 PD64

Treatment Groups Nonstress Stress Nonstress Stress

Leptin (ng/ml) 1.85 ± 0.22 1.56 ± 0.28 3.05 ± 0.50 2.55 ± 0.33

Insulin (ng/ml) 0.78 ± 0.23 0.29 ± 0.12 0.81 ± 0.22 0.65 ± 0.20

Estradiol (pg/ml) 46.22 ± 14.08 13.12 ± 9.99 * 37.99 ± 19.27 1.79 ± 0.96 *

Testosterone (ng/ml) 127.87 ± 12.23 117.26 ± 23.80 112.41 ± 13.82 110.85 ± 13.40

Table 1
B:

Male Rats PD44 PD64

Treatment Groups Nonstress Stress Nonstress Stress

Leptin (ng/ml) 2.08 ± 0.24 1.61 ± 0.37 4.39 ± 0.60 † 3.48 ± 0.42 †

Insulin (ng/ml) 1.10 ± 0.37 0.43 ± 0.09 1.22 ± 0.25 1.14 ± 0.20

Estradiol (pg/ml) 21.89 ± 3.37 23.15 ± 4.69 21.57 ± 5.51 20.42 ± 4.55

Testosterone (ng/ml) 322.83 ± 62.91 173.64 ± 48.45 630.81 ± 63.51† 576.89 ± 75.93 †

Stress but not age signi�cantly decreased estradiol levels of female rats (F = 7.166, P < 0.05), although
post hoc tests did not reveal any signi�cance (Table 1). Age (adolescence PD44 vs. adulthood PD64), but
not stress condition, signi�cantly affected testosterone levels of male rats (F = 31.41, P < 0.0001), with
post hoc tests revealing greater testosterone levels on PD64 than PD44 (Table 1B). Neither stress
condition nor age affected male estradiol levels or female testosterone levels (Table 1). Thus, stress
reduced plasma estradiol levels in females but not males, and did not affect testosterone levels in either
sex. Estradiol has anorexigenic effects [64], while testosterone has orexigenic effects [65, 66]. Our result
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of reduced estradiol levels due to stress in females could be one potential mechanism by which the stress
females were able to maintain their feeding and body weights. It is noteworthy that circulating estradiol
levels of nonstress rats were similar between PD44 and PD64 in females, whereas circulating
testosterone levels were increased from PD44 to PD64 in males (Table 1), indicative that the females
experienced puberty prior to chronic restraint stress, but the males did not reach puberty until some time
after stress was started, suggesting potential protective effects of sex hormones and related nervous
system maturation on metabolic regulation and HPA responses to adolescent stress.

3.4 Analyses DE genes, canonical pathways, and upstream
regulators
The data �les after differential expression analyses have been deposited into NCBI’s Gene Expression
Omnibus [67] and are accessible through GEO Series accession number GSE169296
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE169296). All DE genes due to stress identi�ed
in the nine examined brain subregions (ARC, VMH and PVN of the hypothalamus; CEA and BLA of the
amygdala; CA1, CA3 and DG of the hippocampus; and OFC of the prefrontal cortex) are listed in
Supplementary Table 1. Comparisons between female and male nonstress vs. stress canonical pathways
and upstream regulators made using IPA are listed in Supplementary Tables 2 and 3, respectively.

3.4.1 Hypothalamus
ARC

Similar numbers of DE genes due to adolescent stress were revealed in the ARC of females (111 DE
genes) and males (107 DE genes), with 14 common DE genes for both sexes (Fig. 4A; Suppl Tables 1.1
and 1.2). Among these common DE genes between males and females, Akap11_3, Atp6v0a1_2,
Kcnma1_4, Lnpep_1, LOC108348175_4, and Wnk1_1 were commonly downregulated; Ank2_8, Avp_1,
Birc6_1, and Zfhx4_1 were commonly upregulated; Ank2_10, Dock10_9, and Ece1_1 were downregulated
in females but upregulated in males; while Robo1_2 was upregulated in females but downregulated in
males (Fig. 4A).

Enriched canonical pathways in the ARC in females were “acetyl-CoA biosynthesis III from citrate”,
“insulin secretion signaling”, “protein kinase A signaling”, “synaptogenesis signaling”, “tight junction
signaling”, “UVB-induced MAPK signaling”, “xenobiotic metabolism CAR signaling”, and “xenobiotic
metabolism PXR signaling”; while in males were “CCR3 signaling in eosinophils”, “CD27 signaling in
lymphocytes”, “Cdc42 signaling”, “cellular effects of sildena�l”, “circadian rhythm signaling”, “citrulline
biosynthesis”, “endocannabinoid neuronal synapse”, “eNOS signaling”, “γ-aminobutyric acid (GABA)
receptor signaling”, “gap junction signaling”, “glutamate degration III”, “glutamate dependent acid
resistance”, “gonadotropin-releasing hormone (GnRH) signaling”, “natural killer cell signaling”, “proline
biosynthesis I”, “pyridoxal 5’-phosphate salvage”, “SAPK/JNK signaling”, “spermidine biosynthesis I”, and
“TR/RXR activation” (Suppl Fig. 1; Suppl Table 2).
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Upstream regulators in the ARC identi�ed by IPA were CLOCK, CREB3L1, NHLH2, NR1H2, PER1, and THRB
in both females and males; ASB4, CREB1, MYC, NKX2-1, POU3F1, and SIM1 in females only; and 27-
hydroxycholesterol, ADCYAP1, AGRP, ARNTL, CARTPT, CNR1, corticosterone, CRH, CRHBP, CRHR1, CRY2,
DIO3, DMD, DTNA, ethanol, FAAH, formaldehyde, HDAC4, histamine, HTT, KISS1, LEP, LHX1, LHX5, MAOA,
MAPK8, MC4R, MCHR1, NEUROD2, NFKB1, NPY2R, NR1H3, NUCB2, PTHLH, REN, SLC16A2, and
testosterone in males only (Suppl Table 3).

VMH

Eighty-four DE genes in females and 70 DE genes in males due to adolescent stress were revealed in the
BLA (Fig. 4B; Suppl Tables 1.3 and 1.4). Eight DE genes were common between males and females,
including Gad1_1, Gad2_1, and LOC103689999_1 commonly upregulated, Cers1_1, LOC108348096_1,
and Myo9b_4 commonly downregulated, Ank2_10 that was downregulated in females but upregulated in
males, and Slit1_2 that was upregulated in females but downregulated in males (Fig. 4B).

