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Abstract

Background: Although progress has been made in the detection and characterization of neural plasticity in depression, it
has not been fully understood in individual synaptic changes in the neural circuits under chronic stress and antidepressant
treatment.

Methods: Using electron microscopy and Western-blot analyses, the present study quantitatively examined the changes in
the Gray’s Type I synaptic ultrastructures and the expression of synapse-associated proteins in the key brain regions of rats’
depressive-related neural circuit after chronic unpredicted mild stress and/or escitalopram administration. Meanwhile, their
depressive behaviors were also determined by several tests.

Results: The Type I synapses underwent considerable remodeling after chronic unpredicted mild stress, which resulted
in the changed width of the synaptic cleft, length of the active zone, postsynaptic density thickness, and/or synaptic
curvature in the subregions of medial prefrontal cortex and hippocampus, as well as the basolateral amygdaloid nucleus
of the amygdala, accompanied by changed expression of several synapse-associated proteins. Chronic escitalopram
administration significantly changed the above alternations in the chronic unpredicted mild stress rats but had little
effect on normal controls. Also, there was a positive correlation between the locomotor activity and the maximal synaptic
postsynaptic density thickness in the stratum radiatum of the Cornu Ammonis 1 region and a negative correlation
between the sucrose preference and the length of the active zone in the basolateral amygdaloid nucleus region in chronic
unpredicted mild stress rats.

Conclusion: These findings strongly indicate that chronic stress and escitalopram can alter synaptic plasticity in the
neural circuits, and the remodeled synaptic ultrastructure was correlated with the rats’ depressive behaviors, suggesting a
therapeutic target for further exploration.
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Introduction

There is growing evidence that major depressive disorder (MDD)
is associated with impairment in neural circuits related to emo-
tion and cognition (Drevets et al., 2008; Duman and Voleti, 2012;
Price and Drevets, 2012). The medial prefrontal cortex (mPFC)
network, composed of mPFC and its associated brain regions
(eg, amygdala and hippocampus), is one of the most important
circuits regulating the responses to stress in either animal mod-
els (Moustafa et al., 2013; Chang et al., 2014) or MDD patients
(Lorenzetti et al., 2009; Price and Drevets, 2012).

Neuroplasticity, including synaptogenesis and its associated
functional alternations, is a key feature of the adult brain, ena-
bling it to make adaptive responses in the continuously chang-
ing environment (Gu et al., 2013). Dysfunction of the processes
occurs in some brain regions in animal models. For example,
repeated restraint or chronic unpredicted mild stress (CUMS)
can induce structural remodeling of neurons (Alfarez et al., 2003;
McLaughlin et al., 2007; Morales Rico et al., 2014), a deficit in
long-term potentiation, and facilitation in long-term depression
in the rat hippocampus (Pavlides et al., 2002; Artola et al., 2006;
Qiao et al., 2014). Based on those findings, the “Synaptogenesis
Hypothesis” was proposed, considering there was destabiliza-
tion and loss of synaptic connections in mood and emotion cir-
cuits in depression (Duman and Voleti, 2012).

Although structural remodeling of neurons occurs after
stress, there are inconsistent reports in different studies. For
example, Morales Rico et al. (2014) showed that chronic restraint
induced a decrease in dendritic spine density in the ventral CA1
neurons in female rats, but there were no changes in male rats,
while others groups have observed that synaptic plasticity in
the CA1 region was affected by stress in male rats and monkeys
(Fuchs et al., 1995; Sousa et al., 2000; Alfarez et al., 2003). Thus,
specific structural remodeling of neurons may depend not only
on the animal species and sex, but also on the brain regions and
stress types (Vyas et al., 2002; Alfarez et al., 2003; McLaughlin
et al., 2007; Morales Rico et al., 2015). However, how would the
ultrastructure of an individual synapse be affected by chronic
stress or treatment? Are the effects similar among different
regions of neural circuits? Is there any relationship between
changed synaptic ultrastructure and depressive-like behav-
iors? Elucidating ultrastructural changes of individual synapses
will help to reveal the responses and modification of a synapse
and, at least in part, estimate the size and correlated activity
of dendrites or spines during chronic stress and antidepressant
treatment.

Based on Gray’s concept, the Type I synapses are the most
common subtype of synapses and are located mainly on den-
dritic spines and shafts in the central nervous system of ani-
mals (Gray, 1959; Klemann and Roubos, 2011). Proteins in their
well-developed postsynapstic density (PSD) mediate the com-
munication of neurons, which is related to the function and
plasticity of synapse (Boeckers, 2006; Klemann and Roubos,
2011). A lot of evidence has shown the Type I synapses are the
site of glutamate transmission (Waselus and Van Bockstaele,
2007; Klemann and Roubos, 2011). The morphological plas-
ticity of synapses is known to be accompanied by changed
expression of some synapse-associated proteins, which have
apparent correlation with the size of the PSD and the efficacy
of signal transmission (Boeckers, 2006; Sheng and Kim, 2011).
However, until now, the expression of these proteins in differ-
ent brain regions during a chronic depressive-like procedure
or after long-term antidepressant treatment is still largely
unexplored.

CUMS is a highly valid animal model with similarity to
the effects of environmental factors on depression in humans
(Willner, 2005). Escitalopram is one of the first line of drugs used
for the treatment of MDD, and it belongs to the family of selec-
tive serotonin reuptake inhibitors (Kirino, 2012). Chronic treat-
ment with escitalopram can restore the hippocampal long-term
potentiation in an animal model of depression (Bhagya et al,,
2011). To understand the synaptic plasticity that may occur in
the mPFC circuit, we investigated the effects of stress and escit-
alopram treatment on the morphology of Gray’s Type I synapses
in several subfields of prefrontal cortex, hippocampus, and
amygdala in CUMS rats. The synapse-associated proteins are
involved in the regulation of neurotransmission and synaptic
plasticity (Chi et al., 2001; Kwon and Chapman, 2011). Thus, the
expression of several important synapse-associated proteins,
including presynaptic proteins (synapsin I and synaptophysin)
and postsynaptic proteins (PSD93, PSD95 and spinophilin), was
also determined.

Materials and Methods

Animals

Adult male Sprague-Dawley rats (Experimental Animal Center,
Shanghai, China) were maintained in a temperature- and
humidity-controlled environment. The standard 12-h-light/-
dark cycle (lights on at 7:00 aAM) was changed only during the
course of stimulation. Food and water were provided ad libitum
except when food or water deprivation was applied as a stressor.
After a 1-week acclimation period, rats were divided into 2
groups (CUMS and normal control groups). Rats that received
stress were housed individually (Jayatissa et al., 2006; Wang
et al., 2009) except when grouping was applied as a stressor.
Chronic stress lasted for 8 consecutive weeks. The normal con-
trols were housed 4 to 5 animals per cage in a separate room
under standard conditions.

After the 4-week experimental period, rats in the CUMS group
were selected according to their performance in sucrose prefer-
ence, forced swimming test (FST), and open-field test (OFT). Only
the stressed rats that exhibited changed behaviors in at least 2
of the tests (decreased sucrose preference and changes in OFT
or FST) were entered in the following experiments, while the
remaining rats were excluded and sacrificed. The depressive-
like rats were divided into the CUMS with saline treatment sub-
group (CS; n=12), and the CUMS with escitalopram treatment
subgroup (CE; n=12). Meanwhile, the controls were divided into
2 matched subgroups: normal rats with saline treatment (NS;
n=12) and normal rats with escitalopram treatment (NE; n=12).
One-half of the rats in each subgroup were used for electron
microscope analysis and the other one-half for Western-blot
analysis. The procedures used in the present study were in strict
compliance with the NIH laboratory animal care guidelines.

CUMS

The CUMS protocol was adapted from previous studies with
some modifications (Willner, 1997; Jayatissa et al., 2006). The
CUMS procedure consisted of 8 different stressors applied ran-
domly every week for 8 weeks. These stressors included food
deprivation, water deprivation, grouped housing, cage tilt, soiled
cage, tail clamping, continuous lighting, and cold swimming
(Table 1).
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Table 1. Stressors Used for Inducing Chronic Unpredicted Mild Stress in Rats

Food Water Soiled Continuous Tilt Clamping Grouped Cold
Day deprivation deprivation cage lighting cage tail housing swimming
1 5:00 PM 5:00 Pm 3:00 Pm 9:00 AM 5:00 Pm 3:00 PM (1 min) 9:00 AM 3:00 PM (5min)
2 10:00 am 10:00 AM 9:00 AM 9:00 PM 9:00 AM 9:00 AM

The stressors lasted for 8 weeks and each animal received one stressor every day. The stressors were randomly changed through the weeks.

Drug Treatment

Animals were administered saline or escitalopram oxalate
(kindly provided by H. Lundbeck A/S. Copenhagen-Valby,
Denmark) every day from 5 weeks until the end of the experi-
ment (28 total days). The drug was freshly prepared in saline
solution and was administered intraperitoneally at 1mlL/kg
body weight at a dose of 10mg/kg body weight.

Behavior Tests

Body Weight Measuring and Sucrose Preference Test

Body weights were measured every day at 9:00 AM. A sucrose
preference test was employed weekly to operationally define
anhedonia (Katz, 1981; Overstreet, 2012). The test procedure
lasted for 24 hours with bottles containing 1% (wt/vol) sucrose
solution or water, and their positions were changed after 12
hours. Intake was measured by weighing the bottles at the
beginning and end of each test. Sucrose preference was calcu-
lated according the following ratio: sucrose preference =sucrose
intake/(sucrose intake + water intake) (Overstreet, 2012).

FST

Rats were individually placed into a cylinder (30x60cm;
Shanghai Yishu Company, China) filled with water (25+2°C,
30cm deep), and their behaviors were recorded by a video cam-
era placed in front of the cylinder. The test lasted for 6 minutes,
and the immobility during only the last 5 minutes was analyzed.
Each rat was judged to be immobile when no additional activity
was observed other than that required to keep the rat’s head
above water (Cryan et al., 2005).

OFT

Locomotor activity of the animals was analyzed using the OFT
between 2:00 and 5:00 pm each time. The apparatus (Shanghai
Yishu Company) consisted of a wooden box measuring
100x100x 50cm. The total distance and rearing times of each
rat were counted in a 5-minute session and recorded by a video
camera. The apparatus was cleaned with detergent and dried
after each rat was tested.

The FST and OFT were performed 3 times: at the beginning,
middle, and end of the experimental period. All of the final
behavioral tests were carried out 48 hours later from the last
dose of escitalopram administration.

Tissue Preparation

All the rats were sacrificed 5 days after the last saline or escit-
alopram treatment.

Tissue Preparation for Transmission Electron Microscopic

Analysis

Rats from the 4 groups (n=6/group) were anesthetized with
an overdose of 7% chloral hydrate in saline and then perfused
with 200mL saline through the ascending aorta followed by 5%

glutaraldehyde dissolved in phosphate buffer (0.1M, pH 7.4).
Two subareas of the mPFC, prelimbic cortex (PrL) and area 1 of
the cingulate cortex (Cgl), were removed (Kodama et al., 2004;
Mattinson et al., 2011) from the Bregma 3.70mm to Bregma
2.20mm. The area of the basolateral amygdaloid nucleus (BLA)
was obtained from Bregma -2.30mm to Bregma -3.30mm. The
structure from the Bregma -3.30mm to Bregma -4.30mm of the
dorsal hippocampus was subsequently analyzed for structural
changes using electron microscopy. The stratum radiatum of the
Cornu Ammonis 1 (CAlsr), stratum radiatum/stratum lacuno-
sum of Cornu Ammonis 3 (CA3sl/sr), and stratum moleculare of
Dentate Gyrus (DGsm) were removed using brain matrices and a
stereoscopic anatomic microscope.

The samples were trimmed to be about 0.5 mm x 1 mm x 1 mm
and postfixed overnight in the 3% glutaraldehyde dissolved in
phosphate buffer (0.1M, pH 7.4). Samples were then washed,
dehydrated with ascending concentrations of ethanol, incu-
bated in 1% osmium tetroxide for 1 hour at room temperature,
and embedded in Epon media. Ultra-thin sections (70nm) were
subsequently collected on formvar-coated grids, contrasted
with uranyl acetate and lead citrate. Six sections of each brain
region were viewed using a transmission electron microscope
(H-7650, Hitachi High-Technologies Corporation). Ten electron
micrographs were taken randomly from each field-of-view in
each section. At least 180 synapses were analyzed in each brain
area of one rat.

Tissue Preparation for Western Blot

Six rats from each group were deeply anesthetized, perfused
with 200mL saline perfusion through the ascending aorta, and
decapitated. Their brains were rapidly removed and promptly
stored at -80°C until further analysis.

Ultrastructure Analysis

Criteria for ultrastructural analysis of Gray’s Type I included:
(1) synapses must be asymmetric, transverse, and not tangen-
tially cut, and (2) synapses must show a clear PSD and synaptic
cleft (Christoffel et al., 2011) (Figure 3A-B). Image-Pro Plus 6.0
software was used to measure the mean width of the synap-
tic cleft, the mean and maximal PSD thickness, the length of
the active zone, and the curvature of the synapses. The synaptic
curvature was classified as follows: (1) concave, a protrusion of
presynaptic terminal into the postsynaptic button; (2) convex, a
protrusion of postsynaptic button into the presynaptic terminal;
and (3) flat, no discernable curvature (Marrone and Petit, 2002;
Connor et al., 2006).

Western Blot

The procedure for Western-blot analysis used in this study fol-
lowed a previously reported protocol (Liet al., 2007). Briefly, frozen
cerebrum tissues were collected, homogenized, and centrifuged
at 12,000 g for 20 minutes at 4°C. The supernatant was phase col-
lected. Proteins were separated by SDS-PAGE and transferred to
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a PVDF membrane (Millipore). Membranes were blocked with 5%
skimmed milk and incubated with primary antibodies specific
for PSD93 (1:2000, Abcam), PSD95 (1:2000, Abcam), spinophilin
(1:1000, Abcam), synapsin I (1:2000, Abcam), or synaptophysin
(1:1000, Millipore). After incubation with goat anti-rabbit or goat
anti-mouse IgG, the membranes were developed using an elec-
trochemiluminescence (ECL) chemiluminiscence kit (Millipore).
The protein levels were quantified using Quantity One software
(Bio-Rad) and normalized to GAPDH expression.

Statistical Analysis

Statistical analyses were carried out using GraphPad Prism 6.01
and IBM SPSS Statistics 20 (for analysis of covariance). All of the
graphic representations were performed using GraphPad Prism
6.01. Abnormal behaviors were defined when the value was 2 SD
lower than that of the controls. Two-way ANOVA was used for
analyses of the data and was followed by Tukey posthoc tests.
ANCOVA was used to determine the effects of body weight on
OFT and FST. A Pearson correlation analysis was performed
to estimate the relationship between synaptic morphologi-
cal changes and behaviors. Data are reported as means + SEM.
P<.05 was considered significant.

Results

Effects of CUMS and Escitalopram Treatment on
Rats’ Body Weight and Sucrose Preference

The body weight of stressed rats was significantly less than
that of normal controls (F=17.01, P=.0002, n=24/group), and the
difference was maintained to the last measurement (F=135.2,
P<.0001, n=12/group). However, body weight remained unaf-
fected by chronic escitalopram treatment throughout the exper-
imental procedure in both the unstressed and stressed groups
(F=0.004, P=.95, n=12/group) (Figure 1A).

Sucrose preference decreased significantly during 4 weeks of
stress compared with the normal controls (F=39.94, P<.0001).
After 3 weeks of treatment with escitalopram, the sucrose
preference was significantly increased in CUMS rats (F=4.133,
P, oy anova=-0481, Py, =.0473), and this increase was further
significant at the end of the experimental period (F=6.044, P,
way anova=-018, P, =.0157). Escitalopram did not affect sucrose
preference in unstressed controls (NE group; Figure 1B).
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Effects of CUMS and Escitalopram on FST of Rats in
the 4 Groups

Body weight did not affect the immobility time of rats in FST
either at week 4 (F=1.895, P=.175, n=24/group) or at the end
point of the experiment (F=0.839, P=.365, n=12/group). CUMS
significantly increased the immobility time of FST (F=57.97,
P oy anova < -0001, P, <0001, n=24/group), and the difference
was maintained to the end point of the measurement (F=37.28,
P, oy anova < -0001, P < .0001, n=12/group). A 4-week treat-
ment substantially decreased the immobility time of CUMS rats
(F=15.08, P, .. anova=-0003, Py, =.0003, n=12/group) (Figure 2A).
No difference was seen between the NE and NS groups

(P, =-763, n=12/group).

Tukey

Effects of CUMS and Escitalopram on OFT of Rats in
the 4 Groups

ANCOVA analysis showed that body weight did not affect either
the total distance or the rearing times of rats in the OFT. CUMS
significantly reduced the total distance rats ran at week 4
(F=40.70, P<.0001, n=24/group) or at the end point of the meas-
urement (F=71.38, P, . oy < .0001, P, < .0001, n=12/group),
while escitalopram increased the total distance in the CE group
(F=14.62, P, . .yova=-0004, P, =.0002) but had no effect in the
NE group (P, =-8402, n=12/group) (Figure 2B).

The rearing times of stressed rats were sharply decreased at
week 4 (F=47.99, P<.0001, n=24/group) and at the end point of
the experiment (F=44.57, P, .\, <.0001, P, <.0001, n=12/
group). Chronic escitalopram treatment significantly increased
the rearing times of CUMS rats (F=8.187, P, ey avova=-0064,
P 4ey =-0002) but had no effect on NE rats (P, =.9357, n=12/
group) (Figure 2C).

Tukey

Comparison of Synaptic Morphology in Brain
Regions of Rats in the 4 Groups

Comparison of Synaptic Morphology in the Rat’s Cg1 Region

In the Cgl region, chronic stress decreased and escitalopram
treatment increased the length of the synaptic active zone sig-
nificantly (F=11.88, P=.0025 and F=20.02, P=.0002, respectively;
n=6/group). There was a trend for an increase in the length of
the active zone in the NE group (P=.0579). Meanwhile, escit-
alopram treatment remarkably decreased the synaptic cleft in
stressed rats (F=8.611, P=.0082) (Figure 3C-D).
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Figure 1. The body weight (A) and sucrose preference (B) of rats in the 4 groups during 8 weeks. Chronic unpredicted mild stress (CUMS) significantly reduced the
increase of rats’ body weight after 2 weeks of stress (P=.0046, n=24/group), and the influence remained to the end of experiment (P<.0001, n=12/group). However,
chronic escitalopram administration did not affect the body weight in both stressed and control animals (A). After 3 weeks of initial exposure to CUMS, sucrose prefer-
ence was significantly decreased in stressed rats compared with controls (P=.0002, n=24/group), and the difference continued to the end of experiment at week 8 (the
normal rats with saline treatment [NS] group vs the CUMS with saline treatment subgroup (CS) group, P<.0001, n=12/group). After 3 weeks of escitalopram treatment,
the sucrose preference of rats in the CUMS with escitalopram treatment subgroup (CE) group was significantly increased compared with that of the CS group (P=.0473).
The significance increased further at the end of experiment for the CE group compared with the CS group (P=.0157). *P<.05 and ***P<.0001, the differences in body
weight between control and stressed rats. Error bars represent SEM.
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Figure 2. Note the results of the forced swimming test (FST) (A) and open-field test (OFT) (B-C) throughout the experimental period. (A) Chronic unpredicted mild stress
(CUMS) significantly increased the immobility time in the FST. After escitalopram treatment, the immobility time of CUMS with saline treatment subgroup (CS) rats
substantially decreased (n=12/group). (B) Distance travelled by CS rats was significantly reduced in the OFT. Chronic escitalopram treatment increased the distance
travelled by CUMS with escitalopram treatment subgroup (CE) rats (n=12/group). (C) Meanwhile, the rearing times of CUMS rats decreased compared with that of the
control rats. After 4 weeks of treatment, escitalopram significantly increased the rearing times of CUMS rats (n=12/group). *P<.05, **P<.001, ***P<.0001. Error bars

represent SEM.

In the CS group, a significant decrease of convex-formed
synapses (42.25%) was observed compared with those of the NS
group (48.65%; P=.0444), while the flat ones increased to 48.8%
compared with 34.47% in the NS group (P <.0001). Compared with
the CS group, escitalopram increased the convex-formed syn-
apses (53.02%, P=.01) and decreased flat-formed ones (34.73%,
P<.0001) in the CE group (Table 2). However, escitalopram did
not affect the proportions in the NE group.

Comparison of Synaptic Morphology in the Rats’ PrL Region

The main effect of stress on the synaptic morphology in the PrL
was changes in the maximal PSD thickness (F=8.786, P=.0077,
n=6/group). An analysis of PrL synaptic curvature showed no
significant changes in CS rats compared with that of NS con-
trols. However, chronic escitalopram treatment increased the
proportion of convex-formed synapses in CE (43.64% to 52.29%,
P=.0087) and NE (44.75% to 52.66%, P=.0159) rats and decreased
the proportion of flat-formed synapses in CE rats (45.56% to
37.58%, P=.0151), respectively (Table 2).

Comparison of Synaptic Morphology in the Rats’ BLA Region

Stress significantly increased the maximal PSD thickness in rats
(F=17.32,P=.0005, n=6/group). There was a trend for an increase
in the length of the active zone in the BLA after stress (F=3.499,
P=.0761). A significant interaction of stress and escitalopram
was observed on the length of the active zone (F=6.037, P=.0233)
in the BLA.

Interestingly, the convex-formed synapses in the BLA of CS
rats increased to 54.95% compared with 46.34% in the NS rats
(P=.0346), and decreased to 46.82% in the CE rats (P=.0454).
There was a significant decrease of flat-formed synapses in the
BLA of CS rats (31.83%) compared with those in the NS group
(41.88%, P=.0143), while escitalopram increased the proportion
significantly (44.64%, P=.0022) in the CE rats (Table 2). However,
there was no significant effect of chronic escitalopram treat-
ment on synaptic curvatures in the NE group.

Comparison of Synaptic Morphology in the 3 Subregions (CA1sr,
CA3sl/st, and DGsm) of Rats

In the CAlsr region, the width of the synaptic cleft in the rats
was increased by CUMS (F=4.581, P=.0448, n=6/group) or sig-
nificantly decreased escitalopram treatment (F=5.102, P=.0352)
(Figure 4A). CUMS significantly diminished the maximal PSD
thickness in the stressed rats (F=7.963, P=.0105) (Figure 4B-C).
In the CA3sl/sr, the maximal PSD thickness of the Type I syn-
apse was increased by escitalopram (F=6.277, P=.021, n=6/
group), and the interaction effect of stress and escitalopram
was observed (F=9.059, P=.0069) (Figure 4D). In the DGsm

region, CUMS diminished the length of the active zone (F=13.00,
P=.0018, n=6/group) and escitalopram reversed it significantly
(F=5.731, P=.0266). The PSD thickness in DGsm was affected by
escitalopram in the CE group but not stress (F=4.972, P=.0374
for the mean; F=6.408, P=.0199 for the maximal) (Figure 4E-G).

In all 3 subregions of the hippocampus, the proportion
of convex-formed synapses in the CS rats was significantly
decreased (36.07% in CA1lsr, 39.73% in CA3sl/sr, 38.06% in DGsm,
respectively) compared with that of the NS rats (46.31% in CAlsr,
P=.0245, 48.36% in CA3sl/sr, P=.0385, and 47.36% in DGsm,
P=.0343), whereas chronic stress increased the proportion of
flat-formed synapses in CAlsr (53.67%) and CA3sl/sr (43.24%)
compared with that of NS rats (37.44% in CAlsr, P=.0005; 34.17%
in CA3sl/sr, P=.0299). Escitalopram increased the proportion of
convex-formed synapses (50.42% in CAlsr, P=.002, 55.31% in
CA3sl/sr, P=.0003, and 56.71% in DGsm, P<.0001) and decreased
the proportion of flat-formed synapses (39.13% in CAlsr, P=.018,
31.95% in CA3sl/sr, P=.0075, and 30.02% in DGsm, P=.019) in
the CE rats but did not affect the proportions in the NE group
(Table 2).

Correlation between the Behaviors and Synaptic
Ultrastructure in CUMS Rats

Pearson correlation analysis revealed that there was a posi-
tive correlation between the total distance in the OFT and the
maximal PSD thickness in the CAlsr region (r=0.9362, P=.006,
n=6; Figure 5A) and a negative correlation between the sucrose
preference and the length of the active zone of synapses in BLA
region in the CS group (r=-0.8858, P=.0188, n=6; Figure 5B).

Altered Expression of Synapse-Associated Proteins
in Different Brain Regions of Rats in the 4 Groups

Altered Expression of Synapse-Associated Proteins in the Rats’

Cg1 Region in the 4 Groups

Two-way ANOVA analysis revealed that stress significantly
decreased the expression of the tested proteins in the rat Cgl region
(F=18.5, P=.0003 for PSD93; F=36.6, P<.0001 for PSD95; F=13.69,
P=.0014 for spinophilin; F=17.39, P=.0005 for synapsin I; F=35.24;
P<.0001 for synaptophysin, respectively; n=6/group). Meanwhile,
chronic escitalopram administration increased the expression of
spinophilin in the stressed rats (F=6.917, P=.016) but not in the
control animals. The interaction between stress and escitalopram
was observed in the expression of all of the tested proteins in
the rats (F=6.471, P=.0193 for PSD93; F=6.378, P=.0201 for PSD95;
F=5.006, P=.0368 for spinophilin; F=6.466, P=.0194 for synapsin I;
F=5.07; P=.0357 for synaptophysin, respectively) (Figure 6A).
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Figure 3. Changed excitatory synaptic structures in area 1 of the cingulate cortex (Cgl) (C-D), prelimbic cortex (PrL) (E-F), and basolateral amygdaloid nucleus (BLA)
(G-H) regions in different groups (n=6/group). A and B were 2 sections’ electron microscopic images of Cgl region in the normal rats with saline treatment (NS). The
upper small image between A and B was a concave-formed synapse from B and the lower a convex-formed synapse from A. In the Cgl region, chronic unpredicted
mild stress (CUMS) reduced the length of the active zone (AZ) in CUMS with saline treatment subgroup (CS) rats (vs NS rats, P=.0427) (C) and escitalopram increased it
(P=.0089) (C) and decreased the width of the synaptic cleft (SC) (P=.0363) (D) in CUMS with escitalopram treatment subgroup (CE) rats compared with CS rats, without
any effect on those of NE rats (P=.9053 and .0579). In the PrL region, the maximal postsynapstic density (PSD) thickness in CS rats sharply decreased (P=.0113) (E), and
the mean PSD thickness showed a similar trend (P=.0611) (F) compared with that of the NS group. In the BLA area, the length of the AZ (P=.029) (G) and the maximal
PSD thickness (P=.036) (H) increased significantly in CS rats compared with the NS group, and escitalopram significantly reversed the change of AZ in the CE group (vs
CS rats, P=.0419) but not in the NE group (vs NS rats, P=.934) (G). *P<.05, **P<.005. Error bars represent SEM.

Altered Expression of Synapse-Associated Proteins in the Rats’
PrL Region in the 4 Groups

The stress significantly decreased the expression of postsyn-
aptic proteins in the PrL regions (F=42.63, P<.0001 for PSD93;
F=25.67, P<.0001 for PSD95; and F=23.11, P=.0001 for spino-
philin, respectively; n=6/group). Escitalopram increased the
expression of postsynaptic proteins in the stressed rats (F=7.07,
P=.0004 for PSD93; F=12.72, P=.0019 for PSD95; and F=7.267,
P=.0139 for spinophilin, respectively) without any effect in the

control rats. Also, the combined effect of stress and escitalo-
pram changed protein expression in the rat PrL region (F=10.56,
P=.0151 for PSD93; F=22.33, P=.0001 for PSD95; and F=7.8,
P=.0112 for spinophilin, respectively) (Figure 6B).

Altered Expression of Synapse-Associated Proteins in the Rats’
Amygdala in the 4 Groups

In the amygdala, stress significantly decreased the expression
of PSD93 (F=7.867,P=.0109, n=6/group). Neither the treatment nor



Table 2. Synaptic Curvatures in Several Brain Subregions among Dif-
ferent Groups

Mean + SEM
Normal + Normal + CUMS + CUMS +
saline drug saline drug
CX (%) 48.65+2.04 54.65+3.13 42.25:+0.94  53.02+1.58*
Cgl CC(%) 16.88+3.08 11.04+3.39 8.95+1.62" 12.25+2.19*
FL (%) 34.47+2.70 34.31+1.04 48.8+1.16° 34.73+1.70*
CX (%) 44.75+2.43 52.66+2.80° 43.64+2.73 52.29+1.81*
PrL. CC (%) 14.92+1.98 8.73+222 10.81+1.90 10.13+1.68
FL (%) 40.33+2.37 38.62+1.82 45.56+2.57  37.58+2.37*
CX (%) 46.34+2.82 50.81+2.80 54.95+3.59° 46.82+3.29*
BLA CC (%) 15.44+358 9.61+1.95 31.21+1.85 15.21+2.83
FL (%) 41.88+2.61 38.74+3.06 31.83+1.98  44.64+2.74*
CX (%) 46.31+3.94 42.99+1.69 36.07+2.45 50.42+2.70*
CA1l CC (%) 16.25+2.68 16.90+3.07 10.45+2.91 10.44+2.90
FL (%) 37.44+2.82 40.11+4.47 53.67+3.64  39.13+3.45*
CX (%) 48.36+0.97 48.76+1.74 39.73x1.44  55.31+4.86"
CA3 CC(%) 17.47+3.11 13.57+336 17.03+2.21 12.73+2.98
FL (%) 34.17+2.89 37.67+3.22 43.24+240  31.95+3.30*
CX (%) 47.36+1.81 50.89+2.99 38.06+2.08 56.71+£4.97"*
DG CC(%) 16.53+3.05 16.23+3.14 21.4+3.37 13.27+3.80
FL (%) 36.11+2.08 32.87+3.44 40.37+1.93  30.02+2.10*

Abbreviations: CC, concave-formed synapse; CX, convex-formed synapse; FL,
flat-formed synapse; Cgl, area 1 of the cingulate cortex; PrL, prelimbic cortex;
BLA, area of the basolateral amygdaloid nucleus; CA1, Cornu Ammonis 1; CA3,
Cornu Ammonis 3; DG, Dentate Gyrus.

*P < .05 compared with the NS group. #P < .05 compared with the CS group.

the interaction of stress and escitalopram influenced the expres-
sion of the proteins in the amygdala in the 4 groups (Figure 6C).

Altered Expression of Synapse-Associated Proteins in the Rats’
3 Subfields of the Hippocampus in the 4 Groups

In the CA1 region, the stress decreased the expression of
PSD93 (F=11.04, P=.0034, n=6/group), while escitalopram sig-
nificantly increased the expression of synapsin I (F=2.48, P=.13)
(Figure 7A). There was a significant interaction between stress
and escitalopram on the expression of PSD95 (F=7.219, P=.0142).
In the CA3 region (Figure 7B), stress significantly decreased
the expression of the 5 proteins (F=12.77, P=.0019 for PSD93;
F=42.21, P<.0001 for PSD95; F=24.07, P<.0001 for spinophilin;
F=17.48, P=.0005 for synapsin I; and F=7.624, P=.012 for syn-
aptophysin, respectively; n=6/group). There was a remarkable
interaction between stress and escitalopram on the expres-
sion of 4 proteins in the rats’ CA3 region (F=4.585, P=.0448 for
PSD93; F=19.01, P=.0003 for PSD95; F=9.881, P=.0051 for syn-
apsin I; and F=8.545, P=.0084 for synaptophysin, respectively).
In the DG area, stress diminished the expression of the tested
proteins (F=11.25, P=.0032 for PSD93; F=14.19, P=.001 for PSD95;
F=5.641, P=.0277 for spinophilin; F=50.85, P<.0001 for synap-
sin I; and F=41.57, P<.0001 for synaptophysin, respectively;
n=6/group) (Figure 7C). Escitalopram increased the expression
of PSD95 (F=14.9, P=.0004), spinophilin (F=5.641, P=.0277), and
synaptophysin (F=25.27, P<.0001) in stressed rats. However,
escitalopram treatment did not affect the protein expression in
all 3 subfields of the hippocampus in the NE rats.

Discussion

The main finding from the present study was that the Gray’s
Type I synapses underwent considerable remodeling in
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depression-related circuits of rats after CUMS and escitalo-
pram treatment. The results demonstrated that the specific and
regional plasticity of individual synapses might play important
roles in the depressive-like behaviors of stressed rats.

The subjects used in the CS and CE groups were carefully
selected. Only the rats meeting the specific criteria outlined
in the Methods section were used for the subsequent experi-
ment, which provided high levels of homogeneity among rats.
Escitalopram was given at a high dose of 10mg/kg, which was
effective in producing significant antidepressant-like effects
(Zomkowski et al., 2010). Final behavioral assessment were car-
ried out 48 hours after the last injection to exclude the acute
effect of escitalopram (O’Brien et al., 2013).

Plasticity of Gray’s Type I Synapses among Brain
Regions in Depression Circuits after Stress and
Escitalopram Treatment

The present study found that the ultrastructural remodeling of
individual Gray’s Type I synapses had been affected by CUMS
and escitalopram administration, suggesting that the dimen-
sions of the synaptic ultrastructures determined the efficiency
of neurotransmission and correlated with synapse strength
(Arellano et al., 2007; Yong et al., 2014). Therefore, CUMS may
reduce the Type I synaptic strength and neurotransmission effi-
ciency in the neural circuit via decreasing the size of the PSD
complex, active zone, or synaptic curvature and increasing the
width of synaptic cleft in relevant brain regions in rats. Due
to the site of glutamate neurotransmission in Type I synapses
(Waselus and Van Bockstaele, 2007; Klemann and Roubos, 2011),
the essential structural plasticity of synapses that occurred in
stressed rats might result in the reduced synaptic strength and
neurotransmission efficiency of glutamate in the mPFC net-
work (Stewart et al., 2005; Donohue et al., 2006; Radley et al.,
2008; Kim et al,, 2014). Furthermore, chronic escitalopram
administration carried out its antidepressant effect, at least
partly, through improving the changes of excitatory synaptic
morphology.

The present study found that CUMS rats possessed synap-
tic remodeling accompanied by a changed expression of syn-
apse-associated proteins. From the perspective of structure the
synapse-associated proteins, including pre- and postsynaptic
proteins, played crucial roles in the development, maintenance,
and plasticity of spines and synapse (Kwon and Chapman, 2011,
Bambico and Belzung, 2013; Meyer et al., 2014). The fine-tuned
expression of the proteins herein may therefore be essential for
the regulated synaptic morphology after either stress or esci-
talopram treatment (Kwon and Chapman, 2011; Iasevoli et al.,
2013).

The mPFC network, especially the hippocampus, mPFC, and
amygdala, are closely interconnected and influence each other
through direct and indirect neural activity (Leuner and Shors,
2013; Moustafa et al., 2013). The hippocampus-to-PFC connec-
tion is a glutamatergic monosynaptic pathway (Cerqueira et al.,
2008) and would be imbalanced in CUMS rats, as suggested by
our study. However, the synaptic remodeling was regionally
specific, with significantly more changes in the rat CA1 com-
pared with the CA3 after 56 consecutive days of stress. Although
both the CA1 and CA3 were important hippocampal subfields,
their response to stress may be different (Conrad et al., 1999;
Christian et al., 2011). It was demonstrated that the CA3 den-
drite atrophy was not permanent but reversible and cell-type
specific 10 days after cessation of restraint stress (Conrad et al.,
1999; Christian et al., 2011). Thus, CUMS caused the imbalanced
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Figure 4. Morphological changes of synaptic configuration in the stratum radiatum of the Cornu Ammonis 1 (CA1sr) (A-C), stratum radiatum/stratum lacunosum of
Cornu Ammonis 3 (CA3sl/sr) (D), and stratum moleculare of Dentate Gyrus (DGsm) (E-G) areas of hippocampus in different groups (n=6/group). In the chronic unpre-
dicted mild stress (CUMS) with saline treatment subgroup (CS) rats, CUMS increased the width of the synaptic cleft (P=.0573) (A), decreased the mean (P=.049) (B)
and maximal (P=.0157) (C) postsynapstic density (PSD) thickness in the CAlsr, and decreased the length of the active zone (P=.007) (E) in the DGsm compared with
normal rats with saline treatment (NS) rats. In the CA3sl/sr region, there was a downward trend of maximal PSD thickness in CS rats (vs NS rats, P=.0569) (D). Chronic
escitalopram administration decreased the width of the synaptic cleft in the CAlsr (P=.0483) and increased the maximal PSD thickness in the CA3sl/sr (P=.0045) (D)
and the length of the active zone (P=.0448) (E) as well as the mean (P=.0389) (F) and maximal (P=.0293) (G) PSD thickness in the DGsm of the CUMS with escitalopram
treatment subgroup (CE) compared with that of the CS group. However, no changes were observed in the normal rats with escitalopram treatment (NE) group among

all 3 subareas of hippocampus. *P<.05, **P<.005. Error bars represent SEM.

connection within the rat hippocampus, and the changed syn-
aptic morphology in the CA3 region may reverse somewhat
5 days after cessation of CUMS.

Interestingly, CUMS increased the length of the active zone
and PSD thickness in the BLA region, suggesting increased
size or complexity of Type I synapses in BLA as previous find-
ings reported (Roozendaal et al., 2009). In the neural circuit,
mPFC could suppress amygdala activity, and the mPFC-BLA
pathway regulated emotional behavior and inhibited inappro-
priate responses from the effects of stress under normal circum-
stances (Sotres-Bayon et al., 2004). Meanwhile, the interactions
between the BLA and hippocampus regulated emotional arousal

effects on memory consolidation (Roozendaal et al., 2009). Thus,
the synaptic changes in BLA might be the result of direct actions
of chronic stress or from the reduced inhibition by synapse-
remodeled mPFC (Sotres-Bayon et al., 2004; Sotres-Bayon and
Quirk, 2010; Duman and Voleti, 2012), and these may also modu-
late the synaptic plasticity in other brain regions (Roozendaal
et al.,, 2009).

Based on the interconnection of brain regions, it is likely
that the structural remodeling in one core region may influence
the functions of others (Roozendaal et al., 2009). Therefore, the
changed synaptic plasticity among different regions might be in
a mutual cause-effect relation and may result in an imbalance
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of the mPFC network, which contributes to the development of
disrupted behaviors in CUMS rats. Escitalopram had its anti-
depressant effects on the CUMS rats via partly improving or
reversing these disturbances (Bambico and Belzung, 2013).

The Relationship of the Changed Synaptic Plasticity
with Depressive-Like Behaviors in CUMS Rats

Excitatory synapses play a crucial role in synaptic transmission,
synaptic plasticity, and behavioral adaptation (Timmermans
etal., 2013). The present study has revealed the relationship of the
reduced synaptic PSD thickness in CA1 and CUMS rats’ locomotor
activity, and the length of the synaptic active zone in BLA with
the anhedonia of CUMS rat. Usually, the hippocampus is impor-
tant for affective behaviors, such as hopelessness (Nestler et al.,
2002). Airan et al. (2007) found that increased error signals from
CA1 could be associated with the depressive-like behavior in the
FST, resulting in the failure to adapt to environmental changes.
The amygdala played important roles in the reward circuit in
both patients and animals (Russo and Nestler, 2013; Stuhrmann

et al., 2013). Glutamatergic activity in the BLA is necessary for
motivated behavior and partly mediates the incentive properties
of rewards (Der-Avakian and Markou, 2012). Chronic stress could
increase reward thresholds reflecting a reward deficit (ie, anhedