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Social interaction plays an essential role in species survival for socialized
animals. Previous studies have shown that a lack of social interaction such
as social isolation, especially in the early-life phase, increases the risk of
developing mental diseases in adulthood. Chronic social stress alters blood-
brain barrier (BBB) integrity and increases peripheral cytokines to infiltrate the
brain, which is linked to the development of depressive-like behaviors in mice,
suggesting that BBB function is crucial in environmental stimuli-driven mood
disorders via increased neuroinflammation in the brain. However, the precise
mechanisms of inflammation and BBB integrity underlying the behavioral
profiles induced by social isolation remain poorly understood. Here we
showed that chronic childhood social isolation from post-weaning for
consecutive 8 weeks in female but not male C57BL/6J mice induces
anxiety-like behaviors. The levels of peripheral inflammatory cytokines
including interleukin (IL)-1p, IL-6, and tumor necrosis factor (TNF)-a in the
plasma of socially isolated female mice were increased. Importantly, we found
decreased expression of the endothelial cell tight junction protein Claudin-5,
increased BBB breakdown and microglial activation in the amygdala of isolated
but not group-housed female mice. Moreover, the neuronal activity in the
amygdala was increased as evidenced by c-fos positive cells, and the levels of
IL-1B in the amygdala, a critical brain region for regulating social processing and
interaction, were also higher in female mice exposed to social isolation. Finally,
down-regulation of Claudin-5 induced anxiety-like behaviors in group-housed
females and overexpression of Claudin-5 with adeno-associated virus in the
amygdala to restore BBB integrity decreased subsequent anxiety-like behaviors.
Together, these findings suggest that chronic childhood social isolation
impaired BBB permeability and caused neuroinflammation in the amygdala
by recruiting peripheral cytokines into the brain and activating microglia,
consequently triggering the development of anxiety-like behaviors in
female mice.
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Introduction

Social behavior, like eating and sleeping, is an essential function
for both socialized animals and human beings survival and
development (Baumeister and Leary, 1995; Cacioppo et al.,
2014). Lack of social interaction, as a psychological stress factor,
lead to mental disorders such as anxiety and depression (Cacioppo
et al., 2014; Chen et al., 2016; Endo et al., 2018; Xia and Li, 2018;
Campagne, 2019; Fosnocht et al,, 2019; Pais et al,, 2019; Taheri
Zadeh et al., 2021). Moreover, comparing to men, women are more
prone to mental health conditions after experiencing social isolation
(Sepulveda-Loyola et al., 2020; Smith et al., 2020; Taheri Zadeh et al.,
2021). Specifically, most anxiety disorders affect almost twice as
many women as men (Craske and Stein, 2016). However, the
majority of the currently used anxiety models was conducted in
males and resulted in insufficient evidence on the pathogenesis of
anxiety-related psychiatric disorders, leading to one-third of social
anxiety disorder patients are treatment resistant due to the low
response to conventional treatments (Craske et al., 2017; Malhi and
Mann, 2018; Slavich and Sacher, 2019; Smith et al., 2020; Fruehwirth
etal., 2021; Dion-Albert et al., 2022). Childhood and adolescence are
susceptible periods for social isolation, during which the brain
undergoes enhanced synaptic plasticity related to social function
(Petanjek et al,, 2011; Orben et al,, 2020). Previous studies have
shown that social isolation, especially in the early-life phase,
increases the risk of developing mental diseases in adulthood
(Rivera-Irizarry et al., 2020). Moreover, social isolated male mice
exhibit heightened aggression, while isolated females exhibit social
withdrawal, revealing a sex-specific responses to isolation stress (Tan
et al, 2021). Therefore, it is an urgent need to determine the
mechanism involed in the diverse effects of childhood social
isolation on behavioral consequences in both sexes.

Exposure to inflammation is associated with several
neuropsychiatric disorders, including depression and anxiety
(Maes et al,, 1995; Smith et al., 2020). Among the studies on
the pathogenesis of mental disorders induced by social isolation,
one of the most commonly demonstrated stress responses
induced by social isolation is systemic inflammatory response
(Kriigel et al., 2014; Corsi-Zuelli et al., 2018; Almeida et al., 2021).
The blood-brain barrier (BBB) is a bridge of humoral pathways
between peripheral inflammation and neuroinflammation.
Recently, the critical role of the BBB in the pathogenesis of
mental disorders has received a particular attention on sex-
specific characteristics (Menard et al., 2017; Dion-Albert et al.,
2022). For example, male mice experiencing social defeat stress
demonstrated BBB damage and decreased tight junction protein
Claudin-5 in the nucleus accumbens (NAc), while female mice
showed a damaged BBB in the medial prefrontal cortex (mPFC)
(Menard et al,, 2017; Dion-Albert et al., 2022). These findings
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highlighted the significance of further determining the role of
region-specific dysregulation of BBB integrity in diverse
behavioral phenotypes in males and females suffered early-life
social isolation.

This study aims to clarify the mechanisms underlying sex-
specific influence of behavioral outcomes induced by chronic
social isolation. We exposed mice from post-weaning for 8 weeks
of social isolation and measured anxiety-, depressive-like
behaviors, social interaction and cognitive functions. In
addition, peripheral inflammation, neuroinflammation and
BBB function were measured. Finally, we regulated the tight
junction protein Claudin-5 using virus-mediated manipulation
to reveal the role of the BBB in behavioral deficits induced by
social isolation.

Materials and methods
Animals

Both male and female C57BL/6] mice (Peking University
Health Science Center) were used in this study and maintained in
standard temperature (22 + 2°C), humidity (50% + 10%), and
12 h circadian rhythm cycle (8:00-20:00 is the light cycle) with
free food and water access. Mice were 3 weeks old at the start of
the experiments (weighing 7-9 g). Behavioral tests were carried
out during the dark cycle. All mouse experiments met the ethical
requirements of experimental animals and complied with the
regulations issued by the state and the Animal Use and
Protection Committee of the Peking University Health Science
Center (Approval No. LA2019067).

Childhood social isolation stress

On post-natal day 21 (PND21), mice were housed in
isolation (1 mouse per cage) or groups (4-6 mice per cage).
Mice were placed in the same rooms, but baffles were arranged
between adjacent cages for isolated mice. Isolated mice can hear
and smell other mice but cannot see and interact physically with
other mice. According to previous study, social isolation
procedure was maintained for 8 weeks (Gan et al., 2014).

Novelty suppressed feeding test
The novelty suppressed feeding test (NSFT) was performed

in an opaque acrylic plate box with an open top (42 cm x 42 cm x
42 cm). Mice were tested after 24 h of food deprivation. Four
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food pellets from home cage were placed in the central area of the
test box. Mice were gently put into the test box from one corner.
The latency to start eating food pellets was used to evaluate the
anxiety-like behaviors. During the test, mouse was allowed to
explore freely in the box for 10 min, and the longest latency was
recorded as 600 s (Linge et al., 2013).

Elevated plus maze test

The elevated plus maze (EPM) apparatus consists of two
open arms (30 cm x 5cm), two closed arms (30 cm x 5cm,
height 23 cm), and a central area (5 cm x 5 cm); the open arms
were elevated 75 cm from the ground. During testing, mice were
gently placed in the central area with their head facing the open
arm, and the test lasted for 6 min. The EPM test is a widely
accepted approach to reflect the behavioral changes following
psychosocial stress. The time that mice stayed in open arms and
the numbers entered open arms were recorded as indicators to
evaluate anxiety-like behaviors (Pi et al., 2020).

Open field test

The open field test (OFT) was performed in an opaque acrylic
plate box with an open top (42 cm x 42 cm x 42 cm). Mice were
placed in the center of the apparatus in the beginning of the test,
and were allowed to explore freely for 5 min. Total travel distance
(cm) was recorded as the measure of spontaneous locomotion.
The time of mice in the central area (24cm x 24 cm) was
recorded as a measure of anxiety-like behaviors. At the end of
the test, mice were put back to their home cages. During the test
interval of two mice, the test apparatus was wiped with 75%
alcohol to remove the residual odor and excreta (Linge et al,
2013).

Sucrose preference test

The sucrose preference test (SPT) is a useful parameter of
anhedonia simulating a core symptom of depression in humans
based on a two-bottle free-choice paradigm in rodents. Briefly,
the sucrose preference test consists of three stages: 1) Adaptation
stage: 1% sucrose solution was prepared with daily drinking
water of mice, 1% sucrose and drinking water were put into two
bottles of the same size and appearance, respectively, and then
two bottles were placed on the cages of mice. Mice can freely
choose to drink each liquid from the two bottles for 48 h, and the
positions of the two bottles were exchanged at the 24th hour. 2)
Fasting stage: mice were deprived of water and food for 24 h
before testing. 3) Sucrose preference test: 1% sucrose bottles and
drinking water bottles were weighed and carefully placed on the
cage simultaneously. Mice can freely choose to drink either liquid
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from the two bottles for 24 h. The positions of the two bottles
were exchanged at the 12th h. After testing, two bottles were
weighed again, and the intakes of sucrose and drinking water
within 24 h were calculated. The sucrose preference value was
used as the indicator of anhedonia (Liu et al., 2018). Sucrose
preference (%) = 1% sucrose intake/(1% sucrose intake + water
intake) x 100%.

Forced swim test

The forced swim test (FST) was conducted in a plexiglass
cylinder with a diameter of 18 cm and a height of 27 cm. The
water depth was 15 cm, and the water temperature was kept at
25 £ 1°C. When testing, mouse cannot be supported by their
limbs or tail. Baffles were placed between adjacent cylinders to
prevent mice from learning from each other. The water in the
cylinder was replaced every three mice to avoid the interference
of excreta. The forced swim test was divided into two stages:1)
Adaptation stage: 1 day before the test, mice were forced to swim
for 15 min. 2) Forced swim test: 24 h later, mice were subjected to
the swimming test for 6 min, and the floating immobility time of
the last 4 min after recording was used as an indicator of
depressive-like and despair behavior (Snyder et al., 2011).

Tail suspension test

For the tail suspension test (TST), mouse was hung up by the
tape (3/4 of the distance from the bottom of tail) and were
suspended about 35 cm away from the ground after hanging. A
total of 6 min of testing was carried out and the time that mice
spent immobility in the last 4 min of each 6-min test was
recorded as an indicator of despair behavior (Stukalin et al.,
2020).

Social interaction test

The social interaction (SI) test equipment consists with an
open top (42 cm x 42 cm x 42 cm), and the social interaction area
was a 12.cm x 24 cm rectangle on one side within a 7 cm x
11 cm x 30 cm transparent plastic box. This box separated the
test mouse from the other mouse used for interaction. The top of
this box was open, and there were some holes at its walls so that
the test mouse could smell the odor of the mouse used for
interaction (Tian et al, 2018). The test was divided into two
sessions, each session was 2.5 min, and the interval between the
two sessions was 1 min. In the first session, there were no mice in
the transparent plastic box, and the test mouse was put into the
test device from the corner away from the interaction area. Then,
the test mouse was allowed to explore freely for 2.5 min. In the
second 2.5 min session, an unfamiliar mouse was placed into the
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transparent plastic box. The test mouse was again put into the test
device from the corner away from the interaction area again. The
time that mice spent in interaction zone of two sessions were
recorded, respectively. The social behavior of mice was evaluated
by the SI index calculated by the ratio of time that mice spent in
the interaction area in the second session to the time that mice
spent in the interaction area in the first sessions (Ifiguez et al.,
2014).

Novel object recognition test

The novel object recognition test (NORT) was performed in a
40 cm Xx 27 cm x 18 cm box. The test was divided into two
sessions, each session was 3 min, and the interval between two
sessions was 15 min. In the first session, mice were placed in the
test device from the corner. There were two same objects A in the
center of the test box. In the second session, there were two
objects: familiar object A and novel object B. A and B were
different in character, material, and color. Mice were placed in
the test device from its corner, and the time of mice exploring A
and B was recorded, respectively. The cognitive function of mice
was evaluated with the novel object recognition index, which is
determined by a ratio of the time of exploring object B to (the
time of exploring object A + the time of exploring object B)
(Janczura et al., 2013).

Western blot

Mice were sacrificed, and brain tissues were frozen in
n-hexane cooled with dry ice and ethanol (-65°C) and were
stored in a —80°C refrigerator until use. The positions of the
mPFC, NAc, amygdala (Amy), hypothalamus (Hypo) and
hippocampus (Hip) were determined according to the second
edition of Mouse Brain in Stereotaxic Coordinates and brain
tissues were removed with a freezing microtome (Leica,
CM1900). The collected tissues were homogenized in RIPA
lysis buffer (Applygen, C1053) supplemented with protease
(Applygen, P1266)
inhibitors cocktail (Applygen, P1264) and were homogenized

inhibitors  cocktail and phosphatase
by bead rotor homogenizer (Omini). After centrifugation
(13,000 rpm for 15 min at 4°C), the supernatant was collected,
and protein concentration was quantified with BCA Protein
Assay Kits (Applygen, P1511). Protein samples were adjusted
to an equal concentration and were mixed with 5 x loading buffer
(Applygen, B1012) and heated at 100°C for 5min to be
denaturalized. Protein samples were separated by SDS-PAGE
electrophoresis (Meilun 12% gels, MA0260) at 120 V (for about
1 h), subsequently were electrotransferred onto polyvinylidene
difluoride membranes (Millipore) via wet transfer (250 mA at
4°C for 1 h). Protein membranes were blocked using 5% defatted
milk powder in TBST buffer for 1 h at room temperature. The

Frontiers in Cell and Developmental Biology

04

10.3389/fcell.2022.943067

membranes were incubated overnight with primary antibodies
against Claudin-5 (1:1,000, Invitrogen, rabbit, 34-1,600), IL-1f
(1:1,000, Abcam, rabbit, Ab234437), TNF-a (1:500, Abcam,
rabbit, Ab183218), IL-6 (1:1,000, Abcam, rabbit, Ab229381),
and P-actin (1:3,000, ZSGB-BIO, mouse, TA-09) overnight at
4°C. The membranes were washed using TBST for 3 x 10 min and
were incubated with appropriate secondary antibody conjugated
to horseradish peroxidase (1:2,000, ZSGB-BIO, goat anti-rabbit,
ZB-2301; 1:2,000, ZSGB-BIO, goat anti-mouse, ZB-2305) for 1 h.
Chemiluminescence was performed with a hypersensitive ECL
Chemiluminescence kit (Millipore) and visualized using a
chemiluminescence Imager (GelDoc XR). B-actin was set as a
loading control, and the signal of immunoblot was analyzed by
Image ] software.

Enzyme-linked immunosorbent assay

Mice were anesthetized with 5% chloral hydrate, and blood
was collected from the inferior vena cava. After anticoagulation
by EDTA-K, EP tube, blood sample was centrifuged (2,500 rpm
for 15 min). The supernatant was the blood plasma and was
stored at —20°C until use. According to mouse IL-1p, IL-6, TNF-
a, S100 Enzyme-linked immunosorbent assay (ELISA) Kit
instructions (Meimian, MM-0040M2, MM-0163M2, MM-
0132M2, MM-0038M1), the kit
temperature for 30 min in advance, and 50 pl of different

was placed at room
concentrations of standard samples, 40 pl of sample diluent,
and 10 pl of sample + 40 pl of sample diluent were added to
the standard wells, blank wells, and sample wells respectively.
100 pl of enzyme labeling reagent was added to each well
(excluding blank wells), and the plate was sealed with a
sealing film. After incubation at 37°C for 1h, each well was
washed with washing solution 5 x 30 s, and then patted dry. Each
well was added 50 pul of chromogenic reagent and 50 ul of
chromogenic reagent B. After incubation at 37°C for 15 min
in the dark, 50 ul of stop solution was added to each well.
Absorbance was detected in microplate photometer at 450 nm
(Multiskan™FC, Thermo Fisher Scientific). Then the absorbance
was calculated as concentration from the working curve.
Furthermore, the value was normalized with the average of
the control group for subsequent statistical analysis.

Quantitative real-time PCR

Total RNA was extracted from mouse amygdalar tissues with
Trizol reagent (Invitrogen) and was quantified by AceQ
Universal SYBR qPCR Master Mix Kit (Vazyme, Q511) under
the following conditions: (95°C for 10 min; 40 cycles of 95°C for
15 s, 65°C for 1 min, 95°C for 15 s; 60°C for 1 min, 95°C for 1 s).
Primers sequences (Sangon Biotech) for amplification were

follows CLDN5 (Forward 5'-TTTCTTCTATGCGCAGTT
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GG-3/, Reverse GCAGTTTGGTGCCTACTTCA-3"), GAPDH
(Forward 5'-AACTTTGGCATTGTGGAAGG-3', Reverse 5'-
GGATGCAGGGATGATGTTCT-3").

Immunofluorescence

We anesthetized mice with 5% chloral hydrate, perfused with
0.1M PBS and 4% paraformaldehyde (PFA) successively.
Subsequently, mice brains were removed and postfixed in 4%
PFA for 24 h, dehydrated in 30% sucrose three times, and frozen
by n-hexane on dry ice. The brains were then sliced into 20 pm
thick coronal sections on the freezing microtome (Leica,
CM1900). All of the sections were soaked in blocking solution
(5% bovine serum albumin, Biofroxx, 9048-46-8, and 0.3%
Triton X-100 (Sigma-Aldrich) in 0.1 M PBS) for 1h at 37°C.
Sections were incubated with primary antibodies in a blocking
solution for 36 h at 4°C (c-fos, 1:1,000, Cell Signaling Technology,
Rabbit, 2,250; Iba-1, 1:1,000, Abcam, Rabbit, ab178846). After
washing 3 x 10 min in 0.1 M PBS, sections were incubated with
goat anti-rabbit alexa Fluor 488 secondary antibodies (1:1,000,
abcam, Ab150077) for 3 h at room temperature. The sections
were rewashed 3 x 10 min with 0.1 M PBS. Images of amygdala
were acquired with fluorescence microscope (Olympus VS120)
and analyzed by Image ] software referring to previous report
(Zhang et al., 2016).

Blood cell count

Mice were anesthetized with 5% chloral hydrate. The blood
was collected from the inferior vena cava and were quickly placed
into the EDTA-K, anticoagulant tube (IDXX Vet Collect™).
Within 6 h after collecting, the blood cell analysis was performed
with a five-classification automatic blood cell analyzer (IDEXX
procyte DX™). Peripheral inflammation markers including
leukocytes counts, neutrophils counts, neutrophils percentage,
neutrophil/lymphocyte ratio (NLR), monocytes counts,
monocytes percentage, lymphocytes counts and lymphocytes
percentage were recorded.

Stereotaxic injection

Mice were anesthetized with isoflurane, and the head of mice
were fixed in stereotaxic instrument (RWD Life Science). AAV
particles were injected bilaterally into the amygdala of the mouse
brain (anterior/posterior, —1.2 mm; medial/lateral, £3.1 mm; dorsal/
ventral, —=5.2 mm) using hamilton syringes at a rate of 2 nl/min,
needles were left in the place for additional 10 min to allow the virus
to diffuse from the injection site (Manzano Nieves et al., 2020).
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AAV of intervening protein expression

The AAVs used in this experiment were purchased from
Sunbio (Shanghai, China). Short-hairpin RNA (shRNA) AAV:
AAV9-CAG-Cldn5-shRNA-mCherry and its negative control
virus AAV9-CAG-shRNA-mCherry were used for down-
regulation of Cldn5, and their titers were 5.03 X 10'2 and
5.58 x 10'* vg/ml, respectively. The virus construction was
referred to previous report (Menard et al, 2017). The
overexpression of Cldn5 was performed by using
overexpression adeno-associated virus: AAV9-CAG-Cldn5-
mCherry and its negative control virus AAV9-CAG-
mCherry, with titers of 7.31 x 10" and 2.58 x 10" vg/ml,
respectively. The negative control virus was diluted 3.5 times
with 0.1 M PBS before use. After 4 weeks of AAV stable
expression, the level of Claudin-5 protein was detected by
Western blot.

Transmission electron microscope

Mice were anesthetized with 5% chloral hydrate and perfused
with 0.1 M PB and 3% glutaraldehyde. The amygdala tissues were
dissected into 1 mm?® blocks, and postfixed in 3% glutaraldehyde
overnight, dehydrated in 30% sucrose for three times. Next, the
tissue blocks were fixed in 1% osmium tetroxide for 2 h at 4°C
and were dehydrated using graded acetone and then immersed in
acetone/epoxy resin (1:1) for 2 h, acetone/epoxy resin (1:2) for
4 h. The blocks were embedded by epoxy resin at 37°C for 24 h,
45°C for 24 h, 60°C for 24 h. The embedded blocks were sliced
into ultrathin sections (50-70 nm) using an ultramicrotome
(Leica, Germany, EM UC?). Finally, the micrographs were
captured under the transmission electron microscope (Leica,
Germany, JEM-1400PLUS).

Statistical analysis

All statistical analyses were performed with Graphpad Prism
8.0 software. D’Agostino & Pearson normality was used to test
the normal distribution, and then Brown-Forsythe was used to
test the homogeneity of variance. If the data conforms to the
normal distribution and homogeneity of variance, the two-tailed
unpaired T-tests were used to analyze the univariate data in
experiments with two groups. If the variance of univariate data
was unequal, the Mann-Whitney test was used to analyze. Two-
way ANOVA was used for bivariate data, and then a post hoc
comparison was carried out. Bonferroni’s test was used to test the
difference between groups. p < 0.05 was used as the standard to
measure the significant difference, and the results were expressed
as mean + SEM.
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FIGURE 1

Chronic social isolation induced anxiety-like behaviors in female but not male mice. (A) Timeline of the experimental procedure. (B) The novelty

suppressed feeding test in female mice (red bars, n = 10-12). (C) The locomotor test. (D,E) Time spent in the center area and representative heat
maps during open field test. (F,G) Time and entries in the open arms in the elevated plus maze test. (H,l) The social interaction test and representative
heat maps. (J) The sucrose preference test. (K) The forced swim test. (L) The tail suspension test. (M) The novel object recognition test. (N) The

novelty suppressed feeding test in male mice (blue bars, n = 6-8). (O) The locomotor test. (P,Q) Time spent in the center area and representative heat
maps during open field test. (R,S) Time and entries in the open arms in the elevated plus maze test. (T,U) The social interaction test and representative
heat maps. (V) The sucrose preference test. (W) The forced swim test. (X) The tail suspension test. (Y) The novel object recognition test. Data were
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mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001.

Results

Childhood social isolation induced
anxiety-like behaviors in female but not
male mice

Although various models of chronic childhood social
isolation have been developed in mice for several years, the
results obtained from different studies are not entirely
to the animal

consistent due

behavioral
measurements, and procedure details (Chen et al, 2016;

species,  sex,
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Huang et al., 2017; Yamamuro et al., 2020; Salihu et al,
2021). We first examined the effects of 8-week social isolation
on anxiety-like behaviors, depressive-like behaviors, social
interaction, and cognitive function by novelty suppressed
feeding test, elevated plus maze test, open field test, social
interaction test, sucrose preference test, forced swim test, tail
suspension test, and novel object recognition test, respectively
(Figure 1A). Behavioral tests showed that female mice exposed to
social isolation, the latency to feeding in NSFT was significantly
increased (Figure 1B, p = 0.0005, Group median: 99.00; Isolation
median: 417.5, Mann-Whitney test). The total traveled distance
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in OFT (an index of locomotor) was not changed (Figure 1C, t(;9)
= 0.952, p = 0.35) but time in the center area was decreased
(Figures 1D,E, t19) = 2.822, p = 0.01). In the EPM test, time in
open arms was decreased (Figure 1F, t,) = 3.147, p = 0.005) with
no changes of open arms entries (Figure 1G, t;) = 2.039, p =
0.05). These data revealed that social isolation induced anxiety-
like behaviors in female mice. Additionally, social isolation
decreased the SI index of female mice in the social interaction
test (Figures 1H,I, tgg = 3.386, p = 0.003), indicating that
isolation induced social anxiety in female mice. Moreover,
sucrose preference (Figure 1], tny = 0.655, p = 0.519),
immobility in FST (Figure 1K, #45 = 0.677, p = 0.51), and
immobility in TST (Figure 1L, t,) = 1.107, p = 0.280) were not
changed, suggesting that social isolation did not affect
depressive-like behaviors in female mice. Novel object
recognition index in isolated female mice was not changed
compared with group rearing mice (Figure 1M, t;0) = 0.263,
p = 0.79), which showed that social isolation did not alter the
cognitive performance of female mice. In order to determine the
sex differences in mental disorders induced by social isolation, we
used a balanced design for male mice. Behavioral tests of male
mice showed that the latency to feeding (Figure 1N, #(;q) = 0.951,
p = 0.36), the total traveled distance in OFT (Figure 10, t(14) =
0.530, p = 0.60), the time spent in the center area (Figures 1P,Q,
taay=1.171, p = 0.16), time in open arms (Figure 1R, ¢(;¢y = 1.494,
p =0.16) and open arms entries (Figure 1S, ¢,y = 0.639, p = 0.54)
in EPM were not affected by social isolation, indicating that
chronic social isolation did not induce anxiety-like behaviors in
male mice. In addition, social isolation did not change the SI
index (Figures 1T,U, p = 0.94, Group median:1.915; Isolation
median: 1.756, Mann-Whitney test), sucrose preference
(Figure 1V, tqo = 1.679, p = 0.12), immobility in EST
(Figure 1W, t19) = 1.832, p = 0.09), and immobility in TST
(Figure 1X, t0) = 0.179, p = 0.86), showing that social isolation
had no effects on social anxiety and depressive-like behaviors in
male mice. Notably, isolated male mice showed an increased
recognition index measured in NORT (Figure 1Y). These data
confirmed that female mice were more susceptible to childhood
social isolation induced anxiety-like behaviors.

Childhood social isolation elevated
peripheral inflammation in female mice

Peripheral inflammation levels are elevated after social
isolation, mediating anxiety- and depressive-like behaviors
(Kriigel et al., 2014). To investigate whether inflammation is
responsible for increased vulnerability to social isolation, we next
measured the levels of peripheral inflammatory markers after
chronic social isolation in both males and females (Figure 2A).
Chronic childhood social isolation did not change the levels of
various types of WBCs in female mice as indicated by unchanged
WBCs total counts (Figures 2B,C, tgg = 1.312, p = 0.21),
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neutrophils/lymphocytes ratio (Figure 2D, t47 = 0.985, p =
0.34), number of monocytes (Figure 2E, tig = 0.908, p =
0.38), percentage of monocytes (Figure 2F, t;g = 0.153, p =
0.88), number of lymphocytes (Figure 2G, t(;5) = 1.380, p = 0.18),
percentage of lymphocytes (Figure 2H, t;5) = 0.871, p = 0.39),
number of neutrophils (Figure 21, tag) = 0.238, p = 0.98), and the
percentage of neutrophils (Figure 2], t(;5) = 0.845, p = 0.41). It has
been verified by t-test that isolation did not affect the WBCs of
female mice. We next examined the pro-inflammatory cytokines
and found that the levels of plasma IL-1p (Figure 2K, t() = 2.944,
p = 0.02), IL-6 (Figure 2L, tgy = 5.654, p = 0.0003) and TNF-a
(Figure 2M, t) = 5.010, p = 0.0007) were significantly higher in
female mice undergoing isolation than group rearing mice. These
data indicate that activated peripheral inflammation is possibly
linked to female sensitivity to social isolation.

We also performed WBCs analysis and pro-inflammatory
cytokines assay in male mice to uncover the potential sex
difference of social isolation on peripheral inflammation. We
found that after social isolation, the number of WBCs (Figures
2N,0, t0y = 2.184, p = 0.05) and neutrophils/lymphocytes ratio
(Figure 2P, t(0) = 0.729, p = 0.48) were not significantly changed
in male mice. While the number of monocytes (Figure 2Q, t(10) =
2.449, p = 0.03) was decreased significantly. Moreover, the
= 0.11),
number of lymphocytes (Figure 2S, t,0) = 2.066, p = 0.07),
percentage of lymphocytes (Figure 27T, t) = 0.846, p = 0.42),
number of neutrophils (Figure 2U, t(;y = 1.362, p = 0.20) and the
percentage of neutrophils (Figure 2V, ¢(;) = 0.607, p = 0.56) were

percentage of monocytes (Figure 2R, tq) = 1.764, p

not significantly changed. The levels of IL-1B (Figure 2W, t¢) =
0.356, p = 0.73), and IL-6 (Figure 2X, t(;0) = 0.739, p = 0.48) were
not changed in isolated male mice, while the level of TNF-a
(Figure 2Y, t(10) = 4.264, p = 0.002) was higher in isolation than
group rearing mice.

Childhood social isolation elevated
neuroinflammation in amygdala in female
mice

The above results showed that the development of anxiety-like
behaviors was influenced by the activation of peripheral
inflammation during chronic social isolation in female mice. To
further examine how neuroinflammation affects the susceptible
response to social isolation in female mice, we detected the pro-
inflammatory cytokines IL-1p, IL-6, and TNF-a levels in mPFC,
NAc, Amy, Hypo and Hip (Figure 3A). In female mice, Western blot
assay showed that compared with group mice, the mPFC, Hypo and
Hip (Figure 3B; f0) = 0.731, p = 0.48; f(10) = 2.134, p = 0.06; f(10) =
0.366, p = 0.72, respectively) IL-1P expression levels were unchanged
in social isolation. However, in the NAc and Amy, IL-1p expression
levels were increased (Figure 3B; f;5) = 3.058, p = 0.007; £(1¢) = 2.862,
p =0.02, respectively). The levels of IL-1p were increased by 91.4% in
Amy after isolation and increased by 24.9% in NAc. The expressions
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Childhood social isolation elevated peripheral inflammation in female mice. (A) Timeline of the experimental procedure. (B) Representative
images of five-classification blood cell counts of female mice, and various WBC groups were represented by different colors: monocytes (red),
lymphocytes (blue) and neutrophils (purple). (C) The total counts of WBC in female mice (red bars, n = 10). (D) The neutrophil/lymphocyte ratio. (E)
The monocytes counts. (F) The monocytes percentage. (G) The lymphocytes counts. (H) The lymphocyte percentage. (I) The neutrophils
counts. (J) The neutrophils percentage. (K) The levels of IL-1p, (L) IL-6, (M) TNF-a. (N) Representative images of five classification blood cell counts of
male mice. (O) The total counts of WBC in male mice (blue bars, n = 6). (P) The neutrophil/lymphocyte ratio. (Q) The monocytes counts. (R) The
monocytes percentage. (S) The lymphocytes counts. (T) The lymphocytes percentage. (U) The neutrophils counts. (V) The neutrophils percentage
(W) The levels of IL-1B, (X) IL-6, (Y) TNF-a. Data were mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001

of IL-6 in the mPFC, NAc, Amy, Hypo and Hip were not
significantly changed after isolation (Figure 3C; #4q) = 1.489, p =
0.17; L0 = 1.676, p = 0.12; f10) = 0.148, p = 0.89; £(10) = 1.486, p =
0.17; t10) = 0.203, p = 0.84, respectively). TNF-a expressions in these
regions were not significantly changed after social isolation
(Figure 3Dj; tqg) = 0737, p = 048; p = 0.31, Group median:
1.000; Isolation median: 2.042, Mann-Whitney test; #;0) = 0.781,
p = 045; t40) = 0.135, p = 0.89; t(10) = 0.45, p = 0.66, respectively).

In males, IL-1f expression levels in the mPFC, NAc, Amy, Hypo
and Hip (Figure 3F; fg) = 0291, p = 0.78; tg) = 0.054, p = 0.96;
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ts) = 0509, p = 0.62; tig) = 0408, p = 0.6% 5, = 0.376, p = 0.72,
respectively) were unchanged in isolated mice. The IL-6 expressions
in the NAc, Amy, Hypo and Hip were also not significantly changed
after isolation (Figure 3F, t) = 0.122, p = 0.91; tg) = 0.420, p = 0.69;
tg) = 1.120, p = 0.29; t(g) = 0.119, p = 0.91, respectively), whereas IL-6
expression in the mPFC was decreased after isolation (Figure 3F, #)
= 2.525, p = 0.04). TNF-a expressions in the mPFC, NAc, Amy,
Hypo and Hip were not significantly changed after isolation
(Figure 3G, tg) = 0.044, p = 097 ts) = 0.6217, p = 055 fg) =
0.149, p = 0.8% fs = 0.119, p = 091; g = 0.048, p = 0.96,
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FIGURE 3

Childhood social isolation elevated neuroinflammation in amygdala in female mice. (A) Timeline of the experimental procedure. (B) The
expressions of IL-1p, (C) IL-6, (D) TNF-ain the mPFC, NAc, Amy, Hypo and Hip of female mice (red bar, n = 6) and representative immunoblots shown
on the bottom of bar graphs. (E) The expressions of IL-1f, (F) IL-6, (G) TNF-a in the mPFC, NAc, Amy, Hypo and Hip of male mice (blue bar, n = 5) with
representative immunoblots on the bottom of bar graphs. (H) Representative images of amygdala and subareas (BLA and CeA). Scale bar =

1 mm (location diagram of amygdala) and 100 pm (partial schematic diagram). (I) Representative images of Iba-1 (a microglia marker) staining in
amygdala, scale bar = 20 um (bottom). (J,K) Social isolation increased microglia in BLA but not in CeA, n = 3. Data were mean + SEM, *p < 0.05, **p <
0.01. mPFC, medial prefrontal cortex; NAc, nucleus accumbens; Amy, amygdala; Hypo, hypothalamus; Hip, hippocampus.

respectively). These data suggested that socially isolated female mice
exhibited increased levels of neuroinflammation in the amygdala
compared with the group rearing mice, as manifested by
significantly elevated levels of the pro-inflammatory cytokine IL-
1. Therefore, we further detected microglia in the amygdala by
immunofluorescence staining (Figure 3H). The results showed that
the number of Iba-1-positive cells in the basolateral amygdala (BLA)
was significantly increased (Figures 31], t5) = 3.112, p = 0.009),
although the difference of Iba-1-positive cells in the central
amygdala (CeA) was not statistically significant (Figure 3K, t,
= 1.890, p = 0.08), indicating that the microglia in the BLA was

Frontiers in Cell and Developmental Biology

09

activated. Taken together, social isolation induces BLA-specific
neuroinflammation as manifested by markedly elevated levels of
IL-1p and increased numbers of microglia in female mice.

Childhood social isolation damaged BBB
in amygdala in female mice

The BBB is a bridge between peripheral inflammation and
neuroinflammation. Stress-induced BBB damage has been

confirmed to be associated with anxiety- and
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depressive-like behaviors with differential characteristics in
males and females (Esposito et al., 2001; Liu et al., 2012;
Wohleb et al,, 2013). To better understand whether the
deficits of BBB the
neuroinflammation in the amygdala and the vulnerability

contribute  to increased
to chronic social isolation in female mice, we next assessed
the tight junction protein Claudin-5, a gatekeeper of BBB
permeability, in the above five brain regions (Figure 4A).
the Claudin-5
expressions in the mPFC, NAc, Hypo and Hip (Figure 4B,
tao) = 1.156, p = 0.27; t(10) = 0.256, p = 0.80; £(10) = 1.623, p =
0.14; t(9y = 0.172, p = 0.87) were not significantly changed. In

Female mice received social isolation,

contrast, the Claudin-5 in Amy was significantly decreased
(Figure 4B, t) = 3.384, p = 0.008). In male mice, social
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isolation did not affect Claudin-5 expression in the mPFC,
NAc, Amy, Hypo and Hip (Figure 4C, t (5y = 1.498, p = 0.09, t
()= 1.498,p=0.17; £ (5 = 0.048, p = 0.96; t(5) = 1.799, p = 0.11;
tsy =0.319, p = 0.76). The mRNA expression level of Cldn5 in
Amy was detected by qPCR, and the data showed that there
was no significant change in the mRNA levels of Cldn5 mRNA
in female isolated mice compared with the group rearing
group (Figure 4D, t(o) = 0.448, p = 0.66). We also used
ELISA to detect the BBB damage marker S100 in the
plasma of female mice, and the results showed that there
was no significant difference between the isolation and the
group rearing mice (Figure 4E, t(g) = 0.28, p = 0.78). The
results from transmission electron microscope for assessment

of the ultrastructure of tight junctions in amygdala showed
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FIGURE 4

Childhood social isolation damaged BBB in amygdala in female mice. (A) Timeline of the experimental procedure. (B) The levels of Claudin-5in

the mPFC, NAc, Amy, Hypo and Hip of female mice (red bars, n = 6) and representative immunoblots. (C) The levels of Claudin-5 in the mPFC, NAc,
Amy, Hypo and Hip of male mice (blue bars, n = 5) and representative immunoblots. (D) Quantitative PCR measurement of Cldn5 mRNA. (E) The level
of S100 measured by ELISA. (F) The intact tight junctions (white arrows) and discontinuous tight junctions (red arrows) measured by
transmission electron microscopy. Scale bar = 200 nm. (G) The intact tight junctions ratio (H) The discontinuous tight junctions ratio. (I) Summary of
tight junctions in the amygdala of female mice. (J) Representative images of c-fos in the amygdala (BLA and CeA). Scale bar = 1 mm (location diagram
of amygdala) and 100 um (partial schematic diagram). (K) Representative images of c-fos immunofluorescence staining in BLA and CeA, scale bar =
20 pm. (L,M) Quantitative assay of c-fos positive cells in BLA and CeA, n = 3. Data were mean + SEM, *p < 0.05, **p < 0.01. mPFC, medial prefrontal
cortex; NAc, nucleus accumbens; Amy, amygdala; Hypo, hypothalamus; Hip, hippocampus

that after social isolation, the proportion of discontinuous
tight junction (DT]) was increased significantly (Figures 4F,G,
t) = 3.249, p = 0.02), while the level of intact tight junction
(IT]) decreased significantly (Figures 4F,H, t) = 2.532, p =
0.05). In group housed female mice, intact tight junctions
accounted for 88.1% of all observed tight junctions, and
discontinuous tight junctions accounted for 11.9%. But in
isolated female mice, intact tight junctions accounted for 55%
of all observed tight junctions, and discontinuous tight
junctions accounted for 45% (Figure 4I). These results
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suggest that the tight junction integrity of BBB in the
amygdala is disrupted by social isolation in female mice.
Neuronal activity is regulated by the inflammatory
cytokine IL-1B and microglia, which in turn regulates
consequently  affecting  BBB
permeability (Bradford, 1995; 2016).
Therefore, we used immunofluorescence staining of c-fos to
detect the changes of amygdala neuronal activity in female
mice. The results showed that c-fos expression in the BLA of

female mice was significantly increased (Figures 4]J-L, t(;0) =

microglia  activation,

Vazana et al.,
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Down-regulation of Claudin-5 expression in the amygdala produced anxiety-like behavior in female mice. (A) Representative images of AAV-
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Experimental timeline. (E) The novelty suppressed feeding test. (F,G) The time and entries in open arms in the elevated plus maze test. (H) The
locomotor activity in the open filed test. (I) The time in the center area of open field test. (J) The representative heat maps during the open field test.
(K) The social interaction test. (L) The representative heat maps of social interaction test. (n = 7-10). Data were mean + SEM, *p < 0.05, **p < 0.01.

4.361, p = 0.001), confirming increased neuronal activity in
this brain region. However, there was no significant difference
in c-fos expression in the CeA (Figures 4]J-M t(4) = 1.289,
p=0.22).

Down-regulation of Claudin-5 in
amygdala induced anxiety-like behavior in
female mice

Given the findings that decreased expression of Claudin-5
in the amygdala is linked to isolation-induced anxiety-like
behaviors in females, we further investigated whether down-
regulation of Claudin-5 in the amygdala could induce anxiety-
like behaviors in group-housed female mice. Firstly, the
protein knockdown effect of the adeno-associated virus

(AAV) short hairpin RNA (shRNA) was verified.
Stereotactic  injection of knockdown (KD) virus
AAV-CAG-Cldn5-shRNA-mCherry or negative control

(Control) AAV9-CAG-shRNA-mCherry in the
amygdala (Figure 5A). After 4 weeks of expression, Western

virus

blot results showed that the KD virus reduced the expression
of Claudin-5 in the amygdala (Figures 5B,C, t;) = 2.649, p =
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0.03). In the experiment on down-regulation of Claudin-5,
female mice were group rearing from PND 21, and stereotaxic
surgery was performed at 4 weeks of age. The mice were
divided into two groups, the Control group, and the KD
group, and were injected with the negative control virus
AAV9-CAG-shRNA-mCherry or adeno-associated shRNA
interference virus AAV-CAG-Cldn5-shRNA-mCherry into
the amygdala, respectively. On PND 79, behavioral tests
were performed (Figure 5D). The results showed that
down-regulation of Claudin-5 in the amygdala significantly
increased the latency to feeding in NSFT (Figure 5E, t,) =
2.72, p = 0.02). In the EPM test, down-regulation of Claudin-5
did not affect the time in the open arms (Figure 5F, t;3) = 0.49,
p = 0.63) and entries into the open arm (Figure 5G, t;3) =
0.459, p = 0.65). In OFT, down-regulation of Claudin-5 did
not alter the locomotor in female mice (Figure 5H, t(3) =
0.994, p = 0.34) but caused a decrease of time in the center area
(Figures 5LJ, p = 0.004, Group median: 44.00; Isolation
median: 32.50, Mann-Whitney test). The above results
indicated that down-regulation of Claudin-5 expression in
the amygdala induced anxiety-like behaviors in female mice.
In the social interaction test, down-regulation of Claudin-5
caused a significant decrease in the SI index of female mice
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Overexpression of Claudin-5 in the amygdala prevented anxiety-like behavior induced by social isolation in female mice. (A) Representative
images of AAV-infected cells in the amygdala of female mouse brain coronal sections (-1.06 mm relative to bregma). Scale bar = 1 mm. (B)
Immunoblot analyses of AAV9-CAG-mCherry (Control) or AAV9-CAG-Cldn5-mCherry (OE) expression in the amygdala. (C) Quantitative assay of
Claudin-5 (n = 5). (D) Experimental procedure. (E) The novelty suppressed feeding test. (F,G) The time and entries in open arms in the elevated

plus maze test. (H) The locomotor activity in the open filed test. (1,J) The time in the center area and representative heat maps of open field test. (K,L)
The social interaction test and representative heat maps. (n = 8—-10), Two-way ANOVA, Bonferroni's test. Data were mean + SEM, *p < 0.05, **p <

0.01, ****p < 0.0001.

(Figures 5K,L, t18) = 2.539, p = 0.02), indicating that female
mice exhibited social anxiety behavior.

Overexpression of Claudin-5 in amygdala
prevented anxiety-like behaviors induced
by social isolation in female mice

From the above results, we found that down-regulation of
Claudin-5 increased anxiety-like behaviors in group-housed
female mice, suggesting that amygdala BBB damage may be a
key factor in isolation-induced anxiety-like consequences in
female mice. Here, to further determine the role of BBB tight
junctions in anxiety, we investigated whether up-regulation of
Claudin-5 expression in the amygdala could prevent isolation-
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induced anxiety-like behaviors in females. First, we assessed the
effects of the constructed AAV overexpression vector by injecting
the overexpression (OE) virus AAV-CAG-Cldn5-mCherry or the
negative control AAV-CAG-mCherry (Control) into BLA
(Figure 6A). After 4 weeks of stable virus expression, Western
blot assay showed that AAV overexpression could significantly
increase Claudin-5 in the amygdala (p = 0.0079, Group median:
1.100; Isolation median: 100.5, Mann-Whitney test) (Figures
6B,C). In the experiment of Claudin-5 overexpression, female
mice were housed in group or in isolation from 3 weeks of age,
and stereotaxic surgery was performed at 4 weeks of age. Then
group rearing and isolation mice were divided into two groups,
injected by control or OE virus respectively, namely Group +
Control, Group + OE, Isolation + Control, and Isolation + OE.
The adeno-associated overexpression virus AAV-CAG-Cldn5-
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A schematic diagram outlining the mechanisms of impaired BBB in social isolation-induced anxiety-like behaviors in female mice. The left
picture shows the normal BBB integrity in the amygdala in group-housed female mice without anxiety-like behaviors. The right picture shows the
damaged amygdala BBB in female mice with anxiety-like behaviors after social isolation. We speculate that the possible mechanisms by which
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mCherry or the negative control virus AAV-CAG-mCherry were
bilaterally injected into BLA, respectively, and behavioral tests
were started at 7 weeks after the operation (Figure 6D). Results
indicated that overexpression of Claudin-5 in the amygdala could
prevent the social isolation-induced increase of latency to feeding
in NSFT. The statistical analysis revealed significant effects of
isolation (F(; 3¢) = 6.877, p = 0.01) and Claudin-5 (F(; 36) = 4.615,
p = 0.04), but no significant effect of isolation x Claudin-5
4.024, p = 0.08) for the latency to feeding
in NSFT. Comparing with Group + Control, the latency to
feeding of the Isolation + Control group was significantly
increased (p =

interaction (F; 36 =

0.007) and relative to Isolation + Control
group, Isolation + OE group had significantly decreased
0.02)
(Figure 6E). EPM test data revealed significant effects of
Claudin-5 (F(; 32y = 5.259, p = 0.03) but no effects of isolation
(Fa,32) = 2.360, p = 0.13) and isolation x Claudin-5 interaction
(F132) = 4.094, p = 0.05) for the time in the open arms.

latency to feeding in novel environment (p =
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Compared with Group + Control, the time in open arms of
the Isolation + Control group was significantly decreased (p =
0.04), and the time in open arms was significantly increased in
the Isolation + OE group compared with Isolation + Control (p =
0.01) (Figure 6F). There were no significant effects of isolation
(Fu.33 = 0.379, p = 0.06), Claudin-5 (F(, 52 = 5.259, p = 0.03), and
isolation x Claudin-5 interaction (F(; 33 = 0.717, p = 0.43) for the
open arms entries (Figure 6G). These data showed that
overexpression of Claudin-5 in the amygdala could prevent
the social isolation-induced decrease in the time in the open
arms of the EPM. There was a significant effect of isolation
(F1,36) = 24.10, p < 0.0001), no significant effects of Claudin-5
(F(1,36) = 0.000, p = 0.98) and isolation x Claudin-5 interaction
(F(1,36) = 3.249, p = 0.08) for the locomotor. The locomotor of the
Isolation + OE group was significantly increased compared to the
Group + OE group (p < 0.0001) (Figure 6H). There was a
significant effect of isolation (F( 35 = 5.487, p = 0.02), no
significant effects of Claudin-5 (F(j 36 = 0.475, p = 0.49) and
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isolation x Claudin-5 interaction (F(; 35) = 1.299, p = 0.49) for the
time in the center area in the open field test. Compared with the
Group + Control group, time in the central area of the open field
in the Isolation + Control group was significantly decreased (p =
0.04), but compared with the Group + OE group, there was no
significant difference in the time spent in the central area of the
open field in the Isolation + OE group (p = 0.80), indicating that
the overexpression of Claudin-5 in the amygdala increased time
in the central area (Figures 61,]). In the social interaction test,
there were significant effects of Claudin-5 (F(;34) = 5.863, p =
0.02) but no significant effects of isolation (F(;34) = 3.032, p =
0.09) and isolation x Claudin-5 interaction (F(; 34) = 1.405, p =
0.24) for the SI index. Compared with Group + Control, the SI
index of Group + OE group increased significantly (p = 0.03)
(Figures 6K,L), suggesting that Claudin-5 overexpression
significantly increased social interaction. Altogether, these data
suggest that enhancement of Claudin-5 in the amygdala could
prevent isolation-induced anxiety-like behaviors and may serve
as a potential therapeutic target for emotional deficits,
particularly in female mice.

Discussion

In this study, we have demonstrated that after 8 weeks of
post-weaning social isolation, female mice show anxiety-like
behaviors, while male mice do not demonstrate behavioral
alterations. We have also found that the vulnerability to social
isolation in female mice is related to the increased peripheral
cytokines, neuroinflammation and impaired BBB integrity in the
amygdala. In female mice, viral-mediated downregulation of
Claudin-5 is sufficient to induce anxiety-like behaviors, while
overexpression of Claudin-5 prevents these behavioral deficits
induced by social isolation (Figure 7).

Social isolation, as psychosocial stress, has been found to
induce anxiety-, depressive-like behaviors, and changes in
social interaction and cognitive performance (Albus, 2010;
Liu et al., 2020; Sepulveda-Loyola et al., 2020; Smith et al,,
2020; Cauberghe et al., 2021; Fruehwirth et al., 2021;
Morrissette, 2021). Among socialized mammals, females are
more prosocial and more prone to abnormal behavioral
changes after social isolation (Seltmann et al, 2019;
Fukumitsu et al, 2022). Several studies comparing the
behavioral effects of social isolation on the two sexes have
shown that after experiencing social isolation, female mice are
more likely to exhibit anxiety-, depressive-like behaviors,
social anxiety, and irreversible cognitive impairment, while
male animals are more resistant to social isolation instead of
aggressive behaviors (Huang et al., 2017; Hinton et al., 2019;
Tan et al., 2021). Consistent with previous studies, we showed
that female mice developed anxiety-like behaviors after
8 weeks of social isolation, suggesting that female mice
were more sensitive to social isolation regarding the
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anxiety-like phenotypes. Some previous studies have shown
that early social isolation may lead to increased locomotor,
and the increased exploratory behavior in unfamiliar
environments may explain that social isolation induces
mice in a more cautious and defensive state (Lander et al,,
2017; Menard et al., 2017; Dion-Albert et al., 2022).

Previous studies revealed that both female and male mice
exhibit depressive-like behaviors after experiencing early-life
social isolation, while male mice also exhibit anxiety-like
behaviors (Kokare et al., 2010; Salihu et al., 2021). In addition,
the findings are inconsistent concerning the impact of isolation
on mouse social and cognition. Some studies revealed that social
isolation causes increased social craving in female and male mice,
as well as others showed that social isolation causes social anxiety
(Pais et al., 2019; Rivera-Irizarry et al., 2020; Yamamuro et al,,
2020). Moreover, some studies suggest that social isolation can
impair cognitive function in mice, while others suggest that social
isolation improves cognitive performance in mice (Ren et al,
2015; Fei et al., 2019). Our results show that female mice display
social anxiety after chronic isolation, while male mice have better
cognitive function than controls. The conclusions of previous
studies on the abnormal behaviors of mice caused by early social
isolation are quite different, showing inconsistency with the
results of this study to some extents. This may be due to that
there are many factors that affect the results of behavioral tests,
including differences in the social isolation model, rearing
environments, behavioral testing indicators, and testing
methods, which play vital roles in the behavioral performance
of mice.

Regarding the mechanism of sex differences in social
isolation, previous studies have shown that social isolation
induced different neural circuit activity changes in both sexes,
different effects the
pituitary-adrenal axis, and inflammatory changes in females
(Hermes et al., 2006; Keesom et al., 2018; Hinton et al., 2019;
Tanetal., 2021). Consistent with previous findings, our results

on neuroplasticity, hypothalamo-

have confirmed that female mice had significantly increased
levels of peripheral pro-inflammatory factors, including IL-
1B, IL-6 and TNF-a after social isolation (Boscarino and
Chang, 1999; Vidovi¢ et al., 2011; Zhou et al.,, 2014). There
was no significant change in inflammatory cells in isolated
mice. However, the number of leukocytes and lymphocytes
showed an increasing trend, which may be related to the
anxiety phenotype of female mice. The reason why this
study did not show significant changes in WBCs may be
due to the WBCs themselves varying greatly in different
individuals. In the case of a small sample size, it is difficult
to detect the changes of WBCs affected by social isolation
accurately.

Comparing with females, male mice exposed to social
isolation had a lower inflammatory response, manifested as
only elevated TNF-a but not IL-1B and IL-6. In addition, the
percentage of the increase was smaller than that of female mice.
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After
monocytes, suggesting that males may have lower levels of

social isolation, male mice showed decreased
inflammation. In different studies, the results of monocyte
changes in mental disorders were not consistent. Most of the
studies showed increased levels of monocytes in patients
with anxiety and depression, but it has also been confirmed
that monocytes in animal models of depression were
decreased (Maes et al., 1992; Zorrilla et al., 2001; Mckim
et al., 2018b; Mazza et al., 2018). In this study, the decreased
level of monocytes possibly is involved in the regulation of
pro-inflammatory and anti-inflammatory of male mice,
which promotes the reduction of inflammatory response.
We also examined the level of neuroinflammation in brain
regions closely related to emotional and social interaction,
and found that female mice showed increased IL-1p
expression in the NAc and amygdala, and an increase of
IL-1p expression was higher in the amygdala. Direct
microinjection of IL-1p or TNF-a into several brain
regions induces anxiety-, depressive-like behavior, and
cognitive dysfunction (Beumer et al., 2012). IL-1B has
been  confirmed to be a critical factor in
neuroinflammation-induced anxiety-like behavior (Mckim
et al., 2018a; Mckim et al., 2018b). Stress, a critical trigger to
induce anxiety, causes microglia to recruit a large number of
monocytes into the brain parenchyma and promotes the
synthesis of IL-1 receptor 1 (IL-1R1) in the vascular
endothelium (Mckim et al., 2018a; Mckim et al., 2018b).
Residential microglias secrete more IL-1f and bind to IL-1R1
in the vascular endothelium to mediate anxiety-like
behaviors (Mckim et al., 2018a; Mckim et al., 2018b).
Depleting of microglia with minocycline, or knockdown of
IL-1R1, could reverse anxiety-like behavior (Mckim et al.,
2018a; Mckim et al, 2018b). In this study, microglia
immunostaining in the amygdala of female mice showed
that microglia in the amygdala was significantly increased
after social isolation, mainly in the basolateral amygdala.
Individuals with anxiety disorders are often full of fears,
evolutionarily conserved survival responses, and persistent
fears throughout childhood and adolescence are associated
with the high risk of developing anxiety in adulthood (Muris
et al., 2000). In addition, accumulating evidence by both
imaging and behavioral studies have shown engagement of
the amygdala in anxiety disorders and the involvement of
amygdala in anxiety-like behaviors in rodents (Delgado
et al, 2006). For instance, stimulating the amygdala
the

amygdala reduces anxiety behaviors (Janak and Tye, 2015;

triggers anxiogenic responses, and inactivating
Tovote et al., 2015). Our findings that social isolation
increased IL-1p and microglia activation in the amygdala
confirmed this brain region might play a potential role in
driving anxiety behavioral responses of isolated mice. There
was no increased neuroinflammation in male mice after

social isolation, and the levels of IL-6 in the mPFC were
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even decreased, consistent with the normal behavioral

phenotypes in male mice. Previous studies have
demonstrated that reducing neuroinflammation levels in
the prefrontal cortex, including reducing IL-6, improved
working memory in mice (Hylin et al, 2022). The
decreased IL-6 in the mPFC of male mice observed in this
study may be related to the better cognitive function of male
mice after social isolation.

The findings of current study that social isolation caused a
decrease in the expression of Claudin-5 protein in the amygdala
of female mice, and the tight junction structure in isolated female

mice was also more incomplete than that in the group rearing

mice. This was consistent with changes in higher
neuroinflammation levels in the amygdala of female mice.
Previous evidence have shown that peripheral pro-

inflammatory cytokines such as IL-1f3, IL-6 and TNF-a can
actively transport across BBB, inducing microglia, astrocytes
and endothelial cells to release local secondary cytokines and
triggered neuroinflammation (Erickson et al., 2012; Shimada and
Hasegawa-Ishii, 2017). A recent study have reported significant
high levels of IL-1p in restraint-stressed rats both in serum and
amygdalar tissues, indicating an inflammatory response occurred
with increased BBB permeability (Xu et al., 2019). Moreover, it
has been confirmed by fluorescent labeled IL-6 intravenous
injection that peripheral IL-6 can enter brain with damaged
BBB function and increase the local IL-6 levels (Menard et al.,
2017). In this study, increased neuroinflammation was also
observed in the amygdala where BBB was damaged, possibly
due to the entering of elevated peripheral pro-inflammatory
cytokines through the damaged BBB in the amygdala during
social isolation. Therefore, we proposed that pro-inflammatory
cytokines induced local neuroinflammation, leading to greater
sensitivity to social isolation of females.

It is worth noting that the changing trend of Claudin-5
mRNA expression level and the protein expression level was
not consistent. The mRNA level remained unchanged but the
protein was decreased. It has also been reported that the changing
trends of Claudin-5 mRNA and protein levels were inconsistent
or even opposite. For example, the mRNA level of Claudin-5 was
increased in the prefrontal cortex of schizophrenia patients, while
the protein expression was decreased (Nishiura et al., 2017). It
can be explained that in this process, the cAMP-PKA pathway
was activated and induced the increase of Claudin-5 mRNA
expression in a PKA-independent manner, and caused the
degradation of Claudin-5 protein in a PKA-dependent
manner, during which the homeostasis of Claudin-5 protein
levels was mainly in the direction of degradation (Nishiura et al.,
2017). This suggested that social isolation decreased Claudin-5
protein in female mice by promoting degradation rather than
the
manifestations, as well as the neuroinflammation and BBB

inhibiting transcription. In male mice, behavioral

function, were not changed after social isolation. Down-
regulation of the Claudin-5 has been confirmed to cause both
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anxiety- and depression-like behaviors during subthreshold
stress (Menard et al., 2017; Dion-Albert et al., 2022). In this
study, down-regulation of Claudin-5 expression in the amygdala
of female mice could induced anxiety-like behaviors. In contrast,
overexpression of Claudin-5 in the amygdala of female mice
prevented anxiety-like behavior induced by social isolation,
indicating that BBB damage in the amygdala of female mice
may be a key factor of anxiety-like behaviors induced by chronic
social isolation.

BBB damage and microglia activity have been shown to
correlate with neuronal activation in the brain. We therefore
examined neuronal activity in the amygdala of female mice after
social isolation. The results showed that the number of c-fos
positive cells in the BLA of female mice was significantly
increased, indicating that the neurons were activated. There
are as high as 80% of neurons in the BLA are glutamatergic,
and the high local concentrations of excitatory neurotransmitter
glutamate are associated with impaired BBB (Sharp et al., 2003;
De Bock et al., 2013; Janak and Tye, 2015; Vazana et al., 2016).
Previous studies have confirmed that increased levels of
the BBB damage,
promoting the transfer of peripheral inflammatory cytokines

peripheral inflammation mediated
such as IL-6 into the brain. The activation of plasma immune
cells and the increase of inflammatory factors released by
microglia, and the activation of microglia can regulate the
firing activity of neurons, leading to activated glutamatergic
neurons in the BLA and increased anxiety-like behaviors
(Chen et al.,, 2017; Menard et al., 2017; Varatharaj and Galea,
2017; Zhu et al., 2018). These evidence supported our hypothesis
that exhibit of
neuroinflammation, impaired BBB integrity, and increased

female isolated mice increased levels
neuronal activity in the BLA, ultimately promoting anxiety-
like behaviors.

The results illustrated that BBB damage in the amygdala
is a crucial target in susceptibility to isolation-induced
behavioral impairments in female mice. Based on previous
studies, the presumed mechanism is that social isolation
mediates peripheral inflammation transferring to the
amygdala, activates local neuroinflammation and neurons,
and induces anxiety-like behaviors. However, for this
speculation, our study still has some inevitable limitations.
First, the present results cannot provide strong evidence to
explain the cause of the BBB damage in the amygdala of
female mice, and the key mechanisms through which BBB
damage induces behavioral deficits, particularly in females.
In addition, we proposed that BBB damage may be caused by
peripheral inflammation, neuroinflammation, or neuronal
activation, and BBB damage may also play a role by
promoting neuroinflammation and causing neuronal
activation. Our results confirmed that Claudin-5 down-
regulation in the amygdala can induce anxiety-like
behaviors without social isolation. However, it also cannot

explain the role of Claudin-5 in social isolation induced
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behavioral deficits. For the above speculation, further
experiments are needed, such as whether the up- or
of the BBB affects
neuroinflammation and neuronal activation and their

down-regulation local
effects on behavioral responses to social isolation. The
effects of knockdown of Claudin-5 on anxiety states under
the condition of subthreshold social isolation stress should
also be evaluated. Moreover, the types of activated neurons
after social isolation were not determined, so we cannot
provide directional guidance for further modulation of
specific neuronal activity in the amygdala. Future studies
aiming at characterizing distinct neurons responsible for the
emotional behavior encoding will therefore be required to
how BBB
optogenetic or chemogenetic manipulations.

demonstrate alters neuronal activity by

In conclusion, our data have revealed that female, but not
male, mice exposed to chronic childhood social isolation exhibit
increased anxiety-like behaviors with activated peripheral
cytokines, neuroinflammation and BBB leakiness in the
amygdala. Considering the crucial regulation of Claudin-5 that
links BBB integrity and emotional behaviors, the development of
selective regulators of tight juction proteins targeting BBB
morphology and function is needed in the future particulary

for individuals suffered social isolation during their early life.

Data availability statement

The original contributions presented in the study are
included in the article, further inquiries can be directed to the
corresponding authors.

Ethics statement

The animal study was reviewed and approved by the Animal
Use and Protection Committee of the Peking University Health
Science Center.

Author contributions

WZ and JZ conceived and designed the study; XW conducted the
experiments with technical supports from DZ, TF, and KW. WZ and
JZ supervised the project. XW and WZ wrote the first draft of the
manuscript. ZD, TF, KW, and SL helped to collect and analyze the data.
All authors reviewed and approved the final version of the manuscript.

Funding

This study is supported by the National Key Research and
Development Project (No. 2019YFC0118502) and the National

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.943067

Wu et al.

Nature Science Foundation of China (Grant nos. 81371489,
81973157, and 82173646).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

References

Albus, C. (2010). Psychological and social factors in coronary heart disease. Ann.
Med. 42 (7), 487-494. doi:10.3109/07853890.2010.515605

Almeida, I. L. L., Rego, J. F., Teixeira, A. C. G., and Moreira, M. R. (2021). Social
isolation and its impact on child and adolescent development: A systematic review.
Rev. Paul. Pediatr. 40, €2020385. doi:10.1590/1984-0462/2022/40/2020385

Baumeister, R. F.,, and Leary, M. R. (1995). The need to belong: Desire for
interpersonal attachments as a fundamental human motivation. Psychol. Bull. 117
(3), 497-529. do0i:10.1037/0033-2909.117.3.497

Beumer, W., Gibney, S. M., Drexhage, R. C., Pont-Lezica, L., Doorduin, J., Klein,
H. C, et al. (2012). The immune theory of psychiatric diseases: A key role for
activated microglia and circulating monocytes. J. Leukoc. Biol. 92 (5), 959-975.
doi:10.1189/j1b.0212100

Boscarino, J. A., and Chang, J. (1999). Higher abnormal leukocyte and
lymphocyte counts 20 years after exposure to severe stress: Research and
clinical implications. Psychosom. Med. 61 (3), 378-386. doi:10.1097/00006842-
199905000-00019

Bradford, H. F. (1995). Glutamate, GABA and epilepsy. Prog. Neurobiol. 47 (6),
477-511. doi:10.1016/0301-0082(95)00030-5

Cacioppo, J. T., Cacioppo, S., and Boomsma, D. L. (2014). Evolutionary mechanisms
for loneliness. Cogn. Emot. 28 (1), 3-21. doi:10.1080/02699931.2013.837379

Campagne, D. M. (2019). Stress and perceived social isolation (loneliness). Arch.
Gerontol. Geriatr. 82, 192-199. doi:10.1016/j.archger.2019.02.007

Cauberghe, V., Van Wesenbeeck, I, De Jans, S., Hudders, L., and Ponnet, K.
(2021). How adolescents use social media to cope with feelings of loneliness and
anxiety during COVID-19 lockdown. Cyberpsychol. Behav. Soc. Netw. 24 (4),
250-257. doi:10.1089/cyber.2020.0478

Chen, M., Yan, H. H,, Shu, S,, Pei, L., Zang, L. K, Fu, Y., et al. (2017). Amygdalar
endothelin-1 regulates pyramidal neuron excitability and affects anxiety. Sci. Rep. 7
(1), 2316. doi:10.1038/s41598-017-02583-6

Chen, W., An, D, Xu, H., Cheng, X., Wang, S., Yu, W,, et al. (2016). Effects of
social isolation and re-socialization on cognition and ADARI (p110) expression in
mice. Peer] 4, €2306. doi:10.7717/peerj.2306

Corsi-Zuelli, F., Fachim, H. A., Loureiro, C. M., Shuhama, R., Bertozi, G., Joca, S.
R. L., et al. (2018). Prolonged periods of social isolation from weaning reduce the
anti-inflammatory cytokine IL-10 in blood and brain. Front. Neurosci. 12, 1011.
doi:10.3389/fnins.2018.01011

Craske, M. G., and Stein, M. B. (2016). Anxiety. Lancet (London, Engl. 388
(10063), 3048-3059. doi:10.1016/S0140-6736(16)30381-6

Craske, M. G, Stein, M. B,, Eley, T. C,, Milad, M. R,, Holmes, A., Rapee, R. M.,
et al. (2017). Anxiety disorders. Nat. Rev. Dis. Prim. 3, 17024. doi:10.1038/nrdp.
2017.24

De Bock, M., Wang, N., Decrock, E., Bol, M., Gadicherla, A. K., Culot, M.,
et al. (2013). Endothelial calcium dynamics, connexin channels and blood-
brain barrier function. Prog. Neurobiol. 108, 1-20. doi:10.1016/j.pneurobio.
2013.06.001

Delgado, M. R., Olsson, A., and Phelps, E. A. (2006). Extending animal models of
fear conditioning to humans. Biol. Psychol. 73 (1), 39-48. doi:10.1016/j.biopsycho.
2006.01.006

Dion-Albert, L., Cadoret, A., Doney, E., Kaufmann, F. N., Dudek, K. A., Daigle, B.,
et al. (2022). Vascular and blood-brain barrier-related changes underlie stress
responses and resilience in female mice and depression in human tissue. Nat.
Commun. 13 (1), 164. doi:10.1038/s41467-021-27604-x

Endo, N,, Ujita, W., Fujiwara, M., Miyauchi, H., Mishima, H., Makino, Y., et al.
(2018). Multiple animal positioning system shows that socially-reared mice

Frontiers in Cell and Developmental Biology

18

10.3389/fcell.2022.943067

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their
affiliated organizations, or those of the publisher, the
editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the
publisher.

influence the social proximity of isolation-reared cagemates. Commun. Biol. 1,
225. doi:10.1038/s42003-018-0213-5

Erickson, M. A., Dohi, K., and Banks, W. A. (2012). Neuroinflammation: A
common pathway in CNS diseases as mediated at the blood-brain barrier.
Neuroimmunomodulation 19 (2), 121-130. doi:10.1159/000330247

Esposito, P., Gheorghe, D., Kandere, K., Pang, X., Connolly, R., Jacobson, S., et al.
(2001). Acute stress increases permeability of the blood-brain-barrier through
activation of brain mast cells. Brain Res. 888 (1), 117-127. doi:10.1016/s0006-
8993(00)03026-2

Fei, X. Y., Liu, S,, Sun, Y. H,, and Cheng, L. (2019). Social isolation improves the
performance of rodents in a novel cognitive flexibility task. Front. Zool. 16, 43.
doi:10.1186/s12983-019-0339-4

Fosnocht, A. Q., Lucerne, K. E,, Ellis, A. S., Olimpo, N. A, and Briand, L. A.
(2019). Adolescent social isolation increases cocaine seeking in male and female
mice. Behav. Brain Res. 359, 589-596. doi:10.1016/j.bbr.2018.10.007

Fruehwirth, J. C., Biswas, S., and Perreira, K. M. (2021). The Covid-19 pandemic
and mental health of first-year college students: Examining the effect of Covid-19
stressors using longitudinal data. PLoS One 16 (3), €0247999. doi:10.1371/journal.
pone.0247999

Fukumitsu, K., Kaneko, M., Maruyama, T., Yoshihara, C., Huang, A. J., Mchugh,
T.J., et al. (2022). Amylin-Calcitonin receptor signaling in the medial preoptic area
mediates affiliative social behaviors in female mice. Nat. Commun. 13 (1), 709.
doi:10.1038/s41467-022-28131-z

Gan, J. O., Bowline, E., Lourenco, F. S., and Pickel, V. M. (2014). Adolescent social
isolation enhances the plasmalemmal density of NMDA NRI1 subunits in dendritic
spines of principal neurons in the basolateral amygdala of adult mice. Neuroscience
258, 174-183. doi:10.1016/j.neuroscience.2013.11.003

Hermes, G. L., Rosenthal, L., Montag, A., and Mcclintock, M. K. (2006). Social
isolation and the inflammatory response: Sex differences in the enduring effects of a
prior stressor. Am. J. Physiol. Regul. Integr. Comp. Physiol. 290 (2), R273-R282.
doi:10.1152/ajpregu.00368.2005

Hinton, E. A, Li, D. C,, Allen, A. G., and Gourley, S. L. (2019). Social isolation in
adolescence disrupts cortical development and goal-dependent decision-making in
adulthood, despite social reintegration. eNeuro 6 (5), ENEURO0318-192019.
doi:10.1523/ENEURO.0318-19.2019

Huang, Q., Zhou, Y., and Liu, L. Y. (2017). Effect of post-weaning isolation on
anxiety- and depressive-like behaviors of C57BL/6] mice. Exp. Brain Res. 235 (9),
2893-2899. doi:10.1007/s00221-017-5021-5

Hylin, M. J., Tang Watanasriyakul, W., Hite, N., Mcneal, N., and Grippo, A. J.
(2022). Morphological changes in the basolateral amygdala and behavioral
disruptions associated with social isolation. Behav. Brain Res. 416, 113572.
doi:10.1016/j.bbr.2021.113572