Enriched canonical pathways in the VMH of both females and males were “glutamate degration III”,
“glutamate dependent acid resistance”, and “synaptic long-term depression”; in females only were
“calcium signaling”, “GABA receptor signaling”, “neuroin�ammation signaling”, and “TR/RXR activation”;
while in males only were “aldosterone signaling in epithelial cells”, “antiproliferative role of somatostatin
receptor 2”, “apelin cardiomyocyte singling pathway”, “axonal guidance signaling”, “breast cancer
regulation by stathmin 1”, “D-myo-inositol(1,4,5)-trisphosphate biosynthesis”, “gap junction signaling”,
“glycerol degradation I”, “glycerol-3-phosphate shuttle”, “G protein coupled receptor (GPCR)-mediated
integration of enteroendocrine signaling”, “HIPPO signaling”, “insulin secretion signaling pathway”,
“melatonin signaling”, “neuropathic pain signaling in dorsal horn neurons”, “neuroprotective role of
THOP1 in Alzheimer’s Disease”, “phagosome formation, PPARα/RXRα activation”, “protein ubiquitination”,
“role of NFAT in cardiac hypertrophy”, “UVA-induced MAPK signaling”, “Wnt/Ca ion”, and “α-adrenergic
signaling” (Suppl Fig. 2; Suppl Table 2).

Upstream regulators in the VMH identi�ed by IPA were CREB1, LHX 1, and LHX5 in both females and
males; CLOCK, CREB3L1, ESR1, NFKB1, NR1H2, PER1, PPARA, and SIM1 in females only; and ADCYAP1,
AR, ASCL1, ATOH1, ATXN7, β estradiol, CNR1, CPE, CSHL1, D-glucose, FEV, GHR, GHRH, GHRL, HTT,
IGF1R, JAK2, levodopa, MAPT, MME, NPY, NTF3, PPARGC1A, TAC1, TNR, and VIP in males only (Suppl
Table 3).

PVN

Fifty-seven DE genes in females and 68 DE genes in males due to adolescent stress were revealed in the
BLA, with 7 common DE genes for both sexes (Fig. 4C; Suppl Tables 1.5 and 1.6). Among them, Ank2_2
and Ehmt2_4 were upregulated and Fry_3 was downregulated by stress in both females and males; while
Mbp_3, Mog_1, Ogt_1, and Slit1_1 were downregulated in females but upregulated in males (Fig. 4C).
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Canonical pathways enriched by adolescent stress in females only were “apelin cardiomyocyte
signaling”, “calcium signaling”, “calcium-induced T lymphocyte apoptosis”, “cardiac hypertrophy
signaling”, “CCR3 signaling in eosinophils”, “CCR5 signaling in macrophages”, “cellular effects of
sildena�l”, “chemokine signaling”, “cholecystokinin/gastrin-mediated signaling”, “CRH signaling”, “CREB
signaling in neuron”s, “dopamine-DARPP32 feedback in cAMP signaling”, “endocannabinoid neuronal
synapse pathway”, “epithelial adherens junction signaling”, “estrogen receptor signaling”, “Fcγ receptor-
mediated phagocytosis in macrophages and monocytes”, “gap junction signaling”, “glutamate receptor
signaling”, “GnRH signaling”, “GP6 signaling”, “GPCR-mediated nutrient sensing in enteroendocrine cells”,
“Gαq signaling”, “IL-15 production”, “insulin secretion signaling pathway”, “maturity onset diabetes of
young (MODY) signaling”, “netrin signaling”, “nitric oxide signaling”, “nNOS signaling”, “opioid signaling”,
“phospholipase C signaling”, “protein kinase A signaling”, “renin-angiotensin signaling”, “RhoA signaling”,
“role of NFAT in cardiac hypertrophy”, “sperm motility”, “synaptic long-term depression”, “thrombin
signaling”, and “α-adrenergic signaling”. Canonical pathways enriched by adolescent stress in male but
not female PVN were “calcium transport I”, “glycerol degradation I”, and “glycerol-3-phosphate shuttle”
(Suppl Fig. 3; Suppl Table 2).

Upstream regulators in the PVN identi�ed by IPA were ASCL1 and FEV in both females and males; 5-
hydroxytryptamine, ADCYAP1R1, ARNTL, ATOH1, CYFIP1, FEZF2, FYN, HDAC4, NFKB1, NOS1, PDYN, and
SOD1 in females only; and ADCYAP1, AR, ATXN7, β estradiol, CARTPT, CLOCK, CNR1, CPE, CREB1,
CREB3L1, CRHBP, CRHR1, CRY2, D-glucose, DICER1, ESR1, formaldehyde, histamine, HTT, JAK2,
levodopa, MAOA, MAPT, MYC, NKX2-1, NPY, NR1H2, NUCB2, PER1, POU3F1, PPARA, PTHLH, SIM1,
sucrose, TAC1, testosterone, TNR, and VIP in males only (Suppl Table 3).

3.4.2 Amygdala
BLA

Sixty-nine DE genes in females and 45 DE genes in males due to adolescent stress were revealed in the
BLA, with 4 common DE genes for both sexes (Fig. 5A; Suppl Tables 1.7 and 1.8). Among them,
LOC100360449_1 was upregulated by stress in both females and males; while Caskin1_2 was
downregulated in females but upregulated in males, and Dgkz_2 and Sccpdh_1 were upregulated in
females but downregulated in males (Fig. 5A).

Canonical pathways signi�cantly enriched in the BLA in females were “kinetochore metaphase signaling”
and “spermidine biosynthesis I”; while in males were “calcium signaling”, “DNA damage-induced 14-3-3σ
signaling”, and “opioid signaling” (Suppl Fig. 4; Suppl Table 2). Upstream regulators were lysine
methyltransferase 2A (KMT2A) and nuclear proto-oncogene (SKI) in males only (Suppl Table 3).

