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Adolescent stress increases depression-like behaviors and alters the
excitatory-inhibitory balance in aged mice
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Abstract

Background: Depression affects approximately 5% of elderly people and its etiology might be related to chronic stress expo@
during neurodevelopmental periods. In this study, we examined the effects of adolescent chronic social stress in aged mice on
depressive behaviors and the excitatory-inhibitory (E/I) balance in stress-sensitive regions of the brain.

Methods: Sixty-four adolescent, male C57BL/6 mice were randomly assigned to either the 7-week (from post-natal days 29 to 77)
social instability stress (stress group, 7 = 32) or normal housing conditions (control group, 7z = 32). At 15 months of age, 16 mice
were randomly selected from each group for a series of behavioral tests, including two depression-related tasks (the sucrose
preference test and the tail suspension test). Three days following the last behavioral test, eight mice were randomly selected from
each group for immunohistochemical analyses to measure the cell density of parvalbumin (PV*)- and calretinin (CR*)-positive
gamma-aminobutyric-acid (GABA )ergic inhibitory inter-neurons, and the expression levels of vesicular transporters of glutamate-1
(VGIuT1) and vesicular GABA transporter (VGAT) in three stress-sensitive regions of the brain (the medial pre-frontal cortex
[mPFC], hippocampus, and amygdala).

Results: Behaviorally, compared with the control group, adolescent chronic stress increased depression-like behaviors as shown in
decreased sucrose preference (54.96 +1.97% vs. 43.11 + 2.85%, t(25) = 3.417, P = 0.003) and reduced latency to immobility in
the tail suspension test (92.77 + 25.08 s vs. 33.14 + 5.95 s, tp5) = 2.394, P = 0.025), but did not affect anxiety-like behaviors and
pre-pulse inhibition. At the neurobiologic level, adolescent stress down-regulated PV*, not CR", inter-neuron density in the mPFC
(F1, 39)=19.30, P < 0.001), and hippocampus (F(1, 42y = 5.823, P = 0.020) and altered the CR*, not PV", inter-neuron density
in the amygdala (F(;, 25)=23.16, P < 0.001). The VGluT1/VGAT ratio was decreased in all three regions (all F> 10.09, all
P < 0.004), which suggests stress-induced hypoexcitability in these regions.

Conclusions: Chronic stress during adolescence increased depression-like behaviors in aged mice, which may be associated with the
E/l imbalance in stress-sensitive brain regions.
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Introduction

Epidemiologic studies suggest that depression affects
approximately 5% of elderly people (aged >65 years)!"!
and its etiology may be related to chronic stress
exposure.l*3! On the contrary, exposure to stressful life
events during neurodevelopmental periods is strongly
associated with increased risks of psychosis (eg, depres-
sion) in later life.!*>! Therefore, pre-clinical animal studies
are warranted to establish the causal link between early-life
stress exposure and late-life abnormalities, which may also
shed light on understanding the disease pathogenesis and
developing putative interventions.
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Adolescence is a critical neurodevelopmental period
characterized by large-scale, dynamic reorganization of
cortical-cortical and cortical-subcortical neural cir-
cuits.!®”! Pre-clinical studies have shown that adolescent
chronic stress could increase depression- and anxiety-like
behaviors and impair cognitive functions in adult animals,
which ﬁartially resemble the core symptoms of depres-
sion.’®”! Recently, several studies have examined the
behavioral effects of adolescent chronic stress in aged
animals!'®1?! and found that the elderly, stressed mice
exhibited cognitive deficits and a tendency towards
increased anxiety-like behaviors.'>'?l However, it
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remains unclear whether adolescent chronic stress would
affect depression-like behaviors in aged animals and, 1f Jes,
how the stress-sensitive brain regions are involved.!®

Recent progress on the neurobiologic mechanisms of
depression has highlighted the excitatory-inhibitory (E/I)
balance involving glutamatergic and gamma- -aminobuty-
ric-acid (GABA )ergic neurotransmission in the brain.!t>1¢l
Alterations of glutamatergic and GABAergic neurotrans-
mission have been observed in depressed patients,!!7>18]
including patients with late-life depression,!'”*°! and in
animals exposed to chronic stress.*! 2] Con51der1ng that
adolescence is associated with the pruning of excitatory
synapses and the functional maturation of the GABAergic
system, “* stress exposure during adolescence may alter
the developmental trajectory of the E/I balance and lead to
long-lasting changes in depressive behaviors.

