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Chronic social isolation stress during adolescence induces susceptibility for neuropsychiatric disorders. Here we show that 5-week
post-weaning isolation stress induces sex-speciﬁc behavioral abnormalities and neuronal activity changes in the prefrontal cortex
(PFC), basal lateral amygdala (BLA), and ventral tegmental area (VTA). Chemogenetic manipulation, optogenetic recording, and
in vivo calcium imaging identify that the PFC to BLA pathway is causally linked to heightened aggression in stressed males, and the
PFC to VTA pathway is causally linked to social withdrawal in stressed females. Isolation stress induces genome-wide transcriptional
alterations in a region-speciﬁc manner. Particularly, the upregulated genes in BLA of stressed males are under the control of
activated transcription factor CREB, and CREB inhibition in BLA normalizes gene expression and reverses aggressive behaviors. On
the other hand, neuropeptide Hcrt (Hypocretin/Orexin) is among the top-ranking downregulated genes in VTA of stressed females,
and Orexin-A treatment rescues social withdrawal. These results have revealed molecular mechanisms and potential therapeutic
targets for stress-related mental illness.
Molecular Psychiatry (2022) 27:3056–3068; https://doi.org/10.1038/s41380-022-01574-y

INTRODUCTION
Brain function is signiﬁcantly affected by genetic disturbances and
environmental experiences. Chronic stress, a prominent environmental factor, induces profound and long-lasting maladaptation,
precipitating the development of neuropsychiatric disorders,
including anxiety and depression [1, 2]. One important but
understudied phenomenon is that signiﬁcant sex differences exist
in stress-associated diseases [1]. For example, the prevalence of
aggression/violence is signiﬁcantly higher in men [3], while
women are more vulnerable to develop depression [4, 5] and
post-traumatic stress disorder [6, 7].
Adolescence represents a critical developmental stage when the
maturation of brain network occurs, such as the glutamatergic and
dopaminergic systems in the prefrontal cortex (PFC) [8] and
mesolimbic regions [9, 10]. Therefore, it is a particularly vulnerable
period during which chronic stress induces susceptibility for mental
disorders [11, 12]. People exposed to early life stress have
heightened vulnerability to mood and anxiety disorders [11].
Animals with early life stress exhibit a series of behavioral
abnormalities, such as aggression [13, 14], anxiety [15], social
withdrawal [14, 16, 17], and learning deﬁcits [18]. One potent
stressor is social isolation during adolescence, which alters key brain
regions involved in emotional control, such as PFC (prelimbic cortex,
infralimbic cortex, and anterior cingulate cortex), basal lateral
amygdala (BLA), and ventral tegmental area (VTA) [14, 17, 19–22],
and induces detrimental effects on mental health [10, 11, 22].
In this study, we sought to reveal neurobiological mechanisms
underlying sex-speciﬁc effects of chronic adolescent isolation

stress. We used chemogenetics, optogenetics, and in vivo
recordings of calcium signal in behaving mice to dissect out
speciﬁc brain regions and pathways that play a causal role in
controlling the behavioral outcomes in stressed males and
females. We also performed transcriptomic studies to determine
the role of region-speciﬁc dysregulation of gene expression in
behavioral manifestations by isolation stress.
RESULTS
Adolescent social isolation stress induces heightened
aggression in males, which is linked to the altered PFC to BLA
pathway
Social isolation stress is commonly used as a model for studying
the neurobiological underpinning of psychiatric disorders precipitated by early life stress [14, 16, 17, 20, 23]. Thus, we ﬁrst
performed multiple behavioral assays [24–26] to examined the
effects of 5-week post-weaning isolation stress. In the residentintruder (RI) assay, socially-isolated (SI) males exhibited a
signiﬁcant increase of aggressive behaviors toward intruders,
compared to group-housed (GH) control males, consistent with
previous ﬁndings [13], while SI female mice did not show elevated
aggression (Fig. 1A). In the elevated plus maze (EPM) test, SI mice
of both sexes spent less time on the open arm and more time on
the closed arm (Fig. S1A), suggesting the elevated anxiety
phenotype [15]; however, no signiﬁcant changes were found in
the open-ﬁeld test (Fig. S1B). In the test of sensorimotor gating
function that suppresses excessive behavioral responses to
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disruptive stimuli, pre-pulse inhibition (PPI) of acoustic startle was
signiﬁcantly reduced in both male and female SI mice without the
change on the startle response (Fig. S1C).
With the elevated aggression exhibited selectively in SI males,
we next examined the underlying circuitry mechanisms. It has
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been postulated that impulsive aggression and violence arise as a
consequence of faulty emotion regulation by the complex circuit
consisting of frontal cortex, amygdala, and several other
interconnected regions [27], so we used c-Fos expression, a
measure of neuronal activity, to examine changes in PFC and BLA
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Fig. 1 Elevated aggression in socially-isolated (SI) males is linked to the altered PFC to BLA pathway. A Bar graphs showing the time of
aggressive behavior in the RI test of GH and SI of both sexes (n = 9–15/group, F1,36(stress) = 13.35, p < 0.001; two-way ANOVA). B, C Confocal
images and quantiﬁcation of immunostaining of c-Fos (red), CaMKII (green) and DAPI (blue) in the PFC (B) or BLA (C) of GH and SI males (B n =
12 slice/4 mice/group, t22 = 2.74, p < 0.05, t test; C n = 10–14 slice/4 mice/group, t25 = 2.36, *P < 0.05, t test). D Diagram and images showing
the location and expression of the stereotaxically-injected GFP-Cre AAV to medial PFC and retrograde DIO-DREADD-mCherry AAV to male
BLA. hM4D(Gi) DREADD was injected to GH males, while hM3D(Gq) DREADD was injected to SI males. The zoomed-in images of PFC show
mCherry signals in GFP+ neurons, indicating that DREADD AAV is retro-transported from BLA to PFC. E Bar graphs showing the time of
aggressive behaviors in RI tests of GH males injected with saline or CNO to inhibit PFC → BLA pathway (n = 7/group, t11 = 2.57, p < 0.05, t test).
F Bar graphs showing the time of aggressive behaviors in RI tests of SI males injected with saline or CNO to activate PFC → BLA pathway (n =
7/group, t11 = 7.82, p < 0.001, t test). Data are presented as mean ± SEM. In all ﬁgures: *p < 0.05; **p < 0.01; ***p < 0.001.