CEA

One hundrend eighty-eight and 108 DE genes due to adolescent stress were identi�ed in the female and
male CEA respectively, with 19 common DE genes (Fig. 5B; Suppl Tables 1.9 and 1.10). Among them,
Astn2_1 and Prpf8_1 were downregulated by stress in both females and males; Inf2_1, Itpr1_4, Pcp4_1,
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Pde10a_1, Rasd2_1, and Scn4b_1 were upregulated by stress in both females and males; while B4galt6_1,
Dgkz_2, Kit_1, and Smc3_1 were downregulated in females but upregulated in males, and Nptxr_1,
Nrxn2_2, Slc17a7_2, Slit1_1, St6gal2_1, Sv2b_2 and Synj1_1 were upregulated in females but
downregulated in males (Fig. 5B).

Canonical pathways signi�cantly enriched by adolescent stress identi�ed in the CEA of both females and
males were “cAMP-mediated signaling”, “GPCR signaling”, “pregnenolone biosynthesis”, and “synaptic
long-term potentiation”; in females only were “calcium-induced T lymphocyte apoptosis”,
“cholecystokinin/gastrin-mediated signaling”, “CRH signaling”, “CREB signaling in neurons”, “Gαi
signaling”, “opioid signaling”, and “NFAT in cardiac hypertrophy”; while in males only were “acetyl-CoA
biosynthesis III from citrate”, “calcium signaling”, “gap junction signaling”, “glioblastoma multiforme
signaling”, “histidine degradation VI”, “insulin receptor signaling”, “non-small cell lung cancer signaling”,
“synaptogenesis signaling”, and “ubiquinol-10 biosynthesis” (Suppl Fig. 5, Suppl Table 2).

Upstream regulators in the CEA identi�ed by IPA were HDAC4 and NFKB1 in both females and males;
ELK1, FEV, KMT2A, MEF2D, SATB2, THRB, and TSHZ3 in females only; and MYC and POU3F1 in males
only (Suppl Table 3).

3.4.3 Hippocampus
CA1

Fifty-�ve DE genes in females and 63 DE genes in males due to adolescent stress were revealed in the
CA1, with 10 common DE genes (Fig. 6A; Suppl Tables 1.11 and 1.12). Among them, Kcnip2_3 was
downregulated by stress in both females and males; LOC108348096_1 was upregulated by stress in both
females and males; while Arpc2_8, Dcaf11_2, LOC103689945_1, Mt-atp8_1, Reln_1, Scn1b_3, and Tbl1x_2
were downregulated in females but upregulated in males, and B4galt6_1 was upregulated in females but
downregulated in males (Fig. 6A).

Canonical pathways signi�cantly enriched by adolescent stress in the CA1 in females but not males were
“asparagine biosynthesis I”, “DNA double-strand break repair by homologous recombination”, “epithelial
adherens junction signaling”, “hepatic �brosis/hepatic stellate cell activation”, “hypoxia signaling in the
cardiovascular system”, and “synaptogenesis signaling”; while in males but not females were “Fcγ
receptor-mediated phagocytosis in macrophages and monocytes”, “Gα 12/13 signaling”, “Gαs signaling”,
“netrin signaling”, “neuroprotective role of THOP1 in Alzheimer’s disease”, “nNOS signaling”, “protein
kinase A signaling”, “RNK signaling in osteoclasts”, “reelin signaling in neurons”, “regulation of actin-
based motility by Rho”, “RhoA signaling”, and “Rho family GTPases signaling” (Suppl Fig. 6A; Suppl
Table 2).

Upstream regulators in the CEA identi�ed by IPA were ASCL1, EMX2, and TBR1 in both females and
males; ARNT2, ATXN1, HIF1A, JUN, NR3C1, and SUB1 in females only; and ATF3, ATOH1, FEV, HDAC5,
LMO4, MEF2C, MYC, NFE2L2, and POU3F1 in males only (Suppl Table 3).
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CA3

Nighty-nine and 63 DE genes by adolescent stress were identi�ed in female and male CA3 respectively,
with 9 common DE genes (Fig. 6B; Suppl Tables 1.13 and 1.14). Among them, Wfs1_1 was
downregulated by stress in both females and males; Kcnip2_3 and Rn50_20_0060.5_2 were upregulated
by stress in both females and males; while Ehmt2_3, Itpr1_1, NEWGENE_1304700_1, Ranbp2_2, and
Ryr3_2 were downregulated in females but upregulated in males, and Slit1_2 was upregulated in females
but downregulated in males (Fig. 6B).

Canonical pathways signi�cantly enriched in the CA3 in both females and males were “fMLP signaling in
neutrophils” and “insulin secretion signaling”; in females only were “14-3-3-mediated signaling”,
“adrenomedullin signaling”, “aldosterone signaling in epithelial cells”, “apelin cardiomyocyte signaling”,
“apelin endothelial signaling”, “axonal guidance signaling”, “calcium signaling”, “calcium-induced T
lymphocyte apoptosis”, “cardiac hypertrophy signaling”, “CCR3 signaling in eosinophils”, “cellular effects
of sildena�l”, “cholecystokinin/gastrin-mediated signaling”, “CRH signaling”, “CREB signaling in neurons”,
“CXCR4 signaling”, “dopamine-DARPP32 feedback in cAMP signaling”, “endocannabinoid neuronal
synapse”, “endothelin-1 signaling”, “eNOS signaling”, “estrogen receptor signaling”, “gap junction
signaling”, “glioblastoma multiforme signaling”, “glutamate receptor signaling”, “GnRH signaling”, “GP6
signaling”, “GPCR-mediated integration of enteroendocrine signaling”, “GPCR-mediated nutrient sensing
in enteroendocrine cells”, “growth hormone signaling”, “Gαq signaling”, “leptin signaling”, “melatonin
signaling”, “neuropathic pain signaling in dorsal horn neurons”, “opioid signaling”, “P2Y purigenic
receptor signaling”, “phagosome formation”, “phospholipase C signaling”, “prostanoid biosynthesis”,
“protein kinase A signaling”, “renin-angiotensin signaling”, “NFAT in cardiac hypertrophy”, “sperm
motility”, “spermidine biosynthesis I”, “synaptic long-term depression”, “synaptic long-term potentiation”,
“synaptogenesis signaling”, and “α-adrenergic signaling”; while in males were “CD28 signaling in T helper
cells”, “Cdc42 signaling”, “remodeling of epithelial adherens junctions”, and “TR/RXR activation” (Suppl
Fig. 7; Suppl Table 2).