In this study, we examined the effects of adolescent chronic
social stress in aged mice on depressive behaviors and E/I
balance in stress-sensitive regions of the brain, including
the mouse medial pre-frontal cortex (mPFC), hippocam-
pus, and amygdala. We adopted the adolescent social
instability stress paradigm, in which cage mates were
frequently chan7§.];ed for 7 weeks to create an unstable social
environment. The GABAergic inter-neurons can be
classified according to the expression of calcium-binding
proteins, for example parvalbumin (PV), calbindin, and
calretinin (CR).*®! We examined PV-positive (PV* ) and
CR-positive (CR") neurons because these protems exhibit
developmental changes during adolescence.!*”! The ex-
pression levels of the vesicular transporters of glutamate
and GABA, that is, the vesicular glutamate transporter-1
(VGIuT1) and vesicular GABA transporter (VGAT), were
meas%red to characterize the E/I balance at the synaptic
level.

Methods

Ethical approval

The experiments were conducted in compliance with the
National Institute of Health Guide for Use and Care of
Laboratory Animals and were approved by the Peking
University Committee on Animal Care and Use. All efforts
were made to minimize animal suffering throughout the
experiments.

Animals

Experiments were carried out with the adolescent male
CS57BL/6N mice (n= 64, aged 21-22 days) from Vital
River Laboratories (Beijing, China). All mice were given
7 days for acclimatization before the stress procedure and
housed in standard polypropylene cages containing wood
shavings (four per cage) under a fixed 12:12 light/dark
cycle (lights on 08:00) and with constant temperature
(23 + 1°C). Food and water were provided ad libitum.

Adolescent chronic social instability stress procedure

Adolescent mice were randomly assigned to stress and
control groups (7 = 32 per group). Mice in the stress group
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were subjected to the chronic social instability stress
procedure during adolescence as previously described.!?”!
Briefly, rodent composition in each cage was changed twice
per week for seven weeks (during post-natal days 29-77).
A randomized rotation schedule was used to minimize the
possibility of encounter with the same animal during the
experiment. Mice in the control group remained housed
four in home cages with the same roommates during post-
natal days 29 to 77. At the end of the stress procedure, mice
in both groups were separated and then single housed until
they were 15 months old.

Experimental design

Sixteen mice were randomly selected from each group for
the behavioral tests. The tests were performed in the
following order: the sucrose preference test, the tail
suspension test, the open field test, and pre-pulse inhibition
(PPI). Three days after the last behavioral test, eight mice
randomly selected from each group were sacrificed for
immunohistochemical analyses.

Behavioral tests

Sucrose preference test

The sucrose preference test has been widely used to assess
anhedonia (a major symptom of depression) by determin-
ing animals’ preference for sucrose solution over tap water.
Five hours before the test (at 15:00), animals were single
housed and water deprived, with free access to food. The
test started at 20:00 and animals were provided with two
bottles for 1 h, one with 0.2% sucrose solution and the
other with tap water. Water and sucrose consumption was
measured by weighing the bottles before and after they
were given to the mice. The positions of the two bottles
were counterbalanced across groups to avoid the potential
side-preference bias. Sucrose preference percentage (%)
was calculated as (sucrose solution consumption)/(water
consumption + sucrose solution consumption) x 100%.

Tail suspension test

The test Jyas conducted following a well-established
protocol.®?! The mice were suspended individually by a
metal hook 35 cm above the floor using an adhesive tape.
The tape was placed approximately 1 cm from the animal’s
tail tip. Animal tails were crossed through a plastic cylinder
before suspension to prevent tail climbing behaviors. The
procedure lasted 6 min and the last 4 min was quantified.
Mice were considered immobile only when they hung
passively and completely motionless. Immobile time and
the latency to immobility were used to assess depression-
like behaviors (indicative of behavioral despair).

Open field test

The testing arena (50 cm x 50 cm x 50 cm) was made of
gray polypropylene and evenly illuminated at 60 lux
during testing. The test was performed between 09:00 and
14:00. In the test, animals were individually placed in the
corner of the box and allowed to freely explore the
environment for 10 min. The apparatus was wiped with
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10% ethanol between tests. General locomotor activity
was recorded by a video-tracking system. The time spent in
the central part and the latency of the first entry to the
center were considered as anxiety-related indices, and were
scored by ANY-maze 4.98 (Stoelting, Wood Dale, IL,
USA).

Pre-pulse inhibition

PPI of the acoustic startle response is an index of
sensorimotor gating, expressed as the motor response
reduction to a loud acoustic stimulus (pulse, 120 dB) by a
preceding weak sound (pre-pulse, 3-12 dB over the
background noise).**! The test was carried out in startle
chambers (SR-LAB, San Die%o Instruments, San Diego, CA,
USA) as described earlier.**! Briefly, animals were acclima-
tized to the startle chambers for 15 min on the day before
testing. On the testing day, the experiment began with a
5-min acclimatization period, followed by six consecutive
pulse stimuli in order to scale down the initial startle
response to a stable plateau. The test session then began,
consisting of eight trial types: (i) pulse alone: the 120 dB
white noise; (ii-iv) pre-pulse plus pulse: a pre-pulse stimulus
of 3, 6, or 12 dB above the background noise (68 dB) was
presented 100 ms before the pulse; (v—vii) pre-pulse alone:
3, 6, or 12 dB above the background noise; and (viii) no
stimulus. Each stimulus was 20 ms and each trial type was
presented ten times in a pseudorandom order with the inter-
trial interval varying from 8 to 22 s. The startle response
was calculated as the average response to pulse-alone trials.
PPI was the percent decrease of the startle in pulse-alone
compared with startle in pre-pulse-plus-pulse trials: PPI
(%) =[1 — (startle response to (pre-pulse-plus-pulse) trial/
(startle response to pulse-alone) trial)] x 100%.

Immunohistochemistry

Mice were anesthetized with sodium pentobarbital
(200 mg/kg, intraperitoneally) and transcardially perfused
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with 0.9% saline followed by 4% buffered paraformalde-
hyde. Brains were removed, post-fixed for 12 h in the same
fixative at 4°C, and dehydrated in 30% sucrose solution at
the same temperature. The brains were then quenched in
N-hexane at a temperature of —-60°C for 20 s and stored in
a freezer at —80°C.

Serial coronal sections were prepared through the three
stress-sensitive brain regions, that is, the mPFC (Bregma
1.98-1.54 mm) [Figure 1A], the hippocampus (Bregma
-1.58 to -3.16 mm) [Figure 1B], and the amygdala
(Bregma —-1.22 to —1.70 mm), [Figure 1C], at a 30-pm
thickness and 180 wm intervals using a cryostat (Leica,
Wetzlar, Germany). Free-floating sections were treated
with antibodies that recognize PV (1:20,000, Swant,
Bellinzona, Switzerland) and CR (1:5000, Swant). Non-
specific binding for PV and CR was blocked with 1%
donkey serum in 1 x phosphate-buffered saline (PBS).
Sections were incubated overnight with primary antibody
at 4°C and incubated with secondary antibody and an
avidin/biotin complex reagent for 90 min at room
temperature (VECTASTAIN Peroxidase ABC Kit rabbit
IgG; Vector Laboratories, Burlingame, CA, USA), respec-
tively. The sections were then washed with 1 x PBS and
incubated in 0.05% 3,3’-diaminobenzidine.

Images were captured at 20x magnification using an
Olympus BX51 optical microscope fixed with a charge-
coupled device camera (CoolSNAP MPS5; Roper Scientific
Corporation, Tucson, AZ, USA) and analyzed using NIH
Image] software (https://imagej.nih.gov/ij/).

Statistical analysis

All data are expressed as the mean + standard error (SE).
Data points that fell beyond two standard deviations from
the mean were considered as outliers and excluded from
further analysis. SPSS 17.0 (SPSS, Chicago, IL, USA) and
GraphPad Prism 5.0 (GraphPad Software, San Diego, CA,

A Prefrontal cortex B

1.78 mm
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Bregma
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Amygdala

-2.06 mm
: -1.22 mm
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-1.58 mm
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Figure 1: Schematic illustration of sub-regions analyzed in the stress-sensitive areas, including the medial pre-frontal cortex (A), hippocampus (B), and amygdala (C) of aged mice for

immunohistochemical analyses.
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USA) were used to perform the statistical analyses. The
Student # test was used to compare pairs of means.
Preference scores for sucrose solution vs. tap water in the
sucrose preference test were compared using paired 7 tests
in each group. PPl was analyzed by one-way repeated
measures analysis of variance (ANOVA) with the pre-pulse
intensity as the within-subject factor and group as the
between-subject factor. Neurobiologic measures were
analyzed using a two-way ANOVA with the group and
sub-regions as factors. The significance level for all
statistical tests was set at P < 0.05.

Results

Adolescent chronic social stress induced depression-like
behaviors in aged mice

Depression-like behaviors

In the sucrose preference test, compared with control mice,
stressed mice showed a significant decrease in their
preference for sucrose solution (¢,)=3.417, P =0.003)
[Figure 2A, left]. No difference in the total liquid
consumption was found between the two groups
(t22)=0.210, P =0.836) [Figure 2A, right]. In the tail
suspension test, although there was no significant difference
between the two groups in immobility time (6, = 0.131,
P =0.897) [Figure 2B, left], stressed mice displayed shorter
latencies to immobility (¢,5) = 2.394, P = 0.026) [Figure 2B,
right]. Taken together, chronic social stress during adoles-
cence increased depression-like behaviors in aged mice.

WWW.Cmj.org

Anxiety-like behaviors

Chronic social stress in adolescence did not affect the total
distance traveled in the open field test (¢29)=0.691,
P =0.495) [Figure 2C, left], the time spent in the center
zone (t9)=0.108, P =0.914) [Figure 2C, right], or the
latency to the center zone (t5) = 0.989, P = 0.332) in aged
mice. This indicated that motor activity and anxiety-like
behaviors in the open field test in aged mice were unaltered
by adolescent chronic stress exposure.

Pre-pulse inhibition

For PPI levels in aged mice [Figure 2D, left], repeated
measures ANOVA showed a significant main effect of pre-
pulse levels (F, s52=26.07, P<0.001), without a
significant main effect of group (F, s5)=0.131,
P =0.720) or group x pre-pulse interaction (Fy, s2)=
0.128, P =0.880). The acoustic startle response in aged
mice was not affected by adolescent chronic stress
(tae) = 0.676, P =0.505) [Figure 2D, right].

Adolescent chronic social stress down-regulated the density
of PV*, not CR*, inter-neurons, and altered the excitation-
inhibition balance in the mPFC in aged mice

In the mouse mPFC, the numbers of PV* [Figure 3A] and
CR"* [Figure 3B] inter-neurons were counted in three sub-
regions. A two-way ANOVA on the PV* inter-neuron
density [Figure 3C] showed a significant main effect
for group (F;, 30)=19.30, P < 0.001), with a lack of
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Figure 2: The behavioral effects of adolescent chronic social instability stress in aged mice. (A) Sucrose preference test. (B) Tail suspension test. (C) Open field test. (D) Pre-pulse inhibition
test. *P < 0.01, 'P < 0.05, compared between control and stressed group. Data are presented as mean + standard error (n = 12-16 per group). CT: Control; ST: Stress.
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Figure 3: Effects of adolescent chronic social instability stress on the density of PV* and CR* inter-neurons, the expression levels of VGIUT1 and VGAT, and the VGIUT1/VGAT ratio in
the mPFC in aged mice. (A, B) Representative for immunoreactivity of parvalbumin and calretinin in the control and stressed groups in the mPFC. Immunohistochemical staining. Scale
bar = 200 wm. (C, D) The density of PV* and CR* inter-neurons in three sub-regions of the mPFC in both groups. (E, F) Representative for immunoreactivity of VGIuT1 and VGAT in the mPFC
in both groups. Immunohistochemical staining. Scale bar = 200 m. (G-I) The relative optical density of VGIuT1 and VGAT, and their ratio in three sub-regions of the mPFC in both groups.
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group x sub-region interaction (F,, 39y = 1.163, P = 0.323),
or the main effect of sub-region (F», 39) = 0.444, P = 0.644).
The main effect of group demonstrated that adolescent
chronic stress significantly down-regulated the PV™ inter-
neuron density in the mPFC, irrespective of sub-regions. For
the CR" inter-neuron density [Figure 3D], while a significant
main effect of sub-region was observed (Fp, 42)= 52.43,
P < 0.001), neither the main effect of group (F(1,42) = 0.040,
P = 0.843) nor the group X sub-region interaction (F(z 42)=
0.115, P = 0.892) approached significance in aged mice.

