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Predictable maternal separation confers adult stress resilience
via the medial prefrontal cortex oxytocin signaling pathway in

rats
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Early-life stress is normally thought of as a major risk for psychiatric disorders, but many researchers have revealed that adversity
early in life may enhance stress resilience later in life. Few studies have been performed in rodents to address the possibility that
exposure to early-life stress may enhance stress resilience, and the underlying neural mechanisms are far from being understood.
Here, we established a “two-hit” stress model in rats by applying two different early-life stress paradigms: predictable and
unpredictable maternal separation (MS). Predictable MS during the postnatal period promotes resilience to adult restraint stress,
while unpredictable MS increases stress susceptibility. We demonstrate that structural and functional impairments occur in
glutamatergic synapses in pyramidal neurons of the medial prefrontal cortex (mPFC) in rats with unpredictable MS but not in rats
with predictable MS. Then, we used differentially expressed gene (DEG) analysis of RNA sequencing data from the adult male PFC to
identify a hub gene that is responsible for stress resilience. Oxytocin, a peptide hormone, was the highest ranked differentially
expressed gene of these altered genes. Predictable MS increases the expression of oxytocin in the mPFC compared to normal raised
and unpredictable MS rats. Conditional knockout of the oxytocin receptor in the mPFC was sufficient to generate excitatory
synaptic dysfunction and anxiety behavior in rats with predictable MS, whereas restoration of oxytocin receptor expression in the
mPFC modified excitatory synaptic function and anxiety behavior in rats subjected to unpredictable MS. These findings were
further supported by the demonstration that blocking oxytocinergic projections from the paraventricular nucleus of the
hypothalamus (PVN) to the mPFC was sufficient to exacerbate anxiety behavior in rats exposed to predictable MS. Our findings
provide direct evidence for the notion that predictable MS promotes stress resilience, while unpredictable MS increases stress

susceptibility via mPFC oxytocin signaling in rats.
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INTRODUCTION
Early-life stress increases the risk for psychiatric disorders. A
number of epidemiological studies strongly support an associa-
tion of early-life stress with increased vulnerability to develop
psychopathology later in life [1, 2]. However, many examples have
shown that adversity early in life may enhance stress resilience in
adulthood [3-5]. Stressors throughout early life showed a positive
relationship with later-life resilience [6]. Adolescents who had
experienced moderate childhood stress showed an attenuated
depressive response following proximal stressors [7]. Despite the
clinically observed effect of early-life stress effects on resilience, its
biological basis remains unknown. Few studies have been
performed in rodents about the possibility that exposure to
early-life stress may enhance stress resilience in adulthood.
Understanding the biological basis of such stress resilience may
illuminate causal mechanisms underlying early-life stress and shed
light on preventive methods for stress susceptibility.

Maternal separation is one of the most frequently used early-
life stress paradigms [1, 8]. Separation from pups renders adult

mice more vulnerable to depression-like behavior after adult
stress [9], showing that early-life stress increases the risk for
depression [10]. However, separation from the pups attenuates
the effect of adolescent social isolation on the hypothalamic-
pituitary-adrenal (HPA) axis responsiveness in adult rats [11],
which indicates that aversive experiences early in life trigger
adaptive processes and then render an individual better able to
cope with aversive stress later in life. The opposite results may be
attributed to the length and period of maternal separation (MS).
Various protocols dramatically affect the outcome of behaviors of
adult animals exposed to MS [12]. At present, there is no general
consensus on what differentiates moderate versus severe
forms of MS.

Individuals are continually faced with aversive events as they go
through life, and these events can either be predictable or
unpredictable. Thus, we adapted two different MS paradigms,
such that rats were either raised under the standard set of
conditions (standard reared) or subjected to predictable or
unpredictable MS. Predictable MS (PMS) rats showed no anxiety-
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and depression-like behavior, while unpredictable MS (UMS) rats
showed obvious anxiety- and depression-like behavior in adult-
hood, indicating that UMS can have long-lasting adverse effects
on rat behavior, but PMS does not. To further understand the
long-lasting effects of PMS, a second stress, restraint stress, was
introduced to rats in adulthood. Amazingly, we show that PMS rats
exhibit lower anxiety levels than standard-reared and UMS rats,
which means that PMS leads to stress resilience in adulthood.
Traditional theories emphasize the stress-reducing role of
predictability [13]. To understand the underlying mechanism of
PMS and UMS on resilient and vulnerable effects, we revealed that
oxytocin (OXT), a neuropeptide hormone with important functions
in the control of social and anxiety behaviors, in the medial
prefrontal cortex (mPFC) impacts the behaviors of rats. Numerous
studies in both humans and rodents broadly illustrate the mPFC as
a vital part of the brain that regulates stress resilience [14]. We
show that manipulating OXT and its receptor (OXTR) in the mPFC
preferentially affects PMS resilience behavior and UMS vulner-
ability behavior. Collectively, our results indicate that predictable
maternal separation reduces stress reactions and improves stress
resilience in rats, identifying oxytocin as an important molecular
regulator of PMS stress-reducing effects.

MATERIALS AND METHODS

Rats

All procedures involving rats were approved by the Institutional Animal
Care and Use Committee at Shanghai Jiao Tong University and in
accordance with the National Institutes of Health guidelines. Animals were
housed in fully equipped facilities in the laboratory animal center of
Shanghai Jiao Tong University. SD rats (Jackson Labs) were used in our
experiments. Two SD females were mated with one male per animal
facility. The male was removed after one week, and the females were
separated into individual cages 1-3 days prior to giving birth. On the day
of birth (postnatal day (PND) 0), the pups were weighed and counted, and
the cages were cleaned but otherwise undisturbed. Cages were cleaned
with minimal disruption to the litter once a week. Offspring were weaned
at postnatal PND 21, with males and females weaned separately into cages
of 3-4 rats, keeping littermates together. In these experiments, young SD
rats at PND 4-90 were used. All testing was performed with male offspring
rats. Rats were housed three to four per cage and maintained on a 12/12-h
light/dark cycle at 23°C with water and food available ad libitum.
Littermates of the same sex were randomly assigned to different
experimental groups.

Early-life stress

The early-life stress paradigm was adapted from established rat paradigms
of maternal separation for 2-4 h/day [15]. Postnatal stress was adminis-
tered for 16 days from PND 4 to 20. We applied a maternal separation
protocol in which whole litters were moved to clean cages apart from their
mothers for 4 h/day. For predictable maternal separation, pups were
separated from 9:00 to 13:00. For unpredictable maternal separation, pups
were separated as shown in Table S1. Offspring survival was not affected
by postnatal stress. There was no observable difference in coat condition
or barbering behavior. No differences in food or water intake were
detectable during testing. Rats were weighed at birth, PND 7, PND 21, PND
45, and PND 65. The weights of mice < PND 21 are an average of all pups
in a litter.

Adult restraint stress

Experiments utilized an established restraint stress protocol to induce
depression/anxiety-like behaviors in rats. Adults (PND 60-77) were placed
in a ventilated plastic cylinder for 2 h per day for 7 consecutive days. Rats
were subjected to adult stress by placing them in a restraint cylinder fitted
closely to body size, drilled with holes to allow free breathing, and then
housed in homecare. Restraint time, duration and frequency were the
same among groups. Control rats were moved from the holding room to a
test room and handled for 2-4 min before returning to the holding room
2h later. A subthreshold restraint stress paradigm (2h per day for 3
consecutive days) was utilized with OXT knockdown to test enhanced
vulnerability to stress.
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Behavioral procedures

All behavioral testing was conducted during the animals’ light cycle,
videotaped, and analyzed with video tracking software (Ethovision, Noldus,
Netherlands). The order of testing was random.

Anhedonia. Sucrose preference, a measure of anhedonia-like behavior in
mice, was assessed in a two-bottle choice test. Rats were acclimated to the
presence of two bottles of drinking water (180-mL cylindrical tubes)
throughout the day and night. After two days of acclimation, the setup was
changed to one bottle of water and one bottle of 1% sucrose solution
(prepared in drinking water), and the two bottles were weighed. Bottle
locations were switched after 1.5 h. The bottles were weighed again after
3 h. The percent sucrose preference was calculated as the amount (g) of
sucrose solution consumed divided by the total amount (g) of water and
sucrose solution consumed.

Open field test. The open field apparatus is a 60 x 60 x 60-cm Plexiglas
arena with clear walls and a blue floor with a 30 x 30-cm central zone.
Testing was performed under dimly light conditions without the presence
of experimenters. The test rats were introduced into a corner of the open
arena. The total distance and velocity moved and the frequency of transfer
between the central and surrounding zones and the duration in the central
zones were recorded over a 10-min test period. The apparatus was cleaned
with 75% alcohol between tests. No rats were excluded from the open
field test.

Novel object/location recognition. Object recognition tasks were per-
formed in the open field arena (60 x 60 x 60 cm). Twenty-four hours prior
to the acquisition phase, rats were habituated to the testing environment
without objects (pretraining). During testing, objects were placed in the
corners of the arena, 5 cm from the walls. Each pretraining, acquisition and
retrieval trial lasted 5 min. The percentage of time exploring each object
and the discrimination index in the retrieval trial were calculated. In
addition, the object preference ratio in the acquisition trials was calculated
and summarized. For the novel object recognition task, both the
pretraining and the testing procedures consisted of trials separated by
an intertrial interval of 2 h. No spatial cue was provided during testing. In
the acquisition phase, two identical objects were presented. In the retrieval
phase, one of the objects was replaced by a novel object. The
discrimination index was calculated as 100% x (time with the novel
object-time with the known object) / time with both objects. For the novel
location task, both the pretraining and the testing procedures consisted of
2 trials separated by an intertrial interval of 2 h. In the acquisition phase,
two identical objects were presented. In the retrieval phase, rats were
presented with a nondisplaced object and a relocated object. The
discrimination index was calculated as 100% X (time with the relocated
object — time with the stationary object) / time with both objects.

Social interaction test. Social interaction behavior was assessed with a
novel rat. In the first 5min, the experimental rat was allowed to freely
explore an arena (60X 60cm) containing a plexiglass and wire mesh
enclosure (15x 15cm) centered against one wall of the arena. In the
second 5 min, the experimental rat was immediately returned to the arena
with a novel rat enclosed in the plexiglass wire mesh cage. Time spent in
the “interaction zone” (20 x 20 cm) surrounding the plexiglass wire mesh
cage was measured by video tracking software (Ethovision, Noldus). A
social interaction ratio was calculated as time spent exploring the
interaction zone with the target present divided by time spent exploring
the arena.

Elevated plus maze. The apparatus consisted of two open arms (60 X
15cm) and two closed arms (60 x 15 cm) with roofless gray walls (50 cm)
connected by a central square platform (15 x 15 cm) and positioned 60 cm
above the ground. The test rat was placed in the center zone of the EPM
facing an open arm. Rats were allowed to move freely in the maze for
5 min. The distance moved, the time spent in each arm and the number of
entries into each arm were automatically analyzed by Noldus software.
Animals that fell off the open arms were excluded from analyses. The
apparatus was cleaned with 75% alcohol between tests.

Corticosterone assay

Corticosterone concentrations were measured in rat serum. Tail venous
blood was collected from an independent cohort of standard-reared and
early-life stress rats at PND 56 (before restraint stress), PND 57 (first day
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restraint stress) and PND 64 (last day restraint stress). Blood (2.0-2.5 mL)
was obtained after behavioral tests via cardiac puncture. At both time
points, blood was allowed to clot for 2 h at room temperature, centrifuged
at 2000 g for 20 min at 4 °C, and serum was removed and stored at —80 °C.
Corticosterone was quantified by enzyme-linked immunosorbent assay
(parameter corticosterone assay KGE0Q9, R & D systems) according to assay
instructions with the following modifications: 50 pL of serum and 50 pL of
pretreatment E were used and further diluted to a final dilution factor of 4.
All samples were run in duplicate, counterbalanced across plates and were
within the standard curve.

Viral vectors

AAV9-shRNA vectors against OXTR (1.34% 10" GC/mL) were purchased
from Vigene Bioscience (China) with scrambled shRNA (4.61 x 10" GC/mL)
as a negative control. AAV9-OXTR was also provided by Vigene Bioscience
(China). The rat OXTR sequence (NM_012871.3) with a C-terminal 3 X FLAG
tag was synthesized and inserted into the Pav-CMV-P2A-GFP vector, which
separately expresses an OXTR-3xFLAG fusion protein and green
fluorescent protein (GFP) reporter. The titer of AAV-CMV-OXTR-P2A-GFP
was 220 x 10'2 GC/mL, and the titer of AAV-CMV-GFP was 1.36 x 10" GC/
mL. AAV-OXT-DIO-hM4D(Gi)-mCherry (1.23 x 10" GC/mL) and AAV-CMV-
betaglobin-Cre-P2A-GFP (4.61 x 10'> GC/mL) were both purchased from
Vigene Biosciences.

Stereotaxic surgery

Rats were anesthetized with isoflurane (R510-22, RWD China, 4-5%
induction, 1-2% maintenance) in O, by inhalation and positioned in a
stereotaxic frame. The skull surface was exposed, and 33-gauge syringe
needles (Hamilton) were used to bilaterally infuse AAV virus at a rate of
0.067 pL/min. Brain coordinates of injections were chosen in accordance
with the rat brain atlas: mPFC (AP: +3.0 mm; I: £0.60 mm; DV: —1.72 mm)
and PVN (AP: —0.26 mm; |: £0.20 mm; DV: —7.60 mm). Rats that had been
injected with AAVs were allowed 3 weeks to recover and for the viral
transgenes to be adequately expressed before undergoing behavioral
experiments. The injected volume viruses were 1L for the mPFC and
0.5 pL for the PVN. Animals with spatially inaccurate viral injections or
significant viral spread outside the targeted region were excluded from
analyses. For infusion experiments, double guide cannulae were implanted
following bilateral craniotomy and attached to the skull using dental
cement. Behavioral tests were performed 2 weeks after surgery. Twenty-
five minutes before RS, a treatment consisting of saline, OXT (1 pg/uL,
Sigma-Aldrich) or an OXT antagonist (50 pg/pL, Tocris) was infused in a
volume of 1 pL through the internal cannula inserted in the guide cannula.

Drugs

At least 3 weeks after injections, we inhibited PVN OXT release by i.p.
administration of clozapine N-oxide (CNO, Abcam) dissolved in physiolo-
gical saline (0.9% NaCl) at a dose of 3 mg/kg in a volume of 1 mL/kg 30 min
before the behavioral test. For control experiments, the same volume of
saline was injected into the same rats. After the behavioral test, rats
received 2 h of restraint stress.

Brain slice preparation

Rats were anesthetized with isoflurane and perfused with 50 mL chilled
dissection buffer (25.0 mM NaHCOs, 1.25 mM NaH,POy,, 2.5 mM KCl, 0.5 mM
CaCly, 7.0 mM MgCly, 25.0 mM glucose, 110.0 mM choline chloride, 11.6
mM ascorbic acid and 3.1 mM pyruvic acid, gassed with 95% O, and 5%
CO,). Coronal mPFC slices of 300 um thickness were sectioned in chilled
dissection buffer with a VT1000s vibratome (Leica). Slices were incubated
in oxygenated artificial cerebrospinal fluid (ACSF), left to recover for 90 min
at 37°C, and transferred to room temperature until the electrophysiolo-
gical recordings.

Electrophysiological recordings

Slices were continuously perfused with ACSF at ~4mL/min in the
recording chamber. Slices were visualized under a Zeiss microscope
station equipped with a camera. Slices equilibrated in the chamber for >10
min before recordings. Recordings were made with borosilicate glass
pipettes pulled on a Sutter Instrument P-97 micropipette puller. The
resistance ranged between 2 and 5 MQ following fire polishing to enhance
seal quality. For current clamp recordings, the intracellular solution
contained (in mM) 130K gluconate, 5 KCl, 10 HEPES, 2.5 MgCl,, 4 Na,ATP,
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0.4 Na3GTP, 10 Na phosphocreatine, 0.6 EGTA. For voltage clamp
recordings, the intracellular solution contained (in mM) 115 CsMeCOs, 20
CsCl, 10 HEPES, 2.5 MgCl,, 4 Na,ATP, 0.4 NaGTP, 10 Na phosphocreatine,
and 0.6 EGTA. Current clamp recordings were filtered at 2.5kHz and
sampled at 5 kHz. Voltage-clamp recordings were filtered at 2.5 kHz and
sampled at 10 kHz. To examine the effect of MS on the excitability of
pyramidal neurons in the mPFC, we injected sequential currents from —50
pA to 400 pA in a 50 pA step for 500 ms. The current was injected every 60
s in the current clamp. Electrophysiological recordings were performed
under double-blind conditions.

Lucifer yellow labeling by intracellular injection

Rats were perfused with 4% paraformaldehyde (PFA) in PBS, and their
brains were removed to perform intracellular injection of the fluorescent
dye Lucifer yellow. The brains were postfixed for 24 h in 4% PFA in PBS,
and coronal sections were obtained (300 um). Sections were placed under
a differential interference contract (DIC) microscope to find pyramidal
neurons in the mPFC, and a continuous current (5-10 nA) was used to
inject cells with Lucifer yellow. At least 5 pyramidal cells per rat were
injected individually with Lucifer yellow, with the current applied until the
distal tips of each dendrite fluoresced brightly (10 min). Images for spine
density counting were acquired using a two-photon microscope (OLYM-
PUS FV1000) with a 20X objective. Spine counting and spine morphology
analyses were performed using ImageJ 1.53a software.

Immunohistochemistry and imaging

PND 70 males were terminally anesthetized with isoflurane and 2%
chloralhydrate and transcardially perfused with PBS followed by 4%
paraformaldehyde (PFA), and brains were postfixed 24 h in 4% PFA at 4 °C.
Brains were then dehydrated in 30% sucrose at 4 °C until sinking to the
bottom of the 50 mL tube. Coronal sections were made on a freezing
vibratome at 30 um. Sections of selected areas were washed in PBS three
times for 10 min, blocked by incubation in PBS plus 4% normal goat serum
and 0.1% Triton X-100 for 1h at room temperature and subsequently
incubated with c-fos antibody (1:5000, rabbit, Invitrogen) at 4 °C overnight.
Incubated slices were washed three times in PBS for 10 min at RT,
incubated for 2 h with a 1:1000 dilution of Alexa Fluor 488 goat anti-rabbit
IgG (1:1000, Thermo Fisher Scientific) at RT and subsequently washed three
times in PBS for 10 min at RT. The sections were mounted on slides and
coverslipped.

All images were obtained using LSM780 confocal microscopes (Zeiss).
Digitalized images were analyzed using Fuji (NIMH, Bethesda MD, USA),
and Adobe Photoshop CS5 (Adobe, Montain View, CA) was used to
increase the contrast of the picture without affecting its real color.

RNAscope

Fluorescence in situ hybridization (FISH) for OXTR mRNA was performed
using an RNAscope Fluorescent Multiplex 2.0 assay as per the manufac-
turer's instructions (Advanced Cell Diagnostics). Briefly, fresh whole rat
brains were embedded in OCT medium and quickly frozen in
2-methylbutane chilled to —80°C. Cryosections of the PFC (cut at a
thickness of 10 um) were then prepared and mounted on SuperFrost Plus
slides. Sections were fixed and pretreated according to the RNAscope
guide for fresh frozen tissue. After pretreatment, sections were hybridized
with FISH probes using a HybEz Hybridization System. After several
amplification sets, the sections were counterstained with DAPI and
mounted using Prolong Gold. Reactive cells were analyzed bilaterally in
the NAc. Confocal images were acquired on an LSM 780 confocal
microscope.

RNA isolation, qPCR, library preparation and sequencing

Total RNA was isolated from frozen dissected PFC tissue using QlAzol lysis
reagent and purified using a miRNAeasy mini kit (Qiagen). cDNA was
obtained from total RNA using a high capacity cDNA Reverse Transcription
Kit (Life Technologies). All polymerase chain reaction (PCR) experiments
were conducted in duplicate using SYBR Premix Ex Taq (Takara Bio), and
fluorescent SYBR Green signals were automatically detected and analyzed
with a CFX96 Touch Real-Time PCR Detection System (Bio-Rad) or Applied
Biosystems 7500 (Applied Biosystems). The primers for PCR are shown in
Table S5. The values were normalized to those of GAPDH mRNA in the
same cDNA samples. The levels were then normalized to those of the
control groups. Total RNA was prepared using an RNeasy Plus Mini kit
(QIAGEN). The resultant RNA (35 ng per array isolated from the mPFC of an
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Fig. 1 Maternal separation affects stress susceptibility and resilience in adult rats. a Schematic timeline and behavioral paradigm in rats,
maternal separation (MS) was performed from PND 4-20 days, followed by group housing, and subsequent sucrose preference test (SPT) in
adult rats, and subsequent restraint stress from PND 64-71, followed by SPT, open field test (OFT), novel location test (NLT), novel object
recognition test (NORT) and elevated plus maze teat (EPM). b Behavioral effects of maternal separation (MS) and restraint stress (RS) in sucrose
preference test. There was a main effect of MS on sucrose preference (F;90=19.10, P <0.0001). Among control rats, UMS rats showed a
decreased preference for sucrose relative to PMS and standard-reared (Std) rats (Bonferroni post-test P < 0.01). There was a main effect of RS
on sucrose preference (F,s, =6.075, P=0.004). Among RS rats, sucrose preference in UMS rats was significantly lower than PMS rats
(Bonferroni post-test P = 0.003, from left to right in the figure panel: n = 28, 34, 31, 18, 21, and 16 rats). c Heatmap of average rat exploration
during open field test. d Duration in central zone in open field test. UMS rats spent less time in central zone compared to Std rats
(Brown-Forsythe and welch ANOVA tests, Dunnett’s T3 post-test P = 0.0006). There was a main effect of RS on anxiety-like behavior in the
center of an open field (F; 4 = 9.297, P = 0.0004). PMS rats spent more time in central zone compared to Std and UMS rats after RS (Bonferroni
post-test P < 0.0001, from left to right in the figure panel: n =18, 16, 17, 19, 17, and 20 rats). e Open arm ratio in elevated plus maze test. After
RS, PMS rats spent more time in open arms compared to Std and UMS rats (Brown-Forsythe and welch ANOVA tests, Dunnett’s T3 post-test P
=0.0002; 0.0008, from left to right in the figure panel: n =23, 18, 19, 20, 16, and 20 rats). f No difference was observed in novel location
recognition (from left to right in the figure panel: n =6, 11, 13, 6, 12, and 11 rats). g There was a main effect of RS on depression-like behavior
in social interaction ratio (F; 9 = 3.709, P = 0.04). Among RS rats, social interaction ratio was reduced among UMS vs. PMS rats (post-hoc, P =
0.03, from left to right in the figure panel: n=6, 14, 13, 6, 15, and 11 rats). h PMS and UMS showed poor novel objective recognition than
control rats (one-way ANOVA, F, 59 =3.912, P=0.031, post-hoc, P = 0.033). But after restraint stress, PMS had an elevated discrimination ratio
than other groups (one-way ANOVA, F,,9 =4.455, P=0.021, from left to right in the figure panel: n=6, 14, 12, 6, 15, and 10 rats). i The
concentration of corticosterone in serum of rats at different time points in adult rats. The baseline of corticosterone in serum was at the same
level. The concentration of corticosterone in UMS rats was significantly higher than control, restraint stress and PMS (P < 0.05) groups on PND
57 (the first day of restraint stress). And on the 7th day and after restraint stress, corticosterone in UMS was still kept in high level compared

with other groups (P <0.008, n =4-7). *P < 0.05, **P < 0.01, ***P < 0.001. Bar graphs show the mean +s.e.m.

individual mouse) was converted to cDNA using a Low Input Quick Amp
Labeling Kit (Agilent Technologies). The cDNA samples were used to
synthesize Cy3-labeled cRNA using a Low Input Quick Amp Labeling Kit
(Agilent Technologies). The resultant Cy3-labeled cRNA was fragmented
and hybridized with a SurePrint G3 Mouse GE 8 3 60 K Microarray (Agilent
Technologies).

Statistics and reproducibility

All data were analyzed for statistical significance using GraphPad Prism
software. G*Power 3.1.9.7 software was applied to calculate the power of
the sample size. For multiple groups or multiple measures, we used one-
way or two-way analysis of variance (ANOVA). For multiple groups or
multiple measures, we first used the normality and lognormality tests to
assess the normality of the distribution. A p>0.05 means that the
distribution is normal. A p < 0.05 means that data do not follow the normal
distribution; in this case, nonparametric tests should be used. Normally
distributed data will be subjected to a homogeneity of variance test. The
Brown-Forsythe test and Bartlett's test were used to test the homogeneity
of variance. If the significance level was >0.05, then homogeneity was met;
if it was p <0.05, then it was violated, and Brown-Forsythe and Welch
ANOVA tests were used. Tukey’s multiple comparisons tests were used for
one-way ANOVAs with multiple comparisons across groups. Bonferroni’s
multiple comparison tests were used for between-subject comparisons
after two-way ANOVA, and Fisher’s single comparison tests were used for a
within-subject comparison. All behavioral tests were repeated in a
minimum of three cohorts with similar replication of results. Data for
imaging and electrophysiology experiments were pooled from at least
three individual animals. Littermates were randomly assigned to experi-
mental groups, and animals were tested in a random order. Data were
analyzed by an investigator blinded to the experimental conditions, and
the experimenter was not blinded during data collection.

Molecular Psychiatry (2021) 26:7296 - 7307

RESULTS

Predictable maternal separation improves adult stress
resilience, while unpredictable maternal separation confers
susceptibility to anxiety from restraint stress

To test the effects of different levels of early-life stress on adult
stress reactions, we adapted a maternal separation protocol of
early-life stress in rats and tested two different exposure
paradigms, predictable and unpredictable. Rats were either
standard reared or subjected to predictable or unpredictable
early-life stress (Fig. 1a). Early-life stress in both paradigms did not
affect offspring survival, although both predictable and unpre-
dictable stress initially slowed weight gain measured at weaning,
followed by increased weight gain by adulthood (Supplementary
Fig. 1a). In male rats, predictable maternal separation (PMS) did
not produce detectable behavioral effects, while UMS rendered
adult rats more susceptible to depression-like behavior (anhedo-
nia in sucrose preference test) (Fig. 1b) and anxiety-like behavior
(open field test) before adult stress (Fig. 1c-e). We assessed the
impact of early-life stress on adult male stress resilience and
susceptibility using the restraint stress paradigm from postnatal
day (PND) 72-81. Restraint stress decreased the duration in the
central zone in the open field test and the open arm ratio in the
elevated plus maze in standard-reared rats and unpredictable MS
rats (Fig. 1¢c, e). In PMS group rats, anxiety level was significantly
lower than that of UMS and standard-reared rats after adult
restraint stress (Fig. 1d, e), suggesting that PMS showed greater
resiliency to restraint stress anxiety than standard-reared (Std) or
UMS rats. Early-life stress had no effects on novel location and
social interaction behavior in PMS and UMS rats before RS.
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However, in the novel objection recognition test, both PMS and
UMS rats spent less time exploring the novel objection before RS.
After restraint stress, the social interaction rate was significantly
lower than that of PMS rats (Fig. 1f-h). Neither early-life stress MS
nor adult restraint stress had effects on locomotor behavior.

We detected the corticosterone (CORT) concentration in serum
on PND 21 and PND 64-71. There was no difference among these
three groups in corticosterone levels under baseline conditions.
On restraint stress day one, corticosterone levels increased in rats
subjected to restraint stress. After 7 days of habituation, the
corticosterone levels returned to baseline in standard-reared and
PMS rats, while they remained high in UMS rats (Fig. 1i).

UMS injured the neuronal morphology of pyramidal neurons
in the mPFC, while PMS did not

Many studies have explored the central pathways mediating the
stress response by mapping neuronal activation using c-fos
mapping. To identify target brain subregions through which mild
early-life stress mediates its anti-anxiety effects, we detected c-fos
mapping followed by open field test in 90 min. C-fos-labeled
neurons were quantified every 120 um throughout the rostral-
caudal extent of the brain based on anatomic registration
according to an existing brain atlas (Supplementary Fig. 2a). In
total, we identified 17 brain regions that consistently displayed
c-fos labeling (Supplementary Fig. 2a). In the claustrum, RSD, Tu
and mPFC regions, we found that c-fos expression was
significantly lower in UMS rats than in Std and PMS rats. As
expected, we identified the mPFC as the targeted brain region
that mediated anxiety-like behavior. The mPFC c-fos expression in
PMS rats was significantly higher than that in standard-reared and
UMS rats (Supplementary Fig. 2b, c). This finding indicates that the
mPFC might play an essential role in early-life stress effects on
adult stress reactions.

Early-life stress has a harmful effect on structural and functional
changes in neurons. First, we examined the dendritic spines of
mPFC pyramidal neurons in standard-reared rats and MS rats
(Fig. 2a). UMS rats exhibited lower spine density (Fig. 2f). To
examine how maternal separation relates to dendritic spines, we
classified dendritic spines into three categories based on the
maximal diameter of the spine head and the length of spines (thin
spines maximal diameter < 0.60 um and length > 0.9 um, mush-
room spines maximal diameter <0.60 pym and length < 0.9 um,
and others) [16, 17]. UMS rats displayed fewer thin spines and
mushroom spines than Std and PMS rats (Fig. 2g). Second,
electron microscopy results indicated that the mean length and
thickness of postsynaptic densities were significantly lower in UMS
rats than in standard-reared and PMS rats (Fig. 2b-d). Together,
these results indicate that UMS leads to structural defects in the
dendrites and spines of mPFC pyramidal neurons. To further
confirm the resilient effect of PMS, we detected synaptic
structures after restraint stress. Our results showed that the mean
length and thickness of postsynaptic densities were significantly
lower in Std and UMS rats than in PMS rats after restraint stress
(Supplementary Fig. 3a-c). These results suggested that PMS
promote stress resilience to restraint stress.

UMS impairs the synaptic function of pyramidal neurons in
the mPFC, while PMS does not

To determine whether MS alters mPFC excitability, the frequency
of action potentials in response to depolarizing current steps was
measured from mPFC pyramidal neurons. The number of action
potentials elicited (induced spikes) over an interval of 500 ms was
measured, as the current was varied in steps of 50 pA from —50
pA to 400 pA (Supplementary Fig. 4). Pyramidal neurons were
characterized as cells that displayed spike-frequency adaptation
and broad action potentials and lacked spontaneous discharge at
resting membrane potential. Depolarizing currents evoked higher
firing in the std and PMS rats than in the UMS rats (Supplementary
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Fig. 4b). Similarly, less current was required to drive the cell to fire
spikes at a given frequency (Supplementary Fig. 4b).

To examine the functional consequences of MS on synaptic
transmission in the mPFC, we performed whole-cell patch-clamp
recording of pyramidal neurons. We first examined spontaneous
excitatory postsynaptic and inhibitory postsynaptic currents
(SEPSCs and sIPSCs, respectively). sEPSCs and sIPSCs were
recorded in the same cells by alternate clamping at the reversal
potential of GABA receptor-mediated (—70 mV) and glutamate
receptor-mediated (0 mV) currents, respectively (Supplementary
Fig. 4). The sEPSC amplitude was decreased in UMS rats compared
to standard-reared and PMS rats, while the sIPSC amplitude was
comparable among the three groups. Consequently, the sEPSC/
sIPSC ratio of amplitude was decreased significantly in UMS rats.
For sEPSC frequency, there was no difference among groups. For
sIPSC frequency, UMS was significantly lower than std and PMS
rat. However, the EPSC/IPSC ratio of frequency was comparable
among std, PMS and UMS rats (Supplementary Fig. 4d-j).

Furthermore, we found that the peak amplitude of a-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid receptor (AMPAR)-
mediated miniature excitatory postsynaptic currents (mEPSCs) was
significantly lower in UMS rats than in std and PMS rats (Fig. 2i-k). To
examine whether a dysfunction in presynaptic release contributes to
the observed synaptic defects, we performed paired-pulse ratio
(PPR) analysis to detect any changes in the probability of presynaptic
release. No difference was detected in the PPR among these three
groups (Fig. 2I-m), suggesting a comparable postsynaptic response
among Std, PMS and UMS rats. The peak amplitude and frequency
of mEPSCs in PMS rats were significantly higher than those in std
and UMS rats after restraint stress, which suggested the resilient
effects of PMS (Supplementary Fig. 3d-f).

Predictable maternal separation upregulates the oxytocin
pathway in the mPFC, but unpredictable maternal separation
does not

Given the observed difference in PMS- and UMS-induced changes
in neuronal structure and neurotransmission, the neuronal
molecular mechanisms among these groups were assessed. To
capture transcriptome-wide alterations in the adult male mPFC
after maternal separation, we used RNA sequencing (RNA-seq)
analysis. PMS altered the expression of 114 genes (P < 0.05, |fold
change | > 2), and UMS altered the expression of 289 genes (P <
0.05, [fold change|>2) compared with standard-reared controls.
Differentially expressed genes (DEGs) were enriched for several
relevant gene ontology terms (Fig. 3a, Supplementary Fig. 5). GO
biological process analysis indicated that PMS exhibited significant
differences in genes involved in the pathways of response to
glucocorticoids, nucleoside metabolic process and regulation of
appetite, which have been associated with anxiety and neural
plasticity, compared to std. UMS exhibited significant differences
in genes involved in the pathways of developmental process,
regulation of ion transmembrane transport, ion transport and
response to axon injury compared to std. The top GO terms
between PMS and UMS were cellular response to interferon-f,
parturition and defense response. Although only 16 genes were
altered at criteria between predictable and unpredictable MS, the
heatmap of DEG lists revealed that genes were altered in the
opposite direction (Fig. 3b). DEG analysis identified oxytocin, a
peptide hormone that has been shown to contribute to many
aspects of social behavior, as the strongest key driver gene of
these altered genes (Fig. 3c). Stressful and anxiogenic stimuli
result in the release of OXT, which acts as a powerful modulator of
anxiety-related behavior. OXT mRNA was upregulated by PMS
compared to standard-reared rats. OXT mRNA in the PFC of PMS
rats was significantly higher than that of UMS rats (Fig. 3d). The
OXT mRNA expression alteration in the PFC was also confirmed by
RT-PCR (Fig. 3e). In addition, we detected the oxytocin mRNA level
and oxytocin concentration in the PFC after restraint stress. The
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rats. e Representative confocal stacks and three-dimensional reconstruction images of the apical dendrites of mPFC pyramidal neurons
obtained from standard-reared, PMS and UMS rats. Scale bar, 2.5 um. f-g spine density and spine morphology were analyzed on the apical
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spines (two-way ANOVA, Bonferroni post-test P < 0.0001) and mushroom spines than Std and PMS rats (two-way ANOVA, Bonferroni post-test
P <0.0001). h Representative mEPSC of control (black), PMS (red) and UMS (green). Scale bar, 10 pA and 3 s. i, j There was an effect of MS on
mEPSC amplitude (one-way ANOVA, F, 53 = 24.93, P < 0.0001), UMS significantly decreased amplitude compared to control and PMS (post hoc
P <0.0001). MS had no effect on mEPSC frequency (one-way ANOVA, F,s3 =0.811, P=0.450). k Representative PPR of control (black), PMS
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results showed that the oxytocin mRNA level was significantly
higher in the PFC of PMS rats than in that of Std and UMS rats
(Fig. 3d, e, right). OXT concentration alterations in the mPFC and
serum were also evaluated by ELISA. The results showed that in
the mPFC, the concentration of oxytocin was higher in PMS
compared to UMS both before and after restraint stress (Fig. 3f). In
addition, we found that the oxytocin level in UMS serum was
lower than that in PMS rats from PND 11 until adulthood (Fig. 3g).
We also detected the expression of oxytocin receptors (OXTRs) in
the mPFC after restraint stress. Our results showed that the
expression of both OXTR mRNA and OXTR protein in PMS rats was
significantly higher than that in Std and UMS rats (Supplementary
Fig. 5g, h). Together, these results indicate that PMS- and UMS-
induced morphological and functional alterations in the mPFC are
coupled with changes in the oxytocin-related signaling pathway.

Pharmacological inhibition of oxytocin receptors (OXTR) in
the mPFC improves stress susceptibility in PMS rats, and
enhancement of OXT improves stress resilience in UMS rats
Since PMS rats exhibited higher OXT levels in the mPFC, we
sought to test whether inhibition of OXTR in the mPFC could
induce anxiety-like behavior in PMS rats (Fig. 3h, i). L-368,899
hydrochloride, an oxytocin receptor antagonist (OXTRA), was
microinjected into the mPFC of PMS rats. The duration in the
central zone and open arm ratio in the two groups were in the
same line (~45s in the central zone and 10% open arm ratio) in
PMS rats without restraint stress. However, after restraint stress,
the PMS rats injected with saline still spent approximately 45 s in
the central zones in the open field test and 15% of the time in the
open arm in the elevated plus maze, indicating that PMS rats
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showed robust stress resilience after adult restraint stress (Fig. 3j,
k). PMS rats injected with OXTRA spent significantly less time in
the central zone and open arms, which demonstrated that the
suppression of OXTR ability in the mPFC can induce anxiety-like
behavior in PMS rats after restraint stress (Fig. 3j, k). However,
whether restraint stress was elicited or not, there was no
difference in sucrose preference between oxtra- and saline-
treated rats, showing that suppression of OXTR in the mPFC has
no effect on depression-like behavior (Fig. 3I).

Given that the profound defect in the oxytocin signaling
pathway is the major cause of hypoactivity of mPFC pyramidal
cells in UMS, we sought to test whether correcting the reduction
in oxytocin in the mPFC could potentially reduce anxiety-like
behavior in UMS rats (Fig. 3m). We found that the application of
oxytocin had no effects on duration in the central zone or open
arm ratio in adult rats without restraint stress (Fig. 3n, o), which
means that oxytocin microinjection did not ameliorate the anxiety
level induced by unpredictable maternal separation. However,
both the time spent in the central zone and the open arm ratio in
rats injected with oxytocin were upregulated compared to rats
injected with saline, showing that oxytocin in the mPFC can
improve stress resilience to adult restraint stress. The sucrose
preference level remained at ~60% in UMS rats even after the
application of OXT, which indicates that elevated oxytocin in the
mPFC was not sufficient to improve anhedonic behavior (Fig. 3p).

To further examine the oxytocin effects in maternal separation
rats, we injected OXT/OXTRA by intraperitoneal injection (Supple-
mentary Fig. 6a). Standard-reared rats injected with oxytocin
exhibited stress resilience, while rats injected with saline and
OXTRA showed obvious anxiety-like behavior (Supplementary
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(Bonferroni post-test, P < 0.0001), while RS didn’t reduce the duration in open arms in UMS rats injected with OXT (Bonferroni post-test, P =
0.662). o Microinjection OXT into mPFC has no effect on sucrose preference in UMS rats (two-way ANOVA, interaction F; 4, = 3.339, P = 0.080).
*P < 0.05, **P <0.01, ***P < 0.001. Bar graphs show the mean +s.e.m.

Fig. 6b, c). Unfortunately, no differences were found between PMS
rats and UMS rats (Supplementary Fig. 6d-g). These results
corroborate the anxiolytic effects of oxytocin in the mPFC. Based
on these findings, reducing the oxytocin signaling pathway in the
mPFC shifted PMS rats toward a vulnerable phenotype and shifted
UMS rats toward a resilient phenotype.

OXTR knockdown in the mPFC promotes stress vulnerability
in PMS rats

To test the functions of OXT signaling in stress resilience more
accurately, we investigated whether suppressed OXTR in the mPFC
was necessary and/or sufficient to promote the behavior associated
with resilience (Fig. 4a). We used viral tools to knock down OXTR in
the mPFC. Bilateral injection of AAV-oxtr shRNA in the mPFC
knocked down OXTR, reducing the expression of OXTR by ~60%
(Fig. 4b, ). The concentration of oxytocin in the mPFC in PMS rats
injected with AAV-oxtr shRNA was significantly lower than that in
AAV-scramble rats (Fig. 4d). Knockdown of OXTR had no effects on
anxiety and depression levels in either PMS or standard-reared rats
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without restraint stress (Fig. 4e, f, Supplementary Fig. 7c, d). AAV-oxtr
shRNA rats displayed anxiety-like behavior in the open field
(decreased duration in central zones, Fig. 4e) and elevated plus
maze (decreased open arm ratio, Fig. 4f) tests. AAV-scramble rats
experiencing PMS still showed robust stress resilience to restraint
stress (Fig. 4e, f), indicating that OXTR knockdown in the mPFC of
PMS rats promoted a more vulnerable phenotype than control AAV-
scramble rats. In the standard-reared rats, both AAV-oxtr shRNA and
AAV-scramble groups indicated anxiety-like behavior after restraint
stress; however, the anxiety level in AAV-oxtr shRNA rats was more
severe than that in AAV-scramble rats (Supplementary Fig. 7b, c).
However, OXTR knockdown in neither PMS nor standard-reared rats
had any effects on sucrose preference (Fig. 4g, Supplementary
Fig. 7e), which might be because 3 days of restraint stress cannot
induce depression-like behavior. To further explain the effects of
OXTR knockdown in the mPFC, we detected behavioral performance
two weeks later. The anxiety level was still higher in AAV-oxtr shRNA
rats than in AAV-scramble rats (Fig. 4e, f), and the depression level
was still the same between the two groups (Fig. 4g).
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OXTR knockdown decreased mPFC pyramidal cell excitability
compared to that in AAV-scramble rats (Supplementary Fig. 8a, b).
In addition, OXTR knockdown decreased the sEPSC frequency
compared to scramble rats but did not affect the sIPSC frequency
or peak amplitude (Supplementary Fig. 8f-k). A decreased sEPSC/
sIPSC amplitude ratio was shown in OXTR knockdown rats
(Supplementary Fig. 8, j). OXTR knockdown resulted in a reduction
in mEPSC frequency and peak amplitude compared to those of
AAV-scramble rats, suggesting that OXTR knockdown altered
synaptic transmission function (Fig. 4h—j). These results indicate
that reduced OXTR expression in the mPFC shifted PMS rats
toward a vulnerable phenotype.

OXTR overexpression in the mPFC promotes stress resilience
in UMS rats

To determine whether the overexpression of OXTR in the mPFC
promoted stress resilience in UMS rats, we bilaterally administered
either AAV-CMV-GFP (control virus, AAV-GFP) or AAV-CMV-OXTR-
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mEPSC inter-events interval (ms)

P2A-GFP (AAV-OXTR), which nonspecifically overexpressed GFP or
overexpressed OXTR and GFP, respectively (Fig. 4k). AAV-OXTR
increased the expression of OXTR by 50% (Fig. 41, m). Interestingly,
we found that OXTR overexpression in the mPFC ameliorated
anxiety-like behavior in the open field test (increased duration in
central zones, Fig. 40) before restraint stress, indicating that OXTR
overexpression can rescue UMS-induced anxiety-like behavior.
Restraint stress decreased the duration in the central zone and the
open arm ratio in both AAV-oxtr UMS rats and AAV-GFP UMS rats.
Importantly, in UMS rats, OXTR overexpression rats spent more
time in central zones in the open field test than AAV-GFP rats
(Fig. 40, p), showing that OXTR overexpression promoted UMS
stress resilience compared to the AAV-GFP control. OXTR over-
expression in standard-reared rats improved stress resilience
(increased duration in the central zone and increased open arm
ratio) compared to AAV-GFP control rats (Supplementary Fig. 9h, i).
The behavioral phenotype remained constant two weeks after
restraint stress. However, overexpression of OXTR in the mPFC had
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Fig. 4 Oxtr knock-down promotes RS induced anxiety-like behavior in PMS rats, and Oxtr overexpression attenuate RS induced anxiety-
like behavior in UMS rats. a Timing of postnatal stress, AAV manipulation, adult restraint stress and behavior testing and illustration of AAV-
U6-OXTR-CMV-GFP injection into the mPFC, representative image of viral targeting of mPFC in adult male rat. b Representative image of OXTR
mMRNA expression in mPFC using RNA Scope. Scale bar, 20 um. ¢ Representative image of OXTR expression in mPFC using western blotting.
The OXTR expression in mPFC in AAV-OXTR shRNA rats was decreased significantly compared to AAV-scramble rats (two tailed unpaired t test,
P =0.009, n =4). d Oxytocin concentration in mPFC was decreased significantly in PMS rats injected with AAV-oxtr shRNA compared to rats
with AAV-scramble (two tailed unpaired t test, P < 0.001, n = 5). e Duration in central zone in open field test (two-way ANOVA, interaction F; 45
=8.213, P =0.020; effect of RS F, 45 = 5.066, P = 0.010, effect of AAV F; 45 = 8.213, P = 0.006). Rats injected with AAV-OXTR shRNA stayed less
time in central zone compared to rats injected with AAV-scramble (post hoc, P= 0.010). f Open arm ratio in elevated plus maze test (two-way
ANOVA, interaction F, 45 = 3.193, P = 0.051; effect of RS F, 45 =5.199, P=0.010, effect of AAV F, 45 =6.242, P = 0.016). After RS, rats injected
with AAV-oxtr shRNA spent less time in open arm compared to before RS (post hoc, P=0.041). g There was no difference in sucrose
preference test (two-way ANOVA, interaction F, 45 = 2.305, P = 0.111); effect of RS F, 45 = 4.253, P = 0.020, effect of AAV F; 45 = 1.906, P = 0.174.
h Representative mEPSC of PMS rats injected AAV-scramble (red) and AAV-oxtr shRNA (light red). Scale bar, 20 pA and 200 ms. i, j Both mEPSC
amplitude and frequency in AAV-scramble rats lower than that in AAV-oxtr shRNA rats (two tailed unpaired t test, P < 0.014). *P < 0.05, **P <
0.01, ***P <0.001. Bar graphs show the mean +s.e.m. k Timing of postnatal stress, AAV manipulation, adult restraint stress and behavior
testing, illustration of AAV-U6-OXTR-CMV-GFP injection into the mPFC. | Representative image of OXTR mRNA expression in mPFC using RNA
Scope. Scale bar, 20 um. m Representative image of OXTR expression in mPFC using western blotting. The OXTR expression in mPFC in AAV-
OXTR rats was increased significantly compared to AAV-GFP rats (two tailed unpaired t test, P=0.008, n = 4). n Oxytocin concentration in
mPFC was upregulated significantly in UMS rats microinjected with AAV-OXTR compared to rats with AAV-GFP (two tailed unpaired t test, P <
0.001, n = 5). o Duration in central zone in open field test (two-way ANOVA, interaction F; 45 = 0.962, P = 0.389; effect of RS F, 43 =7.567, P =
0.001, effect of AAV F; 45 = 13.41, P=0.0006). Rats injected with AAV-OXTR stayed more time in central zone compared to rats injected with
AAV-GFP (Bonferroni post-test, P = 0.037). p Open arm ratio in elevated plus maze test (two-way ANOVA, interaction F; 46 = 0.749, P = 0.479;
effect of RS F46 =5.092, P=0.010, effect of AAV F; 46 =0.827, P=0.368). q There was no difference in sucrose preference test (two-way
ANOVA, interaction F, 46 = 2.545, P = 0.090; effect of RS F, 46 = 5.674, P = 0.006, effect of AAV F; 46 = 1.906, P=0.171). Scale bar, 20 pA and 200
ms. s Representative mEPSC of UMS rats injected AAV-GFP (green) and AAV-OXTR (dark green). r-t mEPSC amplitude in AAV-OXTR rats higher

than that in AAV-OXTR rats (two tailed unpaired t test, P=0.001). *P < 0.05, **P < 0.01, ***P < 0.001. Bar graphs show the mean £ s.e.m.

no effects on sucrose preference in UMS and standard-reared rats
(Fig. 4q, Supplementary Fig. 9j). Sucrose preference was always
maintained at 70% before and after restraint stress in UMS rats,
which means that OXTR overexpression cannot rescue UMS-
induced depression-like behavior. However, in standard-reared
rats, the sucrose preference remained at 80%, perhaps because
restraint stress could not induce depression-like behavior.

OXTR overexpression improved the cell excitability of pyramidal
cells in the mPFC in UMS rats (Supplementary Fig. 9a, b). Both
SEPSC peak amplitude and sIPSC peak amplitude were increased
in OXTR-overexpressing rats compared to AAV-GFP rats, but the
frequency did not change (Supplementary Fig. 9c-j). Basal
synaptic transmission measurements indicated that in the AAV-
oxtr mPFC pyramidal cells, there was a partial rescue of mEPSC
peak amplitude but no effect on mEPSC frequency (Fig. 4r-t).
Together, these experiments provided strong evidence that the
oxytocin signaling pathway in the mPFC is both necessary and
sufficient to promote adult anxiolysis in response to restraint
stress. The sufficient oxytocin concentration in the mPFC of PMS
rats accounts for its resilience to adult restraint stress. The deficit
of oxytocin in the mPFC of UMS rats accounts for its susceptibility
to adult restraint stress.

PVN oxytocinergic neuron projections to the mPFC are
essential for anti-anxiety in PMS rats

In rodents, neurons in the PVN are the main source of OXT
projections to the brain. To further confirm that the mPFC oxytocin
signaling pathway is implicated in rat stress anti-anxiety behavior,
we selectively prevented PVN-mPFC OXT projections (Fig. 5a). We
injected retrogradely AAV-CMV-betaglobin-cre-P2A-GFP into the
mPFC and injected the PVN with an AAV carrying a double-floxed
inverted open reading frame (ORF) (DIO) of the hM4D (Gi) DREDD
receptor and mCherry under the control of the oxytocin promoter
(Fig. 5a). With this combination, we achieved DREADD(Gi)-mCherry
expression exclusively in PVN OXT neurons projecting to the mPFC.
We verified the regional specificity of virally mediated labeling of
OXT neurons (Fig. 5b). We verified the regional and cell type
specificity of virally mediated labeling of OXT neurons (Supplemen-
tary Fig. 10a). To control the efficacy of DREADD-mediated inhibition
in PVN neurons retrogradely labeled from the mPFC, we performed
ex vivo patch-clamp electrophysiology recordings on PVN slices. The
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results showed a significant reduction in the number of evoked
spikes after CNO application in retrogradely labeled PVN neurons
(Supplementary Fig. 10b, c). Selective inhibition of PNV-PFC
oxytocinergic neuron projections had no effect on the duration in
the central zone or open arm ratio without restraint stress. However,
selective inhibition of OXT neurons projecting from the PVN to the
mPFC was sufficient to reverse the PMS stress resilience phenotype
(decreased duration in the central zone in the open field, Fig. 5¢, d)
and aggravate the anxiety level in standard-reared rats (decreased
duration in the central zone in the open field test, Fig. 5g, h). The
inhibition of PVN-mPFC OXT projection had no effects on
locomotion ability (Fig. 5e, i). Altogether, these findings strengthen
the conclusion that appropriate oxytocinergic signaling within the
mPFC is critical to stress resilience, and PMS rats exhibited a resilient
phenotype by increasing oxytocinergic signaling in the mPFC.

We investigated whether the oxytocin level could be correlated
with key neurobiological features (i.e, anxiety, synaptic structures
and transmissions and corticosterone response) in adult male rats.
The oxytocin level in the mPFC inversely correlated with the
corticosterone response in serum but showed a positive correlation
with anxiety-like behavior (duration in central zones in the open
field test and open arm ratio in the elevated plus maze test). Spine
length and number showed a negative correlation with anxiety-like
behavior and a positive correlation with corticosterone levels in
serum. Synaptic transmission function was inversely correlated with
spine length and number and negatively correlated with anxiety-like
behavior (Supplementary Fig. 11). These findings are consistent with
the overall conclusions from the results presented in rats, indicating
that oxytocin expression is elevated in resilient PMS rats and is
decreased in susceptible UMS rats. Together, these results identify
that PMS exhibited stress resilience via an elevated oxytocin
signaling pathway, while UMS exhibited stress susceptibility via a
suppressed oxytocin signaling pathway.

DISCUSSION

Overall, our study provides direct evidence showing that
predictable maternal separation leads to stress-reducing effects,
while unpredictable maternal separation results in depression-
and anxiety-like behavior, indicating that PMS promotes stress
resilience and that UMS contributes to stress susceptibility.

Molecular Psychiatry (2021) 26:7296 - 7307



D.-D. Shi et al.

a
AAV-CMV-betaglobin-P2A-GFP
Bird Lt 3 weeks Behavioral T
wee! recovery 5 o % ¢
s s arse-SR> (%
Weaning PND 78-80 b\ p 81-82
AAV-OXT-DIO-mCherry
AAV-OXT-DIO-hM4D(Gi)-mCherry
B »
C mCherry hM4D(Gi) d 3 .
¢ § S SR CL . RS 2
® N o 40 o
Ctrl | © o= o *
=] © 30
840 8
x =20 °
< g 10 é E
= ')
@ 0
RS 5 SRR
o é@ bp\ (}\e’ »9\
N QQ N ‘\Q
0
9 mCherry hM4D(Gi) h @ ~ 50
= ‘B SR Cirl I RS 3
& )Y 2 5 S 40 *%
Ctrl = e 30 °
2 £
[$] =
{= « 20 8 a X
= c
c
§ 2 104 :
= o)
R S S \o@éﬁo\é\ QQ}‘*O\G\
&) Q) 6\0 ®D‘
o) ‘0® b

Fig.5 PVN-mPFC OXT projections are necessary for anti-anxiety in PMS rats. a Timing of postnatal stress AAV manipulation, adult restraint
stress and behavior testing and illustration of AAV injection into the mPFC and PVN. b Representative image of viral targeting of mPFC and
PVN in adult male rat. Scale bar, 100 um. ¢ Heatmap of average rat exploration during open field test. d Duration in central zone in open field
test (two-way ANOVA, interaction F; 4, =8.988, P =0.004, effect of restraint stress Fy 44 =12.41, P=0.001, effect of AAV F; 4, =2.300, P=
0.136). Restraint stress decreased duration in central zone significantly in PMS rats injected with hM4D (Gi) (Bonferroni post-test, P < 0.001),
while RS has no effect on duration in PMS rats injected with mcherry (Bonferroni post-test, P = 0.986). After restraint stress, PMS rats injected
with hM4D (Gi) spent less time in central zone compared to rats injected with mcherry (Bonferroni post-test, P=0.013). e There was no
difference in rats locomotor abilities (two-way ANOVA, interaction F; 44 = 3.136, P = 0.084; effect of RS F; 44 =0.975, P = 0.422, effect of AAV
F1.44=0.222, P = 0.640), indicating that locomotion ability of rats was not affected by PMS and restraint stress. f Open arm ratio in elevated
plus maze (two-way ANOVA, interaction F; 44 = 0.314, P = 0.578, effect of restraint stress F; 4, = 14.07, P = 0.001, effect of AAV F; 56 = 0.349, P =
0.558). PMS rats injected with hM4D (Gi) spent less time in open arms after RS compared to rats before RS (Bonferroni post-test, P=0.012).
g Heatmap of average rat exploration during open field test. h Duration in central zone in open field test in standard-reared rats (two-way
ANOVA, interaction F; 3¢ = 1.544, P =0.222, effect of restraint stress F; 35 = 12.84, P=0.001, effect of AAV F; 36 =6.081, P=0.031). Restraint
stress decreased duration in central zone significantly in PMS rats injected with hM4D (Gi) (Bonferroni post-test, P < 0.001), while RS has no
effect on duration in PMS rats injected with mcherry (Bonferroni post-test, P = 0.986). After restraint stress, PMS rats injected with hM4D (Gi)
spent less time in central zone compared to rats injected with mcherry (Bonferroni post-test, P=0.004). i There was no difference in rats
locomotor abilities (two-way ANOVA, interaction F; 36 =0.329, P = 0.570; effect of RS F; 35 =1.318, P=0.138, effect of AAV F;3,=1.838, P=
0.184). j Open arm ratio in elevated plus maze (two-way ANOVA, interaction F; 35 = 0.967, P = 0.332, effect of restraint stress F; 36 = 12.88, P=
0.001, effect of AAV F; 35 =0.801, P=0.378). Restraint stress decreased open arm ratio significantly in PMS rats injected with hM4D (Gi)
(Bonferroni post-test, P = 0.002), while RS has no effect on duration in PMS rats injected with mcherry (Bonferroni post-test, P = 0.383). After
restraint stress, PMS rats injected with hM4D (Gi) spent less time in open arms compared to rats injected with mcherry (Bonferroni post-test,
P =0.046). *P < 0.05, **P < 0.01, ***P < 0.001. Bar graphs show the mean + s.e.m.

However, the undeniable fact is that previous studies support that
maternal separation during the early life period contributes to the
development of subsequent emotional instability [9, 18-21]. Many
factors can lead to the different effects of maternal separation,
including experimental design, strain differences, frequency, and
predictability. Even maternal separation used in literature is similar
to PMS, there are still other confounding factors leading to
different results. Studies showed that 3 h of daily separation from
birth to 14 days postnatal can result in depression-like behavior
upon re-exposure to stress in adult rodents [22, 23]. While 3 h of
maternal separation from PND 3-14 in Long-Evans rat pups did not
appear to alter adult behaviors [24]. 4 h of maternal separation
from PND 1-15 in Wistar rat had no effects on adult behaviors
[25]. What's more, 3-4h of separation from PND 1-13 can
attenuate anxiety [26, 27], even 6 h of separation from PND 1-21
can lower emotional responses and decrease anxiety in adverse
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conditions in adults [28, 29]. But nearly none of the researchers
have ever described the predictability or unpredictability of
maternal separation. In our study, the duration and period of
maternal separation and breeding environment are same in PMS
and UMS rats. Unpredictable separation has more profound and
persistent effects than predictable separation because it cannot be
anticipated and compensated for [30]. Predictable separation is
moderate early-life stress compared to unpredictable separation.
Thus, divergent results of PMS and UMS confirmed the different
effects of moderate and severe early-life stress on rat behaviors.
Our findings support traditional theories about the stress-reducing
role of predictability and are the first to examine in detail the
effects of predictable and unpredictable maternal separation on
adult rats. In addition, our results suggest that children with a
prosperous early life are still susceptible to adult stress, while
children who experience moderate predictable early-life stress,
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such as setback education, could promote their resistance to adult
stress, which provides parents with a sound theoretical basis for
children’s education.

However, the underlying mechanism by which unpredictable
early-life stress leads to susceptibility and predictable stress results
in resilience remains unclear. Our c-fos mapping data show that
restraint stress activated more neuronal cells in the mPFC in PMS
rats than in UMS rats. Dysfunction of the mPFC has been
implicated in patients with anxiety, for which stress is a major risk
factor [31]. Anxiety patients show reduced neuronal activity in the
mPFC [32], and optogenetic stimulation corrects neural hypoac-
tivity and rescues anxiety and anhedonia induced by social defeat
[33]. Moreover, clinical studies indicate that brain stimulation
within the prefrontal cortex can be effective for anxiety and severe
treatment-resistant depression [34, 35]. Notably, stress results in
structural and functional changes in the mPFC, including loss of
dendritic spines and altered synaptic transmission. Consistently,
we found that mPFC pyramidal neurons exhibited hypoactivity
caused by reduced excitatory synaptic transmission and dendritic
spine abnormalities in UMS rats but not in PMS rats. UMS may
increase intracellular signaling in the mPFC, leading to morpho-
logical and physiological changes, which may be required for
shaping adaptive behavioral responses in the face of adverse
stress, thereby resulting in the development of susceptibility
[36, 371. To further reveal the effects of maternal separation on
intracellular signaling, RNA-seq was applied to analyze the
differentially expressed genes and signaling pathways.

Here, we elucidated the higher-order organization of the
transcriptional response to separation stress across the mPFC
and demonstrated oxytocin signaling as the main pathway to
promote resilience in PMS rats. In humans, oxytocin has been
proposed to play a role in the reduction of anxiety, and exogenous
intranasally administered oxytocin has anxiolytic effects in anxiety
disorder patients [38-40]. Central injection of oxytocin in rats and
mice reduces anxiety [41, 42]. We showed that manipulations of
OXT/OXTR significantly affected resilient/vulnerable behavior in
PMS/UMS rats. Consistent with our results, activation of oxytocin
receptor interneurons in the mouse mPFC is anxiolytic in males
[43]. In our study, the manipulations of OXTR were altered the
oxytocin concentration in mPFC. It is interpretable that OXTR
knockdown/overexpression in mPFC neurons produces a reduc-
tion/increase in oxytocin levels. For a functional OXT-OXTR system,
stimulus-dependent expression and release of OXT have to be
balanced with a fine-tuned regulation of local OXTR expression
[44]. Presynaptic oxytocin receptors were described in the 1980s
by Audigier and Barberis [45]. The transfer of information via
presynaptic receptors occurs in the direction from the synaptic
cleft to the nerve terminals, which release the neurotransmitter
[46]. In the early period, oxtr knockdown might lead to high
oxytocin levels in the synaptic cleft. The high oxytocin level could
affect the activation of oxtr on the presynaptic membrane, which
might suppress oxytocin release to the synaptic cleft. Thus, we
speculated that axon terminals possess presynaptic oxtrs that
modulate oxytocin release through a negative-feedback mechan-
ism. OXTR is the main target for endogenous and synthetic
oxytocin. Oxytocin is supposed to be produced by PVN neurons,
not only in the cell body but also in the axons. The regulation of
oxytocin mRNA localization and local translation play vital roles in
the maintenance of cellular structure and function [46]. Oxytocin
mMRNA localized in the mPFC can also be locally translated. To
maintain the balance between oxytocin and OXTR, a reduction in
OXTR in the mPFC might lead to a reduction in oxytocin levels.
OXTR gene loss could lead to a reduction in oxytocin gene
expression [47]. Further experiments are warranted to understand
the mechanism. Although previous studies have revealed that
oxytocin plays a pivotal role in anxiety behavior, they have never
determined how to enhance the oxytocin level. In our research,
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the oxytocin level in the mPFC was upregulated in predictable
separation rats, confirming that moderate early-life stress can raise
oxytocin in the mPFC and then promote stress resilience in rats.
However, how predictable maternal separation promotes oxytocin
levels in the mPFC is not understood.

Notably, our manipulations of OXT/OXTR data support the
existence of transcriptional analysis, as we repeatedly showed that
manipulation of OXT/OXTR is sufficient to decrease resilience in rats
with predictable separation by activating a network of vulnerable
genes. Although our manipulation was limited to OXT/OXTR, some
other genes associated with neuroinflammation were also enriched
in PMS rats versus UMS rats. For example, interferon-stimulated
gene-15 (Isg15), a ubiquitin-like protein (Ubl) that is expressed in
response to type 1 interferon (IFN-a/P) signaling [48], was increased
significantly in the mPFC of UMS rats compared to PMS rats and was
upregulated following AAV-oxtr shRNA infection in the mPFC of PMS
rats (data not shown). These observations show that manipulations
of OXT/OXTR can cause downstream transcriptional effects in the
mPFC. While neuroinflammation has been shown to play a role in
anxiety and depression susceptibility [48], the role of oxytocin
signaling and inflammation interaction in resilience has not yet been
defined. These findings illustrate that the stress-reducing effects of
predictable separation contribute to the oxytocin signaling pathway.

Overall, we have demonstrated that predictable early-life stress
can promote stress resilience later in life, mediated by the
oxytocin signaling pathway in the rat mPFC. Unpredictable
maternal separation leads to depression-like/anxiety behavior,
which becomes manifest after additional stress in adulthood. The
steadily increasing burden of depression and anxiety highlights
the need for improving their prevention and treatment. Under-
standing how moderate predictable early-life stress programs
stress resilience provides insight into ways of preventing
depression and anxiety disorders and reducing the deleterious
effects of severe early-life stress.

DATA AVAILABILITY
The RNA-seq datasets analyzed during the current study are available in the figshare
repository, [https://doi.org/10.6084/m9.figshare.15170274].
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