Iniguez, S. D., Riggs, L. M., Nieto, S. J., Dayrit, G., Zamora, N. N, Shawhan, K. L.,
et al. (2014). Social defeat stress induces a depression-like phenotype in adolescent
male ¢57BL/6 mice. Stress 17 (3), 247-255. doi:10.3109/10253890.2014.910650

Janak, P. H., and Tye, K. M. (2015). From circuits to behaviour in the amygdala.
Nature 517 (7534), 284-292. doi:10.1038/nature14188

Janczura, K. J., Olszewski, R. T., Bzdega, T., Bacich, D. J., Heston, W. D., Neale,
J. H, et al. (2013). NAAG peptidase inhibitors and deletion of NAAG peptidase
gene enhance memory in novel object recognition test. Eur. J. Pharmacol. 701 (1-3),
27-32. doi:10.1016/j.ejphar.2012.11.027

Keesom, S. M., Morningstar, M. D., Sandlain, R., Wise, B. M., and Hurley, L. M.
(2018). Social isolation reduces serotonergic fiber density in the inferior colliculus of
female, but not male, mice. Brain Res. 1694, 94-103. doi:10.1016/j.brainres.2018.
05.010

frontiersin.org


https://doi.org/10.3109/07853890.2010.515605
https://doi.org/10.1590/1984-0462/2022/40/2020385
https://doi.org/10.1037/0033-2909.117.3.497
https://doi.org/10.1189/jlb.0212100
https://doi.org/10.1097/00006842-199905000-00019
https://doi.org/10.1097/00006842-199905000-00019
https://doi.org/10.1016/0301-0082(95)00030-5
https://doi.org/10.1080/02699931.2013.837379
https://doi.org/10.1016/j.archger.2019.02.007
https://doi.org/10.1089/cyber.2020.0478
https://doi.org/10.1038/s41598-017-02583-6
https://doi.org/10.7717/peerj.2306
https://doi.org/10.3389/fnins.2018.01011
https://doi.org/10.1016/S0140-6736(16)30381-6
https://doi.org/10.1038/nrdp.2017.24
https://doi.org/10.1038/nrdp.2017.24
https://doi.org/10.1016/j.pneurobio.2013.06.001
https://doi.org/10.1016/j.pneurobio.2013.06.001
https://doi.org/10.1016/j.biopsycho.2006.01.006
https://doi.org/10.1016/j.biopsycho.2006.01.006
https://doi.org/10.1038/s41467-021-27604-x
https://doi.org/10.1038/s42003-018-0213-5
https://doi.org/10.1159/000330247
https://doi.org/10.1016/s0006-8993(00)03026-2
https://doi.org/10.1016/s0006-8993(00)03026-2
https://doi.org/10.1186/s12983-019-0339-4
https://doi.org/10.1016/j.bbr.2018.10.007
https://doi.org/10.1371/journal.pone.0247999
https://doi.org/10.1371/journal.pone.0247999
https://doi.org/10.1038/s41467-022-28131-z
https://doi.org/10.1016/j.neuroscience.2013.11.003
https://doi.org/10.1152/ajpregu.00368.2005
https://doi.org/10.1523/ENEURO.0318-19.2019
https://doi.org/10.1007/s00221-017-5021-5
https://doi.org/10.1016/j.bbr.2021.113572
https://doi.org/10.3109/10253890.2014.910650
https://doi.org/10.1038/nature14188
https://doi.org/10.1016/j.ejphar.2012.11.027
https://doi.org/10.1016/j.brainres.2018.05.010
https://doi.org/10.1016/j.brainres.2018.05.010
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.943067

Wu et al.

Kokare, D. M., Dandekar, M. P., Singru, P. S., Gupta, G. L., and Subhedar, N. K.
(2010). Involvement of alpha-MSH in the social isolation induced anxiety- and
depression-like behaviors in rat. Neuropharmacology 58 (7), 1009-1018. doi:10.
1016/j.neuropharm.2010.01.006

Kriigel, U,, Fischer, J., Bauer, K., Sack, U., and Himmerich, H. (2014). The impact
of social isolation on immunological parameters in rats. Arch. Toxicol. 88 (3),
853-855. d0i:10.1007/s00204-014-1203-0

Lander, S. S., Linder-Shacham, D., and Gaisler-Salomon, 1. (2017).
Differential effects of social isolation in adolescent and adult mice on
behavior and cortical gene expression. Behav. Brain Res. 316, 245-254.
do0i:10.1016/j.bbr.2016.09.005

Linge, R, Pazos, A., and Diaz, A. (2013). Social isolation differentially affects
anxiety and depressive-like responses of bulbectomized mice. Behav. Brain Res. 245,
1-6. doi:10.1016/j.bbr.2013.01.041

Liu, C. H,, Zhang, E., Wong, G. T. F,, Hyun, S., and Hahm, H. C. (2020). Factors
associated with depression, anxiety, and PTSD symptomatology during the
COVID-19 pandemic: Clinical implications for U.S. young adult mental health.
Psychiatry Res. 290, 113172. doi:10.1016/j.psychres.2020.113172

Liu, M.Y.,Yin, C. Y., Zhu, L. ]., Zhu, X. H., Xu, C., Luo, C. X,, et al. (2018). Sucrose
preference test for measurement of stress-induced anhedonia in mice. Nat. Protoc.
13 (7), 1686-1698. doi:10.1038/s41596-018-0011-z

Liu, Y., Ho, R. C.-M., and Mak, A. (2012). Interleukin (IL)-6, tumour necrosis
factor alpha (TNF-a) and soluble interleukin-2 receptors (sIL-2R) are elevated in
patients with major depressive disorder: A meta-analysis and meta-regression.
] Aﬁ‘ect. Disord. 139 (3), 230-239. doi:10.1016/j.jad.2011.08.003

Maes, M., Meltzer, H. Y., Bosmans, E., Bergmans, R., Vandoolaeghe, E.,
Ranjan, R., et al. (1995). Increased plasma concentrations of interleukin-6,
soluble interleukin-6, soluble interleukin-2 and transferrin receptor in major
depression. J. Affect. Disord. 34 (4), 301-309. doi:10.1016/0165-0327(95)
00028-1

Maes, M., Van Der Planken, M., Stevens, W. J., Peeters, D., Declerck, L. S., Bridts,
C. H,, et al. (1992). Leukocytosis, monocytosis and neutrophilia: Hallmarks of
severe depression. J. Psychiatr. Res. 26 (2), 125-134. doi:10.1016/0022-3956(92)
90004-8

Malhi, G. S., and Mann, J. J. (2018). Depression. Lancet (London, Engl. 392
(10161), 2299-2312. doi:10.1016/S0140-6736(18)31948-2

Manzano Nieves, G., Bravo, M., Baskoylu, S., and Bath, K. G. (2020). Early life
adversity decreases pre-adolescent fear expression by accelerating amygdala PV cell
development. Elife 9, €55263. doi:10.7554/eLife.55263

Mazza, M. G,, Lucchi, S., Tringali, A. G. M., Rossetti, A., Botti, E. R., Clerici, M.,
et al. (2018). Neutrophil/lymphocyte ratio and platelet/lymphocyte ratio in mood
disorders: A meta-analysis. Prog. Neuropsychopharmacol. Biol. Psychiatry 84 (Pt A),
229-236. doi:10.1016/j.pnpbp.2018.03.012

Mckim, D. B., Weber, M. D., Niraula, A., Sawicki, C. M., Liu, X., Jarrett, B. L., et al.
(2018a). Microglial recruitment of IL-1B-producing monocytes to brain
endothelium causes stress-induced anxiety. Mol. Psychiatry 23 (6), 1421-1431.
doi:10.1038/mp.2017.64

Mckim, D. B., Yin, W., Wang, Y., Cole, S. W., Godbout, J. P., Sheridan, J. F., et al.
(2018b). Social stress mobilizes hematopoietic stem cells to establish persistent
splenic myelopoiesis. Cell Rep. 25 (9), 2552-2562. €2553. doi:10.1016/j.celrep.2018.
10.102

Menard, C,, Pfau, M. L., Hodes, G. E., Kana, V., Wang, V. X, Bouchard, S., et al.
(2017). Social stress induces neurovascular pathology promoting depression. Nat.
Neurosci. 20 (12), 1752-1760. doi:10.1038/s41593-017-0010-3

Morrissette, M. (2021). School closures and social anxiety during the COVID-19
pandemic. J. Am. Acad. Child. Adolesc. Psychiatry 60 (1), 6-7. doi:10.1016/j.jaac.
2020.08.436

Muris, P., Merckelbach, H., Gadet, B., and Moulaert, V. (2000). Fears, worries,
and scary dreams in 4- to 12—year—old children: Their content, developmental
pattern, and origins. J. Clin. Child. Psychol. 29 (1), 43-52. doi:10.1207/
S15374424jccp2901_5

Nishiura, K., Ichikawa-Tomikawa, N., Sugimoto, K., Kunii, Y., Kashiwagi, K.,
Tanaka, M., et al. (2017). PKA activation and endothelial claudin-5 breakdown in
the schizophrenic prefrontal cortex. Oncotarget 8 (55), 93382-93391. doi:10.18632/
oncotarget.21850

Orben, A., Tomova, L., and Blakemore, S.-J. (2020). The effects of social
deprivation on adolescent development and mental health. Lancet. Child.
Adolesc. Health 4 (8), 634-640. doi:10.1016/s2352-4642(20)30186-3

Pais, A. B., Pais, A. C., Elmisurati, G., Park, S. H., Miles, M. F., Wolstenholme,
J. T, et al. (2019). A novel neighbor housing environment enhances social
interaction and rescues cognitive deficits from social isolation in adolescence.
Brain Sci. 9 (12), E336. doi:10.3390/brainsci9120336

Frontiers in Cell and Developmental Biology

10.3389/fcell.2022.943067

Petanjek, Z., Judas, M., Simic, G., Rasin, M. R., Uylings, H. B., Rakic, P., et al.
(2011). Extraordinary neoteny of synaptic spines in the human prefrontal
cortex. Proc. Natl. Acad. Sci. U. S. A. 108 (32), 13281-13286. doi:10.1073/pnas.
1105108108

Pi, G., Gao, D., Wu, D, Wang, Y., Lei, H., Zeng, W, et al. (2020). Posterior
basolateral amygdala to ventral hippocampal CA1 drives approach behaviour to
exert an anxiolytic effect. Nat. Commun. 11 (1), 183. doi:10.1038/541467-019-
13919-3

Ren, Q.-G., Gong, W.-G., Wang, Y.-]., Zhou, Q.-D., and Zhang, Z.-]. (2015).
Citalopram attenuates tau hyperphosphorylation and spatial memory deficit
induced by social isolation rearing in middle-aged rats. J. Mol. Neurosci. 56 (1),
145-153. doi:10.1007/s12031-014-0475-4

Rivera-Irizarry, J. K., Skelly, M. J., and Pleil, K. E. (2020). Social isolation stress in
adolescence, but not adulthood, produces hypersocial behavior in adult male and
female C57bl/6] mice. Front. Behav. Neurosci. 14, 129. doi:10.3389/fnbeh.2020.
00129

Salihu, S. A., Ghafari, H., Ahmadimanesh, M., Gortany, N. K., Shafaroodi, H.,
Ghazi-Khansari, M., et al. (2021). Glatiramer acetate attenuates depressive/anxiety-
like behaviors and cognitive deficits induced by post-weaning social isolation in
male mice. Psychopharmacology 238 (8), 2121-2132. doi:10.1007/s00213-021-
05836-5

Seltmann, M. W., Helle, S., Htut, W., and Lahdenperd, M. (2019). Males have
more aggressive and less sociable personalities than females in semi-captive Asian
elephants. Sci. Rep. 9 (1), 2668. doi:10.1038/s41598-019-39915-7

Sepulveda-Loyola, W., Rodriguez-Sanchez, I, Pérez-Rodriguez, P., Ganz, F.,
Torralba, R., Oliveira, D. V., et al. (2020). Impact of social isolation due to
COVID-19 on health in older people: Mental and physical effects and
recommendations. J. Nutr. Health Aging 24 (9), 938-947. doi:10.1007/s12603-
020-1469-2

Sharp, C. D., Hines, I, Houghton, J., Warren, A, Jackson, T. H., Jawahar, A., et al.
(2003). Glutamate causes a loss in human cerebral endothelial barrier integrity
through activation of NMDA receptor. Am. J. Physiol. Heart Circ. Physiol. 285 (6),
H2592-H2598. doi:10.1152/ajpheart.00520.2003

Shimada, A., and Hasegawa-Ishii, S. (2017). Histological architecture underlying
brain-immune cell-cell interactions and the cerebral response to systemic
inflammation. Front. Immunol. 8, 17. d0i:10.3389/fimmu.2017.00017

Slavich, G. M., and Sacher, J. (2019). Stress, sex hormones, inflammation, and
major depressive disorder: Extending Social Signal Transduction Theory of
Depression to account for sex differences in mood disorders. Psychopharmacol.
Berl. 236 (10), 3063-3079. doi:10.1007/s00213-019-05326-9

Smith, L., Jacob, L., Yakkundi, A., Mcdermott, D., Armstrong, N. C., Barnett, Y.,
et al. (2020). Correlates of symptoms of anxiety and depression and mental
wellbeing associated with COVID-19: A cross-sectional study of UK-based
respondents. Psychiatry Res. 291, 113138. doi:10.1016/j.psychres.2020.113138

Snyder, J. S., Soumier, A., Brewer, M., Pickel, J., and Cameron, H. A. (2011). Adult
hippocampal neurogenesis buffers stress responses and depressive behaviour.
Nature 476 (7361), 458-461. doi:10.1038/nature10287

Stukalin, Y., Lan, A., and Einat, H. (2020). Revisiting the validity of the
mouse tail suspension test: Systematic review and meta-analysis of the effects
of prototypic antidepressants. Neurosci. Biobehav. Rev. 112, 39-47. doi:10.
1016/j.neubiorev.2020.01.034

Taheri Zadeh, Z., Rahmani, S., Alidadi, F., Joushi, S., and Esmaeilpour, K.
(2021). Depresssion, anxiety and other cognitive consequences of social
isolation: Drug and non-drug treatments. Int. J. Clin. Pract. 75 (12),
€14949. doi:10.1111/ijcp.14949

Tan, T., Wang, W, Liu, T., Zhong, P., Conrow-Graham, M., Tian, X,, et al. (2021).
Neural circuits and activity dynamics underlying sex-specific effects of chronic
social isolation stress. Cell Rep. 34 (12), 108874. doi:10.1016/j.celrep.2021.108874

Tian, Q., Chen, L., Luo, B., Wang, A. P., Zou, W., You, Y., et al. (2018). Hydrogen
sulfide antagonizes chronic restraint stress-induced depressive-like behaviors via
upregulation of adiponectin. Front. Psychiatry 9, 399. doi:10.3389/fpsyt.2018.00399

Tovote, P., Fadok, J. P., and Liithi, A. (2015). Neuronal circuits for fear and
anxiety. Nat. Rev. Neurosci. 16 (6), 317-331. doi:10.1038/nrn3945

Varatharaj, A., and Galea, I. (2017). The blood-brain barrier in systemic
inflammation. Brain Behav. Immun. 60, 1-12. doi:10.1016/j.bbi.2016.03.010

Vazana, U, Veksler, R, Pell, G. S,, Prager, O., Fassler, M., Chassidim, Y., et al. (2016).
Glutamate-mediated blood-brain barrier opening: Implications for neuroprotection and
drug delivery. J. Neurosci. 36 (29), 7727-7739. doi:10.1523/J]NEUROSCIL0587-16.2016

Vidovi¢, A., Gotovac, K., Vilibi¢, M., Sabioncello, A., Jovanovi¢, T., Rabatié, S., et al.
(2011). Repeated assessments of endocrine- and immune-related changes in

posttraumatic stress disorder. Neuroimmunomodulation 18 (4), 199-211. doi:10.1159/
000322869

frontiersin.org


https://doi.org/10.1016/j.neuropharm.2010.01.006
https://doi.org/10.1016/j.neuropharm.2010.01.006
https://doi.org/10.1007/s00204-014-1203-0
https://doi.org/10.1016/j.bbr.2016.09.005
https://doi.org/10.1016/j.bbr.2013.01.041
https://doi.org/10.1016/j.psychres.2020.113172
https://doi.org/10.1038/s41596-018-0011-z
https://doi.org/10.1016/j.jad.2011.08.003
https://doi.org/10.1016/0165-0327(95)00028-l
https://doi.org/10.1016/0165-0327(95)00028-l
https://doi.org/10.1016/0022-3956(92)90004-8
https://doi.org/10.1016/0022-3956(92)90004-8
https://doi.org/10.1016/S0140-6736(18)31948-2
https://doi.org/10.7554/eLife.55263
https://doi.org/10.1016/j.pnpbp.2018.03.012
https://doi.org/10.1038/mp.2017.64
https://doi.org/10.1016/j.celrep.2018.10.102
https://doi.org/10.1016/j.celrep.2018.10.102
https://doi.org/10.1038/s41593-017-0010-3
https://doi.org/10.1016/j.jaac.2020.08.436
https://doi.org/10.1016/j.jaac.2020.08.436
https://doi.org/10.1207/S15374424jccp2901_5
https://doi.org/10.1207/S15374424jccp2901_5
https://doi.org/10.18632/oncotarget.21850
https://doi.org/10.18632/oncotarget.21850
https://doi.org/10.1016/s2352-4642(20)30186-3
https://doi.org/10.3390/brainsci9120336
https://doi.org/10.1073/pnas.1105108108
https://doi.org/10.1073/pnas.1105108108
https://doi.org/10.1038/s41467-019-13919-3
https://doi.org/10.1038/s41467-019-13919-3
https://doi.org/10.1007/s12031-014-0475-4
https://doi.org/10.3389/fnbeh.2020.00129
https://doi.org/10.3389/fnbeh.2020.00129
https://doi.org/10.1007/s00213-021-05836-5
https://doi.org/10.1007/s00213-021-05836-5
https://doi.org/10.1038/s41598-019-39915-7
https://doi.org/10.1007/s12603-020-1469-2
https://doi.org/10.1007/s12603-020-1469-2
https://doi.org/10.1152/ajpheart.00520.2003
https://doi.org/10.3389/fimmu.2017.00017
https://doi.org/10.1007/s00213-019-05326-9
https://doi.org/10.1016/j.psychres.2020.113138
https://doi.org/10.1038/nature10287
https://doi.org/10.1016/j.neubiorev.2020.01.034
https://doi.org/10.1016/j.neubiorev.2020.01.034
https://doi.org/10.1111/ijcp.14949
https://doi.org/10.1016/j.celrep.2021.108874
https://doi.org/10.3389/fpsyt.2018.00399
https://doi.org/10.1038/nrn3945
https://doi.org/10.1016/j.bbi.2016.03.010
https://doi.org/10.1523/JNEUROSCI.0587-16.2016
https://doi.org/10.1159/000322869
https://doi.org/10.1159/000322869
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.943067

Wu et al.

Wohleb, E. S., Powell, N. D., Godbout, J. P., and Sheridan, J. F. (2013). Stress-
induced recruitment of bone marrow-derived monocytes to the brain promotes
anxiety-like behavior. J. Neurosci. 33 (34), 13820-13833. doi:10.1523/JNEUROSCL
1671-13.2013

Xia, N., and Li, H. (2018). Loneliness, social isolation, and cardiovascular health.
Antioxid. Redox Signal. 28 (9), 837-851. doi:10.1089/ars.2017.7312

Xu, G, Li, Y., Ma, C.,, Wang, C., Sun, Z., Shen, Y., et al. (2019). Restraint
stress induced hyperpermeability and damage of the blood-brain barrier in the
amygdala of adult rats. Front. Mol. Neurosci. 12, 32. doi:10.3389/fnmol.2019.
00032

Yamamuro, K., Bicks, L. K., Leventhal, M. B., Kato, D., Im, S., Flanigan, M. E,,
et al. (2020). A prefrontal-paraventricular thalamus circuit requires juvenile social
experience to regulate adult sociability in mice. Nat. Neurosci. 23 (10), 1240-1252.
doi:10.1038/541593-020-0695-6

Frontiers in Cell and Developmental Biology

20

10.3389/fcell.2022.943067

Zhang, W., Zhang, L., Liang, B., Schroeder, D., Zhang, Z. W., Cox, G. A,, et al.
(2016). Hyperactive somatostatin interneurons contribute to excitotoxicity in
neurodegenerative disorders. Nat. Neurosci. 19 (4), 557-559. doi:10.1038/nn.4257

Zhou, ., Nagarkatti, P., Zhong, Y., Ginsberg, J. P., Singh, N. P., Zhang, J., et al.
(2014). Dysregulation in microRNA expression is associated with alterations in
immune functions in combat veterans with post-traumatic stress disorder. PloS one
9 (4), €94075. doi:10.1371/journal.pone.0094075

Zhu, Q., Enkhjargal, B., Huang, L., Zhang, T., Sun, C., Xie, Z., et al. (2018).
Aggfl attenuates neuroinflammation and BBB disruption via PI3K/Akt/NF-«xB
pathway after subarachnoid hemorrhage in rats. J. Neuroinflammation 15 (1), 178.
doi:10.1186/s12974-018-1211-8

Zorrilla, E. P, Luborsky, L., Mckay, J. R,, Rosenthal, R,, Houldin, A,, Tax, A., et al.
(2001). The relationship of depression and stressors to immunological assays: A meta-
analytic review. Brain Behav. Immun. 15 (3), 199-226. doi:10.1006/brbi.2000.0597

frontiersin.org


https://doi.org/10.1523/JNEUROSCI.1671-13.2013
https://doi.org/10.1523/JNEUROSCI.1671-13.2013
https://doi.org/10.1089/ars.2017.7312
https://doi.org/10.3389/fnmol.2019.00032
https://doi.org/10.3389/fnmol.2019.00032
https://doi.org/10.1038/s41593-020-0695-6
https://doi.org/10.1038/nn.4257
https://doi.org/10.1371/journal.pone.0094075
https://doi.org/10.1186/s12974-018-1211-8
https://doi.org/10.1006/brbi.2000.0597
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.943067

	Childhood social isolation causes anxiety-like behaviors via the damage of blood-brain barrier in amygdala in female mice
	Introduction
	Materials and methods
	Animals
	Childhood social isolation stress
	Novelty suppressed feeding test
	Elevated plus maze test
	Open field test
	Sucrose preference test
	Forced swim test
	Tail suspension test
	Social interaction test
	Novel object recognition test
	Western blot
	Enzyme-linked immunosorbent assay
	Quantitative real-time PCR
	Immunofluorescence
	Blood cell count
	Stereotaxic injection
	AAV of intervening protein expression
	Transmission electron microscope
	Statistical analysis

	Results
	Childhood social isolation induced anxiety-like behaviors in female but not male mice
	Childhood social isolation elevated peripheral inflammation in female mice
	Childhood social isolation elevated neuroinflammation in amygdala in female mice
	Childhood social isolation damaged BBB in amygdala in female mice
	Down-regulation of Claudin-5 in amygdala induced anxiety-like behavior in female mice
	Overexpression of Claudin-5 in amygdala prevented anxiety-like behaviors induced by social isolation in female mice

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