of stressed animals. We found a signiﬁcantly reduced number of cFos-positive PFC neurons, but not a total number of PFC pyramidal
neurons (CaMKII-positive), in SI males (Fig. 1B). The number of cFos-positive neurons in BLA, but not the total number of BLA
principal neurons (CaMKII-positive), was signiﬁcantly increased in
SI males (Fig. 1C), while c-Fos-positive neurons were unchanged in
BLA of SI females (Fig. S2A). To complement c-Fos studies, we
stained with another neuronal activity marker Egr1. We found that
chronic social isolation stress decreased Egr1 expression level in
PFC of SI males (Fig. S2B), while elevated Egr1 expression in male
BLA (Fig. S2C), but not female BLA (Fig. S2D). These data suggest
that SI induces the dampening of PFC activity and the elevation of
BLA activity in males.
PFC regulates emotional processes by top-down control of subcortical brain regions [8, 22, 28]. To determine whether the
alteration of PFC to BLA pathway is causally linked to aggressive
behaviors in SI males, we next used the chemogenetic tool
DREADD to manipulate this speciﬁc pathway in a bi-directional
manner. The GFP-tagged Cre virus was injected bilaterally to PFC,
and the mCherry-tagged retrograde double ﬂoxed DREADD virus
was injected into the BLA of male mice. Selective manipulation of
the PFC to BLA pathway was achieved by the systemic
administration of CNO (3 mg/kg, i.p.) [29]. To examine the
sufﬁciency and necessity of PFC to BLA pathway in aggression,
Gi DREADD was injected to BLA of GH males, and Gq DREADD was
injected to BLA of SI males (Fig. 1D). We found that inhibiting PFC
→ BLA projection by CNO treatment in GH males induced
aggression during RI tests (Fig. 1E), while activating PFC → BLA
projection by CNO treatment in SI males signiﬁcantly attenuated
aggressive behaviors (Fig. 1F). These data have provided bidirectional evidence indicating that PFC to BLA pathway is
causally linked to male aggression.
To investigate how the diminished activity of PFC projection
neurons in stressed males affects the BLA, we injected the CaMKII
promoter-driven, mCherry-tagged channelrhodopsin-2 (ChR2) into
PFC, and recorded light-induced synaptic responses in BLA
principal neurons of brain slices [30]. The expression of ChR2 in
PFC pyramidal neurons and their terminals in BLA were conﬁrmed
(Fig. 2A), indicating that BLA principal neurons receive direct
excitatory inputs from PFC. Stimulation of PFC terminals in BLA
could also recruit local GABAergic interneurons to form disynaptic
feedforward inhibition in BLA principal neurons [25, 28]. So we
recorded inhibitory postsynaptic currents (IPSC) (holding at 0 mV)
and excitatory postsynaptic currents (EPSC) (holding at −70 mV)
evoked by brief pulses of blue light [30]. We found that the
amplitude of opto-IPSC was signiﬁcantly reduced in SI males
(Fig. 2B). Moreover, the paired-pulse ratio (PPR) of opto-IPSC was
signiﬁcantly changed (Fig. 2C), suggesting a presynaptic mechanism underlying the reduction of synaptic inhibition in BLA
principal neurons of SI males. Opto-EPSC was not altered (Fig. 2D),
and IPSC/EPSC ratio was signiﬁcantly reduced in SI males (Fig. 2E),
indicating that PFC hypofunction switched E/I balance to overexcitation (disinhibition) in BLA principal neurons of SI males. In
contrast, optogenetic recordings of GH vs. SI female mice found
no signiﬁcant differences in opto-IPSC (Fig. 2F), opto-EPSC (Fig. 2G),
and IPSC/EPSC ratio (Fig. 2H). These data have revealed a speciﬁc

change of PFC to BLA pathway in SI males: the diminished PFC
function during stress leads to disinhibition of amygdala, which
promotes hyperarousal and aggression.
Transcriptomic changes in BLA of stressed males underlie
heightened aggression
The development and expression of aggressive behaviors are
inﬂuenced by the complex interactions between genes, biological
signals, neural circuits, and the environment [31]. To better
understand how BLA, a key locus of emotional regulation [25, 32],
is involved in stress-induced male aggression, we investigated
transcriptomic changes in BLA of SI male mice. RNA-seq revealed
207 upregulated genes and 169 downregulated genes in BLA of SI
males, compared to BLA of GH males (Fig. 3A, Supplementary
Tables 1, 2). Heatmaps of the up- and downregulated DEGs
showed that GH samples clustered separately from SI samples
(Fig. 3B). Functional protein classiﬁcation analysis indicated that
many up- or downregulated genes were transcription regulators,
enzymes, and signaling molecules (Fig. 3C). GO analysis indicated
that the most enriched biological process of upregulated genes
was “aggressive behavior” (Fig. 3D), while the downregulated
genes were primarily involved in “limbic system development”
(Fig. 3D).
We further performed gene set enrichment analysis (GSEA) to
identify transcription factors that regulate the DEGs in BLA of SI
males. We identiﬁed CREB as the top-ranking transcription factor
highly associated with the upregulated genes (Fig. 3E). CREB,
whose activity increases in response to various stimuli [33],
regulates the transcription of numerous substrates, including
stress-released peptide hormones, and is a master controller of
emotional states [33–38]. We found that the level of phosphorylated CREB (p-CREB), the active form of CREB that has transcriptional effects, was signiﬁcantly increased in the BLA of SI male
mice (Fig. 3F). Furthermore, qPCR experiments conﬁrmed that the
expression of genes involved in GO process “aggressive behavior”
(Avp, Oxt, and Avpr1) and additional CREB-dependent gene targets
(Pax7, Coro6, and Rnps1) were signiﬁcantly increased in the BLA of
SI male mice (Fig. 3G), suggesting the critical role of CREB in gene
upregulation in the BLA of males after social isolation stress. In
addition, mRNA levels of Avp, Oxt, and Avpr1 in BLA from SI
females were similar to those from GH females (Fig. 3H), indicating
that these molecular changes are speciﬁc to males.
To further determine whether the activated CREB in BLA of SI
males is responsible for heightened aggression, we treated SI male
mice with a CREB inhibitor, 666-15 [39, 40], and examined
molecular and behavioral consequences. The CREB inhibitor was
locally injected into the BLA bilaterally (1.6 mM, 0.5 μl/side) after
5 weeks of social isolation. Compared to vehicle treatment, 666-15
treatment signiﬁcantly reduced p-CREB level in BLA principal
neurons of SI male mice (Fig. 3I). Moreover, the expression of many
SI stress-elevated and CREB-dependent genes, such as Oxt, Pax7,
Coro6 and Rnps1, was signiﬁcantly lowered by 666-15 treatment in
BLA of SI males (Fig. 3J). Behavioral assays also showed signiﬁcantly
attenuated aggression in 666-15-treated SI male mice (Fig. 3K).
These data suggest that CREB in male BLA may serve as a
therapeutic target for aggression-associated mental illnesses.
Molecular Psychiatry (2022) 27:3056 – 3068
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Fig. 2 Optogenetic recording shows the diminished feedforward inhibition in BLA principal neurons from PFC projections in stressed
males. A A diagram of the experimental setting and confocal images showing the viral expression of ChR2(H134R)-mCherry in PFC (injection
site) and ChR2-expressing terminals at the target region BLA. B, D Representative traces and quantiﬁcation of inhibitory (B) or excitatory (D)
postsynaptic currents evoked by the blue light pulse (5 ms) stimulation (opto-IPSC, opto-EPSC) in BLA principal neurons from GH and SI males
(n = 11–12 cells/4 mice/group, opto-IPSC: t21 = 2.49, p < 0.05, t test). C Representative traces and quantiﬁcation of paired-pulse ratio (PPR) of
opto-IPSC evoked by two light pulses (40 ms Interval) in BLA principal neurons from GH and SI males (n = 8–9 cells/3 mice/group, t15 = 2.62,
p < 0.05, t test). E The ratio of opto-IPSC/opto-EPSC amplitude in BLA principal neurons from GH and SI males (t21 = 3.97, p < 0.001, t test).
F, G Representative traces and quantiﬁcation of opto-IPSC and opto-EPSC in BLA principal neurons from GH and SI females (n = 9–10 cells/3
mice/group). H The ratio of opto-IPSC/opto-EPSC amplitude in BLA principal neurons from GH and SI females. Data are presented as mean ±
SEM. In all ﬁgures: *p < 0.05; ***p < 0.001.

Adolescent social isolation stress induces social withdrawal in
females, which is linked to the altered PFC to VTA pathway
While SI females did not show elevated aggression, they exhibited
a social withdrawal phenotype, as indicated by signiﬁcantly less
time spent interacting with the social stimulus in the social
approach (SA) assay than GH control females (Fig. 4A). In contrast,
SI male mice had the similar social interaction time as GH control
males (Fig. 4A).
To ﬁnd out whether the diminished sociability in SI females is
driven by the neuronal activity changes in PFC, a key region
involved in social behaviors [8, 14, 41, 42], we performed in vivo
calcium imaging of behaving animals. A ﬂuorescent calcium
indicator, GCaMP6s [43, 44], combined with ﬁber photometry,
measured real-time neuronal activity ﬂuctuations during social
Molecular Psychiatry (2022) 27:3056 – 3068

approach assays. GCaMP6s virus (AAV5-syn-FLEX- GCaMP6s) was
injected into the PFC of female Exm1-Cre mice, which facilitated
Cre-dependent GCaMP6s expression in pyramidal neurons. An
optical ﬁber over the PFC allowed simultaneous delivery of 470
nm excitation light, 410 nm isosbestic light, and collection of
GCaMP6s emission, which was recorded with a CMOS camera [43]
(Fig. 4B).
First, mice were habituated in the testing chamber (containing
an empty cup) for 30 min, and GCaMP6s ﬂuorescence from the
PFC was recorded for the last 5 min to obtain baseline calcium
activity data. Reduced baseline calcium signal was observed in SI
females, compared to GH controls (Fig. 4C). Averaging the
baseline calcium activity over the population of animals (Fig. 4D)
showed that SI females exhibit a signiﬁcantly lower calcium
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Fig. 3 Isolation stress-induced transcriptional changes in the BLA of male mice and aggressive behaviors are blocked by CREB inhibition.
A Volcano plot of differentially expressed genes in the BLA of SI males, compared to GH males. B Heatmaps of up- and downregulated genes
in BLA of SI males, compared to GH controls. C Functional protein classiﬁcation for the up- and downregulated genes. D Enrichment analysis
for the up- and downregulated genes. E GSEA analysis showing the positive correlation, as indicated by normalized enrichment score (NES),
between the transcription factor CREB and the upregulated genes in BLA of SI mice (compared to GH controls). F Quantitation and
representative immunoblots of p-CREB levels in BLA from GH and SI males (n = 6–7/group, t11 = 3.40, p < 0.01, t test). G, H The mRNA level of
CREB target genes in BLA of GH and SI males (G n = 5–6/group, p < 0.05 or p < 0.01, t test) or BLA of GH and SI females (H n = 5–6/group).
I Confocal images and quantiﬁcation of immunohistochemical staining of p-CREB (red) and CaMKII (green) in the BLA of SI male mice treated
with the CREB inhibitor 666-15 (stereotaxically injected to BLA) or vehicle (n = 12 slice from 3 mice/group, p-CREB: t22 = 2.52, p < 0.05, t test).
J The mRNA level of CREB target genes in the BLA of SI male mice treated with 666-15 or vehicle (n = 6/group, p < 0.05, t test). K Bar graphs
showing the time of aggressive behaviors in the RI tests of SI male mice treated with 666-15 or vehicle (n = 8/group, t14 = 3.91, p < 0.01, t test).
Data are presented as mean ± SEM. In all ﬁgures: *p < 0.05; **p < 0.01; ***p < 0.001.

activity than GH controls in PFC pyramidal neurons (Fig. 4E). After
placing the social stimulus (a sex- and age-matched control
mouse) under the cup, the GH female exhibited a prominent
increase of calcium signal during social interaction epochs
(marked by red lines and indicated by the short distance of the

test animal with the social stimulus). In contrast, the SI female did
not show a signiﬁcant rise of calcium activity above baseline
during the shorter time engaged in social interaction (Fig. 4F). The
peri-event averaged calcium signal showed that GH females had
signiﬁcantly increased activity in PFC pyramidal neurons,
Molecular Psychiatry (2022) 27:3056 – 3068
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SI females (n = 15 bouts/3 mice/group, F1,28(stress) = 40.42, p < 0.001, two-way ANOVA). E Bar graphs showing the integration under the curve
of calcium signal in PFC during baseline recordings of GH and SI females (t28 = 8.90, p < 0.001, t test). F Photometry traces (top, blue) from
representative GH and SI females expressing GCaMP6s in the PFC during the SA test. The distance between the testing mouse and the social
stimulus during the SA test is also shown (pink, bottom). Red dashes: social interaction bouts from behavioral assays. G Peri-event plots of
averaged calcium signals during social interaction bouts in GH and SI females (n = 15–17 bouts/3 mice/group, F1,30(stress) = 45, p < 0.001, twoway ANOVA). H Bar graphs showing the calcium signal in PFC during SA tests of GH and SI females (H) (t30 = 13.77, p < 0.001, t test).
I Photometry traces of GH and SI males expressing GCaMP6s in the PFC during SA test. J, K Peri-event plots and bar graphs of averaged
calcium signals during social interaction bouts in GH and SI males (n = 14–15 bouts/3 mice/group, (J) F1,27(stress) = 1.54, p > 0.05, two-way
ANOVA; (K) t27 = 2.64, p > 0.05, t test). L, M Peri-event plots and bar graphs of averaged calcium signals during baseline recording of GH and SI
males. Data are presented as mean ± SEM. In all ﬁgures: **p < 0.01; ***p < 0.001.

beginning as soon as the social interaction started, while SI
females failed to show the rise of calcium activity (Fig. 4G, H). Fiber
photometry experiments in male mice indicated that GH and SI
males exhibited a similar rise of calcium signal in PFC during social
interaction (Fig. 4I–K), and a similar baseline calcium activity
Molecular Psychiatry (2022) 27:3056 – 3068

(Fig. 4L, M). These data have conﬁrmed that isolation stress
induces the loss of social interaction-coupled calcium increase
speciﬁcally in PFC of SI females.
Next, we sought to ﬁnd out the circuitry mechanisms that
underlie the reduced sociability in SI females. In addition to PFC,
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VTA is another region critically involved in regulating social
behaviors [14, 21, 45–47]. Thus, we used the activity marker c-Fos
to examine changes in PFC and VTA of stressed animals. We found
a signiﬁcantly reduced number of c-Fos-positive neurons in the
PFC of SI females (Fig. 5A). The number of c-Fos-positive neurons
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in VTA was also signiﬁcantly decreased in SI females without a
change in total VTA dopamine neurons (TH-positive) (Fig. 5B). In
contrast, no signiﬁcant changes were found on c-Fos-positive
neurons in VTA of SI males (Fig. S3A). Another neuronal activity
marker Egr1 gave similar results: decreased Egr1 expression level
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Fig. 5 Social withdrawal in SI females is linked to the altered PFC to VTA pathway. A, B Confocal images and quantiﬁcation of
immunostaining of c-Fos (red), CaMKII (green) or TH (green), and DAPI (blue) in the PFC (A) or VTA (B) of GH and SI females (A n = 12 slice/4
mice/group, t22 = 2.75, *p < 0.05, t test; B n = 10–13 slice/4 mice/group, t24 = 5.52, ***p < 0.001, t test). C Diagram and images showing the
location and expression of the stereotaxically-injected GFP-Cre AAV to medial PFC and retrograde DIO-DREADD-mCherry AAV to female VTA.
hM4D(Gi) DREADD was injected to GH females, while hM3D(Gq) DREADD was injected to SI females. The zoomed-in images of PFC show
mCherry signals in GFP+ neurons, indicating that DREADD AAV is retro-transported from VTA to PFC. D Bar graphs showing the social
interaction time during SA tests of GH females injected with saline or CNO to inhibit PFC → VTA pathway (n = 7/group, t10 = 4.91, p < 0.001, t
test). E Bar graphs showing the social interaction time during SA tests of SI females injected with saline or CNO to activate PFC → VTA pathway
(n = 6/group, t10 = 2.53, p < 0.05, t test). Data are presented as mean ± SEM. In all ﬁgures: *p < 0.05; **p < 0.01; ***p< 0.001.