Upstream regulators in the CA3 identi�ed by IPA were NFKB1 in both females and males; ELK1, FEV,
HDAC4, KMT2A, MEF2D, SATB2, THRB, and TSHZ3 in females only; and ASCL1 in males only (Suppl
Table 3).

DG

Two hundred and �ve DE genes in females and 52 DE genes in males by adolescent stress were identi�ed
in the DG, with 4 common DE genes for both sexes (Fig. 6C; Suppl Tables 1.15 and 1.16). Among them,
Atp6v0a1_2 and Dgkz_2 were downregulated by stress in both females and males; Caskin1_2 was
upregulated by stress in both females and males; while Ptk2b_1 and Sptan1_2 were downregulated in
females but upregulated in males (Fig. 6C).

Canonical pathways signi�cantly enriched by adolescent stress in the DG of both females and males
were “nNOS signaling in skeletal muscle cells”, “protein kinase A signaling”, and “T cell receptor
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signaling”; in females only were “actin cytoskeleton signaling”, “actin nucleation by ARP-WASP complex”,
“agranulocyte adhesion and diapedesis”, “agrin interactions at neuromuscular junction”, “atherosclerosis
signaling”, “B cell receptor signaling”, “CCR3 signaling in eosinophils”, “CD28 signaling in T helper cells”,
“chemokine signaling”, “clathrin-mediated endocytosis signaling”, “ephrin A signaling”, “ERK/MAPK
signaling”, “FAK signaling”, “fatty acid activation”, “fatty acid β oxidation I”, “Fcγ receptor-mediated
phagocytosis in macrophages and monocytes”, “FXR/RXR activation”, “germ cell-sertoli cell junction
signaling”, “glutamate receptor signaling”, “glutamine biosynthesis I”, “GP6 signaling”, “granulocyte
adhesion and diapedesis”, “Gαq signaling”, “hepatic cholestasis”, “hepatic �brosis/hepatic stellate cell
activation”, “hepatic �brosis signaling”, “H1F1α signaling”, “iCOS-iCOSL signaling in T helper cells”,
“integrin-linked kinase (ILK) signaling”, “integrin signaling”, “iron homeostasis signaling”, “leukocyte
extravasation signaling”, “LPS/IL-1mediated inhibition of RXR function”, “LXR/RXR activation”, “maturity
onset diabetes of young (MODY) signaling”, “mitochondrial L-carnitine shuttle”, “natural killer cell
signaling”, “oncostatin M signaling”, “onsteoarthritis”, “PAK signaling”, “paxillin signaling”, “PEDF
signaling”, “phagosome formation”, “production of nitric oxide and reactive oxygen species in
macrophages”, “PTEN signaling”, “Rac signaling”, “RANK signaling in osteoclasts”, “reelin signaling in
neurons”, “regulation of actin-based motility by Rho”, “regulation of IL-2 expression in activated and
anergic T lymphocytes”, “renal cell carcinoma signaling”, “RhoA signaling”, “RhoGDI signaling”,
“osteoblasts, osteoclasts and chondrocytes in rheumatoid arthritis”, “semaphoring neuronal repulsive
signaling”, “semaphoring signaling in neurons”, “Rho family GTPases signaling”, “spermidine
biosynthesis I”, “sphingosine-1-phosphate signaling”, “STAT3”, “stearate biosynthesis I”, “synaptogenesis
signaling pathway”, “Tec kinase signaling”, “tight junction signaling”, “TR/RXR activation”, “VEGF
signaling”, and “γ-linolenate biosynthesis”; while in males only were “calcium signaling”, “CCR5 signaling
in mancrophages”, “cholecystokinin/gastrin-mediated signaling”, “dilated cardiomyopathy signaling”,
“epithelial adherens junction signaling”, “insulin secretion signaling”, “MSP-RON signaling in cancer
cells”, “netrin signaling”, “nitric oxide signaling in the cardiovascular system”, “non-small cell lung cancer
signaling”, “opioid signaling”, “renin-angiotensin signaling”, “selenocysteine biosynthesis II”, and “type II
diabetes mellitus signaling” (Suppl Fig. 8; Suppl Table 2).

Upstream regulators in the DG identi�ed by IPA were NFKB1 in both females and males; ASCL1, ATF3,
EMX2, ESR1, HTT, NFE2L2, NFIX, NFKBIA, NR1H3, STAT3, and TBR1 in females only; and ADRB2,
CACNA1D, FGF2, FKBP1B, FMR1, ITPR1, LMO4, and RARA in males only (Suppl Table 3).

3.4.4 OFC of prefrontal cortex
Fifty-four DE genes in females and 96 DE genes in males due to adolescent stress were identi�ed in the
OFC, with 8 common DE genes in both females and males (Fig. 7; Suppl Tables 1.17 and 1.18). Among
them, Ank2_2 and Ryr3_1 were upregulated and Btg2_1, Ece1_1, Gabbr1_1, Ptpn13_2, and Taok3_1 were
downregulated by stress in both females and males; while Macf1_4 was upregulated in females but
downregulated in males (Fig. 7)

Noteworthy canonical pathways signi�cant in both males and females were “calcium signaling”, “netrin
signaling”, “nNOS signaling in skeletal muscle cells”, and “protein kinase A signaling”; in females only
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were “bladder cancer signaling”, “CCR3 signaling in eosinophils”, “Cdc42 signaling”, “cell cycle: G1/S
checkpoint regulation”, “citrulline biosynthesis”, “cyclins and cell cycle regulation”, “hereditary breast
cancer signaling”, “HIPPO signaling”, “mismatch repair in eukaryotes”, “non-small cell lung cancer
signaling”, “phospholipase C signaling”, “proline biosynthesis I”, “regulation of actin-based motility by
Rho”, “renin-angiotensin signaling”, “role of BRCA1 in DNA damage response”, and “superpathway of
citrulline metabolism”; and in males only were “alanine biosynthesis III”, “cAMP-mediated signaling”,
“cellular effects of sildena�l”, “cholecystokinin/gastrin-mediated signaling”, “endocannabinoid neuronal
synapse pathway”, “endothelin-1 signaling”, “ERK/MAPK signaling”, “GPCR signaling”, “GABA receptor
signaling”, “molybdenum cofactor biosynthesis”, “neuroin�ammation signaling”, “prostanoid
biosynthesis”, “RhoA signaling”, “Rho family GTPases signaling”, and “synaptic long-term depression”
(Suppl Fig. 9; Suppl Table 2).

Out of all of the brain regions studied, the OFC had the most top upstream regulators (Suppl Table 2).
Upstream regulators in the OFC identi�ed by IPA were BCL2L1 and dopamine in both females and males;
ACHF, BCKDK, BDNF, BHLHE40, BMP2, CRHR1, CRTC2, CUL3, DMD, DTNA, EIF2AK4, HNRNPR, KLHL17,
mannitol, mir-130, mir-320, NEUROD1, NFE2L2, PAX2, SGK1, SNTA1, and TNFAIP3 in females only; and
ABCD1, ABCD2, acetic acid, ADAM19, ADCYAP1R1, ADIPOR2, ADORA2A, AFP, ALB, allopregnanolone,
ANXA2, APEX1, ARHGAP21, ATF2, B4GALT6, BACH1, BDKRB2, β estradiol, CACNA1C, CALCA, CCL5,
CD209, CD28, CD83, CHMP2B, CREB1, CREM, cyclic AMP, DCN, DOCK8, DUSP4, E2F1, EGF, EIF4EBP1,
EIF4EBP2, ELF4, ELK1, ELK4, ERG, F2, FEV, formaldehyde, GAB1, ganglioside, ganglioside GD1a,
ganglioside GM1, GATAD2A, GLI3, GPR37L1, GRIN3A, GUSB, HDAC4, HTRA1, ID2, ID3, IFNG, IKBKE, IL1RN,
KISS1R, KNG1, LAMC1, levodopa, L-glutamic acid, LHX2, LRPAP1, MAP2K7, MAPK3, MAPT, MARK2,
MECP2, MED12, MEF2C, MEF2D, mir-26, MMP1, MMP3, MST1, MSX1, MSX2, NEK6, NEK7, NFKB1, NGF,
NPPA, phospholipid, PLA2G10, PLA2G4A, PLCE1, PNKD, PRDX2, progesterone, PTGS1, quinolinic acid,
RARG, RCAN1, RPS6KA4, RPS6KA5, RTN4R, S1PR1, SAMSN1, SASH1, SEPTIN5, SHANK3, SNCA, SOD1,
SRF, TCF12, TET1, THEM4, TIA1, TLR2, TSHZ3, TYRO3, VDR, VEGFD, VIPR2, WNT5A, WWP2, ZAP70, and
ZBTB16 in males only (Suppl Table 3).

4. Discussion

4.1 Summary of physiology �ndings
The present study revealed sex-distinct stress responses in body weight and body composition, food
intake, levels of CORT and estradiol, and brain subregion-speci�c gene expression following chronic
restraint stress in adolescent female and male rats. Speci�cally, stress male rats displayed signi�cant
reductions in both body weight and food intake, whereas stress female rats displayed signi�cant
reductions in their body weight but not food intake, compared to their respective nonstress counterparts.
Additionally, stress persistently lowered body weight, fat mass and lean mass in males, which occurred
earlier and continued into adulthood; whereas stress temporally decreased lean mass at the end of stress
phase and delayed fat mass decrease in females. This �nding re�ected that males were not able to revert
back to allostasis after adolescent stress had terminated; instead, males maintained dysregulated body
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weight and body composition into adulthood. Furthermore, male adolescent rats had a sustained HPA
response to stress that was persistent on day 12 of chronic restraint stress; whereas female adolescent
rats showed an abolished HPA response to stress on day 12 of stress, suggesting that by day 12, the
adolescent females had adapted to the stressor. These physiological and HPA responses observed in this
study implied that females, but not males, were able to maintain energy homeostasis and regulation of
the HPA axis in response to chronic stress.

4.2 Summary of DE genes and commonly enriched
canonical pathways and upstream regulators
Despite the relevance of brain nuclei and subregions of the hypothalamus, amygdala, hippocampus and
prefrontal lobe in mental and metabolic disorders and potential role of stress in sex-distinct pathogenesis
of these disorders, sex-speci�c transcriptome pro�le of these brain nuclei/subregions responding to
stress was unclear in available literature. In this study, both similar and different responses to stress were
seen in females compared to males.

Many stress-induced brain subregion-speci�c DE genes along with their involved canonical pathways and
upstream regulators identi�ed to be signi�cant in this study not only re�ect the aforementioned metabolic
and stress responses between nonstress and stress rats, but are ones that have been implicated in
maintaining energy homeostasis and regulateing mental health in the literature. These witnessed
changes in the transcriptome and associated canonical pathways and upstream regulators are expected
to be re�ective of the sex-speci�c vulnerabilities to stress induced and/or exacerbated disorders. Below
we discuss examples of these identi�ed DE genes, canonical pathways and upstream regulators, tying
them together with our results and literature supporting of sex-distinct stress disorders and metabolic
susceptibilities.

Discussion of some DE genes

In our study, Pomc and Cartpt were downregulated by stress in the ARC in both female (Suppl Table 1.1)
and male (Suppl Table 1.2) adolescent rats compared to their respective nonstress counterparts. One
could speculate that decreased expression of Pomc and Cartpt may be a mechanism for maintaining
adequate food intake after exposure to chronic stress in both sexes. However, we witnessed sex
differences in feeding due to stress, with males but not females exhibiting susceptibility to stress-induced
feeding suppression. In a study by Jeong et al. [2], male mice Pomc mRNA level in the hypothalamus is
increased after 2 days of chronic restraint stress, but is no longer increased on day 4 of stress [2].
Perhaps over longer periods of time, Jeong et al. [2] would oberserve Pomc expression decrease due to
stress as shown in the results of our study. In yet another study, restraint stress in male mice caused an
increase in POMC neuronal �ring activity which was responsible for GABAergic input onto ventral
tegmental area dopaminergic neurons, decreased food intake, and depressive-like symptoms [68].
Therefore, although Pomc mRNA level is decreased in female ARC in our study (Suppl Table 1.1), the
POMC neuronal �ring activity could be sex-dependent, with an increase in adolescent males but a
decrease in adolescent females, perhaps due to differences in glutamatergic and GABAergic
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neurotransmission, accounting for continued decrease in feeding in stress males but not females
compared with their nonstress counterparts.

Restraint stress activates POMC neurons in the ARC to increase neuronal CRH release from the PVN [69],
a process relying on transmembrane electroneutral ionic movement via K+/Cl− cotransporters [70]. K+/Cl−

cotransporter 4 is coded by Slc12a7, which was upregulated in stress male ARC (Suppl Table 1.2),
indicating that stress males maintain a steady-state neuronal CRH release from the PVN [71]. Current
transcriptional �nding is consistent with CORT data showing sustained stress-induced HPA response by
day 12 of chronic stress in males.

Many identi�ed DE genes from this study are known biomarkers for disorders in humans, and are
supported by published studies in stress literature. Below are some examples. Avp gene of arginine
vasopressin (AVP), upregulated by adolescent stress in both female and male ARC of the hypothalamus
(Suppl Tables 1.1 and 1.2), is a known stress facilitator capable of estrogen-dependent effects on the
HPA axis [72]. Rsp02, a gene upregulated in female CEA of the amygdala (Suppl Table 1.9), is responsible
for promoting differentiation of dopaminergic neurons [73]. Sncg identi�ed as a stress-induced DE gene
downregulated in female hippocampus CA1 (Suppl Table 1.11) and DG (Suppl Table 1.15) is a known
biomarker for depression [74]. Npas4 downregulated due to adolescent stress in male but not female OFC
(Suppl Tables 1.17 and 1.18), has been implicated in stress response of rodent brains as being either
adaptive or maladaptive [75]. Npas4 downregulation in the prefrontal cortex has been suggested
especially critical during adolescent stress [76]. Adolescent stress or Npas4 de�ciency in the prefrontal
cortex during adolescence but not adulthood has been shown to decrease Npas4 and GABAergic
maturation, and impair cognitive �exibility [76]. Btg2 downregulated by adolescent stress in both female
and male OFC of the prefrontal lobe (Suppl Tables 1.17 and 1.18) is implicated in inducing RNA-poly II-
speci�c transcription repressor activity and neuronal differentiation, is a negative regulator of neuron
apoptotic processes [77], and is implicated in regulating energy homeostasis and suggested to be an
important future therapeutic target for treating metabolic dysregulation [78]. In adult male rats, chronic
mild stress upregulates Btg2 in the frontal cortex and causes depressive-like symptoms [79]. This is
re�ected in human studies, in which Btg2 is upregulated in the prefrontal cortex of humans with major
depressive disorder [80]. Thus, our results of Btg2 being downregulated in females and males may have
been indicative of a decrease in neuronal differentiation due to stress and/or a protective effect on
depressive symptoms. Clearly, more research is needed on Btg2 in the OFC and stress-related
susceptibilities in females and males.

Gene Asb15 (ankyrin repeat and SOCS box containing 15) proved to be a recurring gene changed due to
stress in multiple of our choice nuclei in both males and females. Asb15 was upretulated in female CEA
(Suppl Table 1.9), CA3 (Suppl Table 1.13) and DG (Suppl Table 1.15), but downregulated in male OFC
(Suppl Table 1.18). A study using over- and under-expressed Asb15 in myoblasts of mice has reported
that Asb15 is important in increasing protein synthesis and regulation of cellular differentiation in muscle
cells [81]. It is unknown if Asb15 has similar effects in neuronal cell protein regulation, but one may
speculate that it could increase protein synthesis in brain neurons as well. To date there are no published
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studies analyzing Asb15 in the rodent brain using genetic mouse models or pharmacological methods.
Seeing as how Asb15 proved to be a recurring gene changed due to stress in multiple of our choice nuclei,
this gene would be important to analyze in future molecular studies of rodent stress. Thus, further study
of Asb15 is needed to determine its molecular effects in the rodent brain, but from our work we can
gather that it is important in sex differences and stress-response in limbic regions.

Not all identi�ed DE genes from this study are consistent with the literature. For example, our results of
�nding Scn4b (coding voltage-gated sodium channel beta subunit 4) upregulated due to adolescent
stress in female CEA (Suppl Table 1.7) and BLA (Suppl Table 1.9) and male CEA (Suppl Table 1.10)
contrast �ndings of previous rodent studies. Neonatal stress has been shown to enhance adult anxiety in
male rats, with downregulation of Scn4b reported in the amygdala [82]. In yet another study using chronic
social stress known for producing depression in adult male mice, Scn4b was highly downregulated in
both the BLA and CEA [83]. Such discrepancy could be due to different types of stress and ages, which
are important in producing molecular variations between rodent studies. Furthermore, much of the
disparities seen in the rodent stress literature could be due to sex hormone interaction, as many rodent
studies do not consider rodent reproductive status or analyze both sexes together.

Discussion of some commonly enriched canonical pathways

Some canonical pathways are commonly enriched by stress in several brain subregions in both sexes.
The canonical pathway analyses showed a reoccurring theme of processes involved in signaling
transduction, neurotransmission involving neuromodulators (such as endocannabinoid, glutamate and
GABA), and hormones involved in stress (such as CRH and AVP) and associated with development,
growth and energy homeostasis (such as GnRH, NPY, leptin and insulin), many of which are well-studied
in the regulation of stress and energy homeostasis [84].

“CRH signaling” was enriched in female PVN, CEA and CA3; “endocannabinoid neuronal synapse” was
enriched in female PVN and CA3 and male ARC and OFC; “glutamate receptor signaling” was enriched in
female PVN, CA3 and DG; and “GABA receptor signaling” was enriched in female VMH and male ARC and
OFC (Suppl Table 2). Enriched “glutamate receptor signaling” canonical pathway is tied with identi�ed DE
genes coding glutamate receptor transporters. Slc17a7 responsible for producing glutamate receptor
transporter vesicular glutamate transporter 1 (VGLUT1) was upregulated in female PVN (Suppl Table 1.5)
and female CEA (Suppl Table 1.9) but downregulated in male CEA (Suppl Table 1.10); while Slc17a6
responsible for producing glutamate receptor transporter VGLUT2 was downregulated in female PVN
(Suppl Table 1.5) and CA3 (Suppl Table 1.13), suggesting that glutamatergic transmission via VGLUT1
was increased in female PVN and CEA but suppressed in male CEA, while glutamatergic transmission via
VGLUT2 was inhibited in female PVN and CA3. These results reveal not only genes involved in
glutamatergic transmission in distinct brain subregions, but also opposite regulation of glutamatergic
transmission between sexes involving Slc17a7 gene in CEA, and opposite regulation between genes
Slc17a7 and Slc17a6 coding different glutamatergic regulation receptor isoforms in female PVN.
Undertaking of future studies can be improved by using techniques such as single-cell sequencing and
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�uorescence activated cell sorting to con�rm DE genes in certain cellular/neuronal subpopulations in
female vs. male PVN and CEA to understand glutamatergic transmission being affected due to stress.

“Insulin secretion signaling” is enriched in female ARC, PVN and CA3 and male VMH, CEA, CA3 and DG.
Insulin has been generally thought to provide inhibitory tone to the HPA axis [85]. In a study involving
male mice, broad insulin receptor knockout in all regions of the hypothalamus leads to HPA axis
hyperreactivity [86]. However, insulin receptor knockout only in ARC AgRP neurons does not lead to HPA
axis hyperresponsiveness; instead leads to a trend in reduced HPA axis activity and a signi�cant decrease
in AVP protein levels in the median eminence [86]. This is interesting, as AVP in the median eminence is
responsible for facilitating the release of ACTH [87], which is released from the anterior pituitary in
response to stress. Thus, insulin receptor knockout decreases AVP protein level and reduces ACTH
release. Furthermore, insulin receptor knockout speci�cally in Sim1 neurons in the PVN does not lead to
HPA axis hyperresponsiveness, instead leads to increased Pomc expression in the hypothalamus [86].
The enriched insulin signaling in the ARC and PVN of stress females could be an underlying factor
responsible for increasing AVP facilitation of ACTH release and adaption to stress, and decreasing Pomc
expression and maintaing feeding during chronic stress. Further studies are warranted to determine
neural circuitries and neuronal subpopulation involved in insulin signaling regulated by stress, which
helps to understand how females maintain homeostasis during stress compared to males.

Pathways related mitochondrial metabolic reactions in response to nutrient and stress [88], including
“calcium signaling” enriched in female VMH, PVN, CA3 and OFC and male BLA, CEA, DG and OFC;
“protein kinase A signaling” enriched in female ARC, PVN, CA3, DG and OFC and male CA1, DG and OFC;
“CREB signaling in neurons” enriched in female PVN, CEA and CA3, and “acetyl-CoA biosynthesis III from
citrate” enriched in female ARC and male CEA (Suppl Table 2). Citrate-derived acetyl-CoA is located in the
cell cytosol and its derivative malonyl-CoA is a precursor for the synthesis of long-chain fatty acids,
�avonoids, and terpenoids [89] that potentially inhibit protein tyrosine phosphatase 1B (PTP1B) [90].
PTP1B is a major therapeutic target for type 2 diabetes and obesity research [91]. For example, PTP1B
knockdown in mice causes decreased adiposity and increased insulin sensitivity [92]. Further, malonyl-
CoA in the ARC is implicated in leptin’s anorectic effect [93], and leptin has been reported to act on acetyl-
CoA in order to regulate feeding [94]. These are examples of how the transcripts affected by stress found
in this study are associated with molecules important in preclinical metabolic research, and thus may
prove to be important therapeutic targets in the future.

Our results indicate potential biological pathways responsible for mediating risk for stress-induced
metabolic and psychiatric disorders. Elucidating the behavioral and metabolic components is a critical
direction for future research and paying attention to both psychiatric and metabolic components may be
key to improve stress-induced outcomes. Findings from this study provide rationale to consider sex
distinct neural neurotransmission involving metabolic and psychological etiology to treat stress-induced
disorders in males and females. However, stress-induced activation of non-genomic responses, e.g. due
to glucocorticoid receptor activation and effects on intracellular signaling molecules [38], or
norepinephrine and epinephrine release [95], would not have been evaluated by our RNA-Seq data. Since
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non-genomic effects of glucocorticoid receptor activation can also produce long-lasting changes in
behavior [96], we do not conclude without noting that investigations into non-genomic mechanisms are
also worthy of future study. Evaluating the molecular mechanisms for sex-different responses to stress in
rodent models can lead to better treatments for stress related psychiatric and metabolic disorders in both
sexes. In the current report, mRNA transcriptional responses on a genome wide level were studied in
major brain nuclei implicated in these disorders.

Discussion of some commonly enriched upstream regulators

A noteworthy upstream regulator nuclear factor of kappa light polypeptide gene enhancer subunit 1
(NFKB1) was enriched in most brain regions examined, including female VMH and PVN and male ARC of
the hypothalamus, female and male CEA, CA3 and DG. NFKB1 is a known mediator of proin�ammatory
gene induction in in�ammatory diseases or in�ammation in immune cells [97], suggesting affected
immune responses in multiple regions and nuclei of the brain by adolescent stress.

Interesting upstream regulators in the hypothalamus included SIM1 enriched in female ARC and VMH
and male PVN; FEV enriched in female PVN, CEA and CA3 and male VMH, PVN, CA1 and OFC; leptin (LEP)
enriched in male ARC; estrogen receptor 1 (ESR1) enriched in female VMH and DG and male PVN;
androgen receptor (AR) enriched in male VMH and PVN; β-estradiol enriched in male VMH, PVN and OFC;
and testosterone enriched in male ARC and PVN (Suppl Table 3). SIM1, an enriched upstream regulator in
female ARC and VMH and male PVN, is implicated in early-onset obesity during adolescence [98]. FEV is
a known upstream regulator of CORT response in the hypothalamus [99] and is involved in serotonergic
neuron neurogenesis [100]. It has been reported that medial hypothalamic serotonin suppresses feeding
[101] and is involved in behavioral switch between states regulated by feeding and satiety [102].

Only two upstream regulators were identi�ed in male BLA and none in female BLA, which were lysine
methyltransferase 2A (KMT2A) and SKI nuclear proto-oncogene protein (Suppl Table 3). KMT2A
knockdown in mice decreases BLA dendritic spines and increases aggressive behavior [103]. SKI protein
controls transforming growth factor β (TGF-β) pathway responsible for allowing extracellular
environment to affect cellular protein synthesis [73]. It is likely that male aggressive behavior is affected
by adolescent stress if analyzed, with BLA TGF-β being an important molecule involved.

Adrenergic receptor beta2 (ADRB2) and calcium voltage-gated channel subunit alpha 1 D (CACNA1D)
were enriched only in male DG. ADRB2 polymorphisms is associated with obesity and type II diabetes in
postmenopausal women [104]. Speci�cally, in female but not male mice, pancreatic ADRB2 deletion
causes impaired insulin secretion and glucose intolerance [105]. CACNA1D de�ciency in the
hippocampus of mice increases astrogenesis at the expense of decreasing neurogenesis [106]. Finding
from this study suggests changed neurogenesis in stressed males. Research on ADRB2 and CACNA1D in
the DG of males during adolescent stress would be important future studies to pursue.

4.3 Conclusion
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Findings from this study suggest that even minor chronic stress could induce long-term metabolic and
psychiatric disorders after stress has been terminated. Progress in studying molecular basis of sex-
distinct changes in the central nervous system due to adolescent stress has been hampered by lack of
genome-wide information, such as incorporating RNA-Seq technique instead of multiplex targeting
particular genes of interest, and especially the lack of genome-wide information from speci�c subregions
of discrete brain nuclei instead of from entire nuclei or even whole brain regions. Using biological
pathway analyses, canonical pathways enriched in stress compared to nonstress rats were found to be
congruent with well-known sex-distinct maladies in the literature, providing examples of identi�ed DE
genes likely involved in producing functional consequences.

We discuss some of these identi�ed DE genes, canonical pathways, and upstream regulators. Notable
sex-distinct responses involving neurotransmitters and neurohormones, along with their associated
receptors and signaling molecules, important in the stress response and maintaining energy homeostasis
were found, and many future hypotheses can be proposed from these data. Furthermore, sex differences
were dependent on analyzed nuclei and subregions, supporting the need to include both sexes in
preclinical and clinical studies. Future rodent studies involving genetic manipulation of the genes
indicated in this study as potentially important due to stress, along with behavioral analyses are
warranted; especially since our ontology analyses implicated pathways involved in neurotransmission,
neuronal synapse signaling, and behavior. Researchers studying similar �elds are encouraged to make
further use of the GEO and supplementary data of their interest.
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Figure 1

The schematic of experimental design and brain regions.

1A. Schematic of experimental design. Female and male rats were monitored for food intake and body
weights starting on PD28. Restraint stress or nonstress condition were performed during adolescence on
PD32-PD44. During stress or nonstress, tail-blood plasma was serially collected on the 1st day of stress
(PD32) and 12th day of stress (PD43). Half of each group were euthanized for brain subregion RNA
sequencing analysis immediately after stress on PD44 during adolescence, and the half of each group
were kept alive until early adulthood on PD64. Plasma from PD44 and PD64 were used to measure
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hormones, including estradiol, testosterone, leptin, and insulin. Body composition was measured on
PD31, PD43, and PD56.

1B. Schematic of brain subregion punches in brain atlas diagram. See methods for complete Bregma
levels. Palkovits punch technique of 9 discrete brain regions: OFC (yellow), PVN (dark blue), ARC (red),
VMH (green), CEA: (purple), and BLA (orange), CA1 (light blue), CA3 (pink), and DG (gold). Modi�ed from
Paxinos & Watson, 2013 [55].

Figure 2
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Corticosterone levels and corresponding areas under the curves (AUC) of female and male nonstress and
stress rats.

2A. Stress and nonstress female CORT level and ARC on the 1st day PD32.

2B. Stress and nonstress female CORT level and ARC on the 12th day PD43.  

2C. Stress and nonstress male CORT level and ARC on the 1st day PD32.

2D. Stress and nonstress male CORT level and ARC on the 12th day PD43.  

AUC was calculated from 0 minute to 60 minute timepoints. Average ± SEM. * Indicates statistical
signi�cance between nonstress and stress groups within each sex (n = 12/group, P < 0.05).



Page 35/40

Figure 3

Body weight, cumulative food intake, and body composition of female and male stress and nonstress
rats.

3A. Body weight of stress and nonstress female rats.
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3B. Cumulative food intake of stress and nonstress female rats.

3C. Body weight of stress and nonstress male rats.

3D. Cumulative food intake of stress and nonstress male rats.

3E. Body fat mass of stress and nonstress female rats.

3F. Body lean mass of stress and nonstress female rats.

3G. Body fat mass of stress and nonstress male rats.

3H. Body lean mass of stress and nonstress male rats.

Average ± SEM. * Indicates statistical signi�cance between nonstress and stress groups within each sex
(P < 0.05). For all groups, on or before PD 44 n = 12/group, after PD 44 n = 6/group.

Figure 4

Differentially expressed (DE) genes due to adolescent stress identi�ed in the hypothatamic nuclei, with
common DE genes between female and male rats listed in the tables.
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4A. DE genes identi�ed in the arcuate nucleus of the hypothalamus (ARC).

4B. DE genes identi�ed in the ventromedial hypothalamic nucleus (VMH).

4C. DE genes identi�ed in the paraventricular nucleus of the hypothalamus (PVN). 
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Figure 5

Differentially expressed (DE) genes due to adolescent stress identi�ed in the amygdala, with common DE
genes between female and male rats listed in the tables.

5A. DE genes identi�ed in the basolateral amygdala (BLA).

5B. DE genes identi�ed in the central nucleus of the amygdala (CEA).  
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Figure 6

Differentially expressed (DE) genes due to adolescent stress identi�ed in the hippocampus, with common
DE genes between female and male rats listed in the tables.

6A. DE genes identi�ed in the hippocampal cornu ammonis 1 (CA1).
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6B. DE genes identi�ed in the hippocampal cornu ammonis 3 (CA3).

6C. DE genes identi�ed in the dentate gyrus (DG).  

Figure 7

Differentially expressed (DE) genes due to adolescent stress identi�ed in the orbitofrontal cortex (OFC),
with common DE genes between female and male rats listed in the tables.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

Supplementary�les.docx

https://assets.researchsquare.com/files/rs-1735688/v1/8ab4dcfae68151782e19059e.docx