We then examined the VGIuT1 [Figure 3E| and VGAT
[Figure 3F] immunoreactivity in the three mPFC sub-
regions. A two-way ANOVA on VGluT1 immunoreactivity
[Figure 3G]| showed significant main effects of group
(F(1, 39) = 16.45,P < 0.001) and sub-region (F(z’ 39) = 5.363,
P =10.009), with a lack of group x sub-region interaction
(Fi2, 39)=0.064, P=0.938). The main effect of group
indicated that the expression levels of VGIuT1 were
decreased by adolescent chronic stress. No significant effects
of group or group x sub-region interaction were observed
for VGAT immunoreactivity [Figure 3H]. We further
analyzed the VGIuT1/VGAT ratio to reflect the E/I balance
in the mPFC [Figure 3I] and found that the ratio was
significantly reduced in aged mice exposed to adolescent
chronic social stress (F(1, 36y = 19.59, P < 0.001); further-
more, and the reduction was uniform in the mPFC sub-
regions, as suggested by the non-significant group x sub-
region interaction (F(», 36)= 0.429, P =0.655).

Adolescent chronic social stress decreased the density of
PV*, not CR*, inter-neurons, and altered excitation-inhibition
balance in the hippocampus in aged mice

We observed stress-induced effects in the hippocampus of
aged mice similar to in the mPFC. Two-way ANOVA on PV*
inter-neuron density [Figure 4A and 4C] showed significant
main effects of group (F(y, 42y = 5.823, P = 0.020) and sub-
reglon (F(z 42)=51.14, P < 0.001), without group x sub-
region interaction (Fy, 42)=2.242, P =0.119), indicating
that adolescent chronic stress down-regulated the density of
PV* inter-neurons in the hippocampus. For CR" inter-neuron
density [Figure 4B and 4D], no significant effects of group
(F(l, 42) = 0.531, P =0.470) or interaction (F(z’ 42) = 0.245,
P = 0.784) were observed in the hippocampus of aged mice.

Similarly, VGIuT1 immunoreactivity [Figure 4E and 4G] was
significantly decreased by adolescent chronic social stress
(Fa, 399=7.702, P=0.008), regardless of sub-regions
(group x sub-region interaction, F»_ 39y = 0.519,P = 0.559).
The VGAT immunoreactivity was unaffected by chronic
stress exposure [Figure 4F and 4H]. The VGIuT1/VGAT
ratio was also significantly reduced in aged mice exposed
to chronic social instability stress during adolescence
(Fu1, 399=17.51, P < 0.001) [Figure 4I], with no group x
sub-region interaction (F, 309) = 1.329, P = 0.276).

Chronic social stress during adolescence altered the density
of CR*, not PV*, inter-neurons, and the excitation-inhibition
balance in the amygdala in aged mice

The effects of adolescent chronic stress on inter-neuron
density in the amygdala depended on sub-regions and cell
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types. The density of PV* inter-neurons [Figure 5A and 5C]|
was significantly higher in the basolateral amygdala than
in the central amygdala (F;, 25) = 44.59, P < 0.001) but
was not affected by stress exposure (main effect of group:
F, 28 =0.025, P=0.875; group x sub-region interac-
tion: F, 24)=0.235, P=0.632). A significant group-
x sub-region interaction was found in the density of CR*
inter-neurons (F(;, 25y =23.16, P < 0.001) [Figure 5B and
5D], which was drlven by a stress-induced increase in the
basolateral amygdala and a decrease in the central
amygdala (P < 0.01, Bonferroni post hoc test). The main
effect of group was not significant (F;, »g)=0.005,
P =0.945).

A two-way ANOVA uncovered no significant stress effects
on the expression levels of VGIuT1 (main effect of group:
F1, 26)=2.856, P =0.103) [Figure SE and 5G] or VGAT
(main effect of group: Fj, 25 =1.551, P=0.223)
[Figure SF and SH] in aged mice. The VGIuT1/VGAT
ratio was significantly reduced by adolescent chronic stress
(F1, 26)=10.09, P =0.004) [Figure SI] in aged mice,
without a significant group x sub-region interaction
(F1, 26)=0.136, P =0.715).

Discussion

The current study examined the long-term effects of
chronic social stress exposure during adolescence on
depression-like behaviors and the E/I balance in aged mice.
Behaviorally, adolescent chronic stress decreased sucrose
preference (indicative of anhedonia) and the latency to
immobility in the tail suspension test (indicative of
behavioral despair), but did not affect anxiety-like
behaviors and PPI levels. E/I neurotransmission was
assessed by the number of GABAergic inhibitory inter-
neurons and the expression levels of VGluT1 and VGAT in
stress-sensitive brain regions. We found that the effects of
adolescent chronic stress on the inter-neuron density
depend on brain regions and inter-neuron types. In the
mouse mPFC and hippocampus, adolescent stress de-
creased the PV*, not CR*, inter-neuron density, whereas in
the mouse amygdala, the same stress altered the CR*, not
PV®, inter-neuron density. All three regions exhibited a
stress-induced reduction in the VGIuT1/VGAT ratio.
Taken together, these results demonstrate that chronic
social stress during adolescence increases depression-like
behaviors and alters the F/I balance in aged mice.

The effects of adolescent chronic stress on depressive
behaviors in adult animals have been consistently reported,
which suggests that adolescent stress exposure may disrupt
the neurodevelopmental trafectory, producing long-term
adverse effects in adulthood.!”! Our study extends research
into depressive behaviors in stressed adult animals to aged
mice. Intriguingly, the adolescent chronic social instability
stress paradigm that we used did not alter immobility in
adult CD1 mice,"®! or it only increased immobility in the
adult mice with hlgher basehne corticosterone levels in the
tail suspension test.**! We also observed comparable
immobility durations between stressed and control groups
in aged mice, which is partially consistent with previous
findings in adults. Nevertheless, the presence of both
reduced latency to immobility in the tail suspension test
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the hippocampus in both groups. * P < 0.05, ¥P < 0.01, *P < 0.001, indicating the significance of the main effect of group. Data are presented as mean =+ standard error (n = 7-8 per
group). CA1, Cornu ammonis 1; CA3, Cornu ammonis 3; CT, Control; DG, Dentate gyrus; PV, Parvalbumin; ST, Stress; VGAT, Vesicular gamma-aminobutyric acid transporter; VGIuT1,
Vesicular glutamate transporter-1.
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and decreased sucrose preference (indicative of anhedonia)
indicates that adolescent social stress increases depressive
behaviors in aged mice. Our work and previous studies did
not observe increased anxiety-like behaviors (in the open
field test or in the acoustic startle response test), [10,12,131 o
PPI changes in aged mice.l'” Therefore, it is possible that
aging may render previously stressed animals more

vulnerable to depressive behaviors.

Inhibitory inter-neurons are integral to the regulation of the
E/l balance and comprise many subtypes that vary in
morphologic, physiologic, and molecular characteristics.!>!
The PV* inter-neurons primarily innervate the somata or the
axon initial segments of pyramidal cells, whereas CR* inter-
neurons are known to innervate deep-layer pyramidal cells
as well as other types of GABAergic inter-neurons. 371
Only a few studies have investigated the effects of adolescent
stress on inhibitory inter-neurons, focusing on pre-frontal
PV~ cells and reporting stress- induced alterations dependent
on age and stress paradigms.**** Our study examined
the effects of adolescent stress on inhibitory inter-neurons in
aged mice and found that adolescent stress exposure
selectively decreased the number of PV*, not CR+, inter-
neurons in the mPFC and hippocampus. The findings
are consistent with the selective modulation of PV™, but
not CR*, inter-neurons during early hfe 1nsults 38 or
N—methyl -D-aspartate receptor antagomsm I The causal
involvement of PV* inter-neurons in depression-like
behaviors has been well established*®! and the decreased
PV* inter-neuron density we observed may underlie the
increased depression-like behaviors in aged mice.

Intriguingly, chronic social stress during adolescence
modulated the number of CR*, not PV", inter-neurons in
the amygdala in aged mice. The stress-induced CR* inter-
neuron density changes are different in the basolateral and
central amygdala, which may be related to different cell
types in these two sub-regions. While the basolateral
amygdala is a more cortical-like structure,'*!! the central
amygdala is heavily populated by GABAergic medium spiny
neurons.** Recent studies have reported increased depres-
sion-like behaviors and elevated CR expression levels in the
amygdala of mice subiected to maternal separation or
bilateral ovariectomy,*>**! providing a link between
depressive behaviors and amygdala CR levels.

Besides the alterations of inter-neuron cell density, we also
examined the expression levels of VGIuT1 and VGAT to
reflect the E/I balance at the synaptic level. The two
vesicular transporters are located in the pre-synaptic
terminals of excitatory and inhibitory synapses, respec-
tively, and are responsible for loading glutamate and
GABA into vesicles for their subsequent release into the
synaptic cleft.'**! We found that adolescent stress resulted
in a reduced VGIuT1/VGAT ratio in the three brain
regions, which were primarily driven by VGIuT1 down-
regulatlon Previous studies have shown that VGluTl
is associated with depression-like behaviors!*®! and is
involved in rapid antidepressant-like effects.l*”! Tt
is therefore possible that the depression-like behaviors in
aged mice may be attributed to the decrease in VGluT1
levels in stress-sensitive brain regions. The unaffected
VGAT levels could be related to compensatory VGAT
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expression in other types of inter-neurons. The reduced
VGIuT1/VGAT ratios mlﬁht indicate hypofunctionality of
these brain regions,! which is consistent with
previous reports of decreased, long-term potentlatlon in
the hippocampal CA1 followmg adolescent stress.!"!! The
relationship between the VGIuT1/VGAT ratio and the
density of inter-neuron subpopulations remains unclear.
One possible link for PV* inter-neurons is that reduced
excitatory input decreases their activities, which may lead
to the reduced PV exgpresswn given that PV expression is
activity dependent.*

Our study has several limitations which should be
addressed in future studies. First, it is unclear whether
changes in inter-neuron density resulted from neuronal
loss or altered expression of the corresponding calcium
binding proteins. We analyzed the expression levels of PV
and CR using immunohistochemistry and found that PV
expression was significantly decreased in the mouse mPFC
and hippocampus, whereas CR expression was unaltered
(data not shown). While this finding may provide initial
evidence for altered PV expression by adolescent stress,
future studies are warranted to disentangle the two
possibilities. Second, stress-induced hypoexcitability in
the brain regions is speculation based on the reduced
VGIuT1/VGAT ratios and needs to be confirmed using
more direct measures of neuronal functioning (eg,
electrophysiology). Finally, our findings suggest a correla-
tional relationship between the depressive phenotype and
neurobiologic changes in the F/I balance. To what extent
the observed neural changes might mediate behavioral
changes warrants further studies.

In summary, adolescent stress exposure induces depres-
sion-like behaviors in aged mice. These behaviors are
accompanied by GABAergic dysfunction and an altered E/T
balance in the mPFC, hippocampus, and amygdala.
Together, these results are consistent with the notion that
an E/I imbalance may be involved in the neurobiology of
depression. The adverse effects of adolescent stress
exposure across the lifespan call for early interventions
during this vulnerable period.
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