in PFC and VTA of SI females (Fig. S3B, C), but not VTA of SI males
(Fig. S3D). These data suggest that social isolation stress induces
the dampening of PFC activity and the suppression of VTA activity
in females.
To determine whether the alteration of PFC to VTA pathway is
causally linked to antisocial behaviors in SI females, we next used
the chemogenetic tool DREADD to manipulate this speciﬁc
pathway in a bi-directional manner. The GFP-tagged Cre virus
was injected bilaterally to PFC, and the mCherry-tagged retrograde double ﬂoxed DREADD virus was injected into the VTA of
female mice. Gi DREADD was injected to VTA of GH females, and
Gq DREADD was injected to VTA of SI females to examine the
sufﬁciency and necessity of PFC to VTA pathway in sociability
(Fig. 5C). We found that inhibiting PFC → VTA projection by CNO
treatment in GH females induced marked social withdrawal during
social approach tests (Fig. 5D), while activating PFC → VTA
projection by CNO treatment in SI females signiﬁcantly increased
social interaction time (Fig. 5E). These data have provided bidirectional evidence indicating that PFC to VTA pathway is
causally linked to female sociability.
Transcriptomic changes in VTA of stressed females underlie
reduced sociability
To better understand how VTA is involved in isolation stressinduced female social withdrawal, we investigated transcriptomic
changes of VTA in SI female mice. RNA-seq revealed 393
downregulated genes and 488 upregulated genes in the VTA of
SI female mice, compared to VTA of GH females (Fig. 6A,
Supplementary Tables 3, 4). Heatmaps of the down- and
upregulated DEGs showed that GH samples clustered separately
from SI samples (Fig. 6B). Functional annotation showed that
down- and upregulated genes fell into the major categories
including enzymes, signaling molecules, and transcription factors
(Fig. 6C). GO analysis indicated that the most enriched biological
process of downregulated genes was “neuropeptide signaling
pathway” (Fig. 6D), while the upregulated genes were mainly
involved in “synaptic signaling” (Fig. 6D).
Neuropeptide signaling pathway has been implicated in stress
responses [48] and female-biased mental illness, such as depression [49, 50]. Interactome network indicated that neuropeptide
genes Hcrt, Pomc, Pmch and Tph2 were the “hubs” connecting
with other top-ranking downregulated genes (Fig. 6E). Quantitative PCR conﬁrmed the signiﬁcant reduction of Hcrt, Tph2, and
Pomc mRNAs in the VTA of SI female mice, compared to GH
females (Fig. 6F). In contrast, none of these genes were
signiﬁcantly altered in SI male mice (Fig. 6G).
The top gene downregulated in VTA of SI females, Hcrt, encodes
hypocretin (orexin), a neuropeptide regulating arousal, wakefulness, appetite, and endocrine homeostasis [51]. VTA is innervated
by orexinergic neurons in lateral hypothalamus (Fig. 6H). Recently
it has been found that orexin is especially critical for protecting
against depressive reaction to stressful events [49]. So we tested
whether elevating orexin levels in SI female mice could normalize
the social behavior. Orexin A, a small peptide that specially binds
to Orexin A receptor to activate orexin singling, was used to treat
SI female mice (1 μmol/kg, i.p.). Immunohistochemical experiments showed that the number of c-Fos-positive dopamine
Molecular Psychiatry (2022) 27:3056 – 3068

neurons in the VTA of SI female mice was signiﬁcantly increased
after Orexin A treatment (Fig. 6I), indicating the restoration of VTA
neuronal activity. In the social approach assay, Orexin A-treated SI
females had signiﬁcantly increased social interaction time than
saline-treated SI females (Fig. 6J). These data suggest that Orexin A
in females may serve as a potential therapeutic target for mental
disorders related to social deﬁcits.
DISCUSSION
In this study, we have used social isolation stress, an established
stress paradigm for studying the neurobiology of mental illness
[16, 17, 52]. Most of the prior social isolation studies were
conducted in male subjects [13, 15, 18, 53, 54]. More current
studies started to reveal the sex difference in stress responses
[14, 55, 56]. Our results show that after 5 weeks of post-weaning
social isolation, male mice exhibit heightened aggression, while
female mice exhibit depression-like social withdrawal. It is in line
with the sex difference in humans for stress-related mental
disorders [4–7]. We have also found that stressed mice of both
sexes share anxiety-like behaviors and schizophrenia-related
sensorimotor gating impairment.
Excessive aggression is one of the common behavioral
impairments associated with neuropsychiatric disorders, including
anxiety and PTSD [57, 58]. The limbic system has been associated
with the processing of emotionally salient events including
aggression in human and animal studies [27, 32]. In particular, a
major component of the limbic system, amygdala, is highly
implicated in the processing of fear, defensive reactions,
emotional learning, and motivation [22, 32]. BLA receives
innervation from the prelimbic region of PFC [14, 25] and sends
projections to the central amygdala to control fear and emotional
responses [32]. Concomitant with heightened aggression in males
subjected to chronic isolation stress, we have found the decreased
neuronal activity in PFC and increased neuronal activity in BLA.
The blockade of aggressive behaviors by chemogenetic activation
of the PFC to BLA projections in stressed males further indicates
the causal link of the PFC → BLA pathway to SI-induced
aggression. Our optogenetic experiments suggest that the
compromised PFC glutamatergic projections to BLA GABAergic
interneurons cause disinhibition of BLA principal neurons and the
switch of E/I balance towards excitation in BLA of SI male mice. It is
consistent with recent ﬁndings on the central role of PFC
activation and amygdala suppression in ameliorating pathological
aggression [14, 59].
Social impairment is another common hallmark of neuropsychiatric diseases, including depression, schizophrenia, and autism.
PFC and VTA are two crucial regions involved in the regulation of
social behaviors [14, 21, 41, 42, 45–47]. Early life stress disrupts
neuronal and synaptic functions of both PFC [14, 17, 60] and VTA
[14, 20, 56]. The PFC to VTA projection controls the burst ﬁring of
DA neurons [61], and optogenetic studies have found that the
enhanced phasic ﬁring of VTA DA neurons mediates susceptibility
to social defeat stress [21]. Our in vivo calcium imaging in
behaving animals indicate that the reduced PFC activity is directly
associated with the diminished social interaction in SI females. The
amelioration of social withdrawal behaviors by chemogenetic
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Fig. 6 Transcriptomic studies reveal the key role of VTA orexin signaling in female responses to isolation stress. A Volcano plot of
differentially expressed genes in the VTA of SI females, compared to GH females. B Heatmaps of down- and upregulated genes in VTA of SI females,
compared to GH controls. C Functional protein classiﬁcation for the down- and upregulated genes. D Enrichment analysis for the down- and
upregulated genes. E Protein-protein interaction (PPI) network of the top-ranking downregulated genes in VTA of SI females. Genes encoding
neuropeptides, including Hcrt, Pomc, Pmch and Tph2, are hub genes of the PPI network. F, G Quantitative PCR data on the mRNA level of Hcrt, Tph2
and Pomc in VTA of GH and SI female mice (F, n = 5/group, Hcrt: p < 0.05; Tph2: p < 0.05; Pomc: p < 0.1, t test) or VTA of GH and SI male mice (G n = 6/
group). H Confocal images of immunostaining of Orexin A (red) and TH (green) in the VTA, and immunostaining of Orexin A (red) in the lateral
hypothalamus. Blue: DAPI staining. I Confocal images and quantiﬁcation of immunostaining of c-Fos (red) and TH (green) in the VTA of SI female
mice treated with orexin A (ORX-A, 1 μmol/kg, i.p.) or saline (SAL) control (n = 14–16 slice from 3 mice/group, c-Fos: t28 = 2.79, p < 0.01, t test). J Bar
graphs showing social interaction time during Social Approach tests of SI female mice treated with ORX-A or SAL (n = 11/group, t20 = 3.34, p < 0.01,
t test). Insets: representative heatmaps illustrating the time spent in different locations of the apparatus during SA tests. Locations of social (Soc)
stimuli are labeled with the circles. Data are presented as mean ± SEM. In all ﬁgures: #p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001.

activation of PFC to VTA projections in stressed females further
demonstrates a crucial role of the PFC → VTA pathway in SIinduced social impairment.
PFC sends long-range monosynaptic inputs into VTA. VTA is
composed of 65% dopaminergic neurons, 35% GABAergic
neurons and 3–6% glutamatergic neurons [62]. Both dopaminergic and non-dopaminergic neurons receive PFC innervations [63].

These PFC-innervated neurons in VTA also shows divergent
projections to other brain regions, such as PFC and NAc [63].
Changes in PFC → VTA pathway will alter dopamine release in
target regions of VTA.
A puzzling question is why different neuronal regions are
affected by stress in a sex-speciﬁc manner. We speculate that
dysregulation of gene expression may underlie the different
Molecular Psychiatry (2022) 27:3056 – 3068
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physiological and behavioral changes observed in stressed
animals. Our large-scale RNA-seq analyses have revealed regionspeciﬁc transcriptomic alterations by isolation stress. Interestingly,
the upregulated genes in BLA of SI males are enriched in the
biological process of aggressive behaviors and are highly
associated with the transcription factor CREB. CREB is activated
by multiple kinase pathways [33], controls the transcription of
many important genes, including c-fos, BDNF, TH, SST, VGF,
corticotropin-releasing hormone, and has been implicated in the
regulation of memory [64], emotional behaviors [36, 37], and
affective disorders [38]. Here we show that the active form of CREB
is increased in BLA of SI males, and inhibition of CREB is able to
block the elevated aggressive behaviors, which offers a potential
avenue for the treatment of stress-related aggression in males.
Another interesting ﬁnding from RNAseq is that many of the
top-ranking downregulated genes in VTA of SI females are those
involved in neuropeptide signaling implicated in stress responses
and mental disorders [48–50], including Hcrt, Pomc, and Tph2. The
top candidate Hcrt, which encodes hypocretin (orexin), plays a key
role in regulating arousal and endocrine homeostasis [51], and is
decreased in humans with depression, anxiety and PTSD [65–67].
Orexins have been found to mediate sex differences in cognitive
ﬂexibility [68], and promote stress resilience [49]. Here we show
that activating orexin singling with Orexin A peptide to
compensate for the loss of Hcrt expression in VTA of SI females
could mitigate the social withdrawal behavior, pointing to orexins
as a potential therapeutic target for treating stress-related social
deﬁcits in females.
The reason underlying stress-induced sex-speciﬁc transcriptional alterations is unclear. The prelimbic region of PFC contains
anatomically and molecularly distinct subpopulations that target
NAc, amygdala, and VTA [69]. NAc-projecting PFC neurons are
found to be involved in the combined social and spatial coding
[69], here we have revealed the link of BLA- or VTA-projecting PFC
neurons to sex-speciﬁc behavioral changes by isolation stress. The
up- or down-regulation of selective genes in BLA and VTA could
be due to the cell type-speciﬁc activation of distinct transcription
factors or chromatin regulators after chronic isolation stress in
males and females.
Comparing to chronic social isolation stress, acute social
isolation exerts a different effect on social behavior [70]. While
chronic social isolation induces antisocial behaviors [14, 52], acute
social isolation promotes social behaviors [71]. Sexually dimorphic
neuronal responses to acute social isolation have also been
reported. For example, less than 24 h social isolation decreases the
excitability of PVN CRH neurons only in female mice [55]. Future
studies are needed to ﬁnd out how acute social isolation alters
gene expression in different brain regions of both sexes.
Collectively, our data have revealed the role of region-speciﬁc
molecular maladaptation in the behavioral manifestations of social
isolation stress in male and female mice. Given the complexity of
stress effects, the contribution of additional neural circuits and
molecular pathways awaits further testing.
MATERIALS AND METHODS
Animals and chemicals
C57/BL6 mice and Emx1-IRES-Cre mice (Jackson Laboratory, stock #:
005628) were used in the study. As previously described [60], chronic
adolescent social isolation (SI) was carried out after weaning from
postnatal day 21 (P21) to P56 (5 weeks). Every 4 littermates were randomly
divided into 1 socially-isolated (SI) mouse and 3 group-housed (GH) mice.
Bedding and enrichment for SI and GH mice were the same. All animals
were housed with ad libitum food accessibility in the 12 h light–dark cycle
(light: 6 a.m.–6 p.m.; dark: 6 p.m.-–6 a.m.). Researchers were blind to group
assignment and drug treatment during experiments. All animal studies
were performed with the approval of the Institutional Animal Care and Use
Committee of the State University of New York at Buffalo.
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CREB inhibitor 666-15 (Tocris, Cat. # 5661) was dissolved in 1%
N-methylpyrrolidone (NMP), 5% Tween-80 in H2O. After 5-week social
isolation stress, 666-15 or vehicle was stereotaxically delivered into the BLA
at 1.6 mM, 0.5 μl/side [39, 40]. After 2-day recovery, animals were subject to
behavioral tests, followed by brain tissue collection for qPCR. For p-CREB
staining experiment, animals were sacriﬁced 6 h after 666-15 or vehicle
delivery. Orexin-A (Tocris, Cat. # 1455) was dissolved in saline, i.p. injected
at the dose of 1 μmol/kg, based on orexin-A pharmacokinetics [72].
Behavioral test was carried out 30 min after Orexin-A injection.

Behavior tests
See Supplementary Methods for details regarding behavioral assays,
including Resident-intruder (RI), Elevated plus maze, Locomotion test, PPI,
and Social approach.

Immunohistochemistry
See Supplementary Methods for details.

Chemogenetic study and animal surgery
The Cre-dependent adeno-associated virus AAV9-hSyn-HI-eGFP-Cre.WPRE.
SV40 (1 × 1013 vg/ml) and the retrograde virus AAVrg-hSyn-DIO-hM4D(Gi)mCherry (8 × 1012 vg/ml) or AAVrg-hSyn-DIO-hM3D(Gq)-mCherry (7 × 1012
vg/ml) were obtained from Addgene. Stereotaxic injections of the Cre virus
into medial PFC (prelimbic and infralimbic, 0.5 µl), as well as the retrograde
hM4Di or hM3Dq virus into BLA (0.5 µl) or VTA (0.5 µl), were performed as
described previously [29]. In brief, mice were anesthetized (Ketamine [100
mg/kg] and Xylazine [5 mg/kg]) and placed on a stereotaxic apparatus
(David Kopf Instruments). The injection was performed with a Hamilton
syringe (needle gauge 31) at a speed of 0.1 µl/min, and the needle was
kept in place for an additional 5 min. The virus was delivered bilaterally to
the target area using the following coordinates: PFC: 1.98 mm anterior to
bregma; 0.25 mm lateral; and 2.2 mm dorsal to ventral; BLA: 1.46 mm
posterior to bregma; 2.8 mm lateral; and 4.9 mm dorsal to ventral; VTA:
3.64 mm posterior to bregma; 0.5 mm lateral; and 4.2 mm dorsal to ventral.
All behavioral tests were conducted 3 weeks after surgery. Behavioral
testing was performed 1–4 h after intraperitoneal injection of CNO or saline
in viral-infected mice. Fluorescence images were taken on a Leica DMI8
inverted microscope.

Optogenetic and electrophysiological study

AAV9-CaMKII-hChR2-mCherry (1 × 1013 vp/ml, Addgene) was injected into
the PFC of mice. After 5 weeks of virus expression, animals were sacriﬁced
for whole-cell voltage-clamp recording, as previously described [25, 30].
Mice were anesthetized with Halothane (Sigma) inhalation. Brains were
immediately removed, iced and cut into 300 µm slices by a Vibratome
(Leica VP1000S). Mouse brain slices were then positioned in a perfusion
chamber attached to the ﬁxed stage of an upright microscope (Olympus)
and submerged in continuously ﬂowing oxygenated ACSF (in mM: 130
NaCl, 26 NaHCO3, 3 KCl, 5 MgCl2, 1.25 NaH2PO4, 1 CaCl2, 10 Glucose, pH 7.4,
300 mOsm). Light stimulation of ChR2-expressing terminals in BLA slices
was carried out using a UHP-Microscope-LED-460 system (Prizmatix) that
provides >1 W collimated blue light (460 nm peak, 27 nm spectrum halfwidth, 85% peak power at 450 nm). The blue light was transmitted via the
microscope objective (Olympus LUMPlanFI/IR, 40 × 0.80w) and triggered
on and off with TTL pulses programmed by pClamp data acquisition
software (Molecular Devices, Sunnyvale, CA). The LED output power
control of Prizmatix UHP-LED controller was set at 10 and the blue pulse
stimulation duration was 5 ms.
To demonstrate the effect of stimulating PFC inputs on BLA neuronal
response, inhibitory and excitatory postsynaptic currents evoked by light
stimulation (Opto-IPSC, Opto-EPSC) in BLA principal neurons (identiﬁed by
the large soma size) were recorded. Electrode internal solution was
composed of (in mM): 130 Cs-methanesulfonate, 3 CsCl, 4 NaCl, 10 HEPES,
5 EGTA, 1 MgCl2, 4 MgATP, 0.3 NaGTP, 5 QX314 (pH 7.2, 290 mOsm). Based
on the external and internal ion concentrations of recording conditions,
the reversal potential of GABAA receptor channels was calculated at −70
mV, and the reversal potential of glutamate receptor channels was at ~0
mV. Opto-IPSC and Opto-EPSC were recorded at 0 mV and −70 mV,
respectively. Data were acquired using the software pClamp 9.2 (Molecular
Devices). The data sampling frequency was 10 kHz, and the ﬁltering
frequency was 1 kHz. Data analyses were performed with the Clampﬁt
software (Molecular Devices).
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In vivo calcium imaging of behaving animals

AAV5.Syn.Flex.GCaMP6s.WPRE.SV40 virus (7 × 1012 vp/ml, Addgene,
100845-AAV5) was injected into the PFC of female Emx1-IRES-Cre mice.
After 4 weeks of virus expression, a 400 μm-diameter 0.50-NA ﬁber
(Thorlabs, FP400ERT) was surgically implanted above the PFC. The
GCaMP6s ﬂuorescence was alternatively excited by a 470-nm LED with
470/10 nm bandpass and a 410-nm LED with 410/10 nm bandpass. The
LEDs (Thorlabs) were switched at 100 Hz. When GCaMP6s is excited at 470
nm, the emitted ﬂuorescence intensity is Ca2+ sensitive, but when it is
excited at 410 nm, the emission is largely Ca2+ insensitive, which was used
as a control for motion artifacts. The excitation light was reﬂected off a 495
nm longpass dichroic mirror (Semrock, FF495-Di02-25 × 36) and focused by
a 20× objective lens (0.4 NA; Olympus) into a custom-made low optical
ﬁber (400 μm, Thorlabs) that guided the light to the optical ﬁber implanted
in the brain. The ﬂuorescence emission signal was ﬁltered through a 520
nm bandpass ﬂuorescence ﬁlter (Semrock, FF01-520/35-25) and focused
on a small spot on an ANDOR sCMOS camera. The data was recorded at
100 Hz, which after deconvoluting the Ca2+ signal from the isosbestic
control, resulted in a temporal resolution of 50 ms. All the data were
processed and analyzed in Image J and IgorPro 8.0.

RNA-sequencing and bioinformatic analysis
After animal sacriﬁcing, brain tissues were sliced with a 1 mm brain matrix
(Zivic Instruments, Pittsburgh, PA). Then brain punches containing BLA or
VTA areas were collected using a puncher (diameter: 2 mm). As previously
described [24], total RNA was isolated from BLA and VTA samples obtained
from group-housed and isolation-stressed male and female mice using the
RNAeasy Mini kit (Qiagen), coupled to an RNase-free DNase step (Qiagen).
The RNA-sequencing libraries were constructed by TruSeq stranded total
RNA plus Ribo-zero kits (Illumina). Sequencing was carried out with the
HiSeq 2500 platform (Illumina) at the Genomics and Bioinformatics Core of
the State University of New York at Buffalo. RNA-seq tags reads were
aligned to the mouse GRCm38-mm10 RefSeq mRNAs using TopHat2 with
default parameters. In GRCm38-mm10, all of the 20,423 component
sequences were applied in Mapping and Annotation. Alignments with a
mapping score <10 were discarded using SAMtools. Feature Counts was
used to generate a matrix of mapped fragments per USCS RefSeq known
annotated gene, from which genes annotated by RefSeq as rRNA were
discarded. Full threshold-free differential expression was detected by
edgeR. The GLM (generalized linear model) in the edgeR package was
used. Assuming that an estimate is available for ϕg, so the variance can be
evaluated for any value of µgi, GLM theory can be used to ﬁt a log-linear
model, log μgi ¼ XiT βg þ log Ni , where Xi is a vector of covariates that
speciﬁes the treatment conditions applied to RNA sample i, and βg is a
vector of regression coefﬁcients by which the covariate effects are
mediated for gene g. The differentially expressed genes were deﬁned with
at least 1.2-Fold Change (FC) and P < 0.05. Functional protein classiﬁcation
analyses were undertaken using Panther. Enrichment analyses of
differentially expressed genes were conducted using gene sets derived
from the Biological Process Ontology from DAVID (https://david.ncifcrf.
gov/). Gene set enrichment analysis (GSEA) was undertaken using GSEA
software [73]. Full threshold-free differential expression lists were ranked
by the −log10 (p value) multiplied by the sign of the fold change from the
edgeR analysis.

Western blotting
See Supplementary Methods for details.

Quantitative real-time RT-PCR
Primers for all the target genes are listed in Supplementary Table 5. See
Supplementary Methods for details.

Statistics
All statistical analyses were performed with Graphpad Prism and Minitab
18. Sample sizes were determined based on power analyses and were
similar to those reported in previous works [24, 25, 29, 30]. Experiments
with more than two groups were subjected to two-way ANOVA with
Bonferroni correction for multiple post hoc comparisons. Experiments with
two groups were analyzed statistically using two-tailed unpaired t tests. All
data are presented as the mean ± SEM. Data points identiﬁed as
statistically signiﬁcant outliers (determined by Grubb’s test, p < 0.05) were
removed from the analyses. The variance between groups being
statistically compared was similar.

DATA AVAILABILITY
All data needed to evaluate the conclusions in the paper are present in the paper
and/or the Supplementary Materials. The RNA-seq data generated in this study have
been deposited in the GEO public repository under accession code GSE198725.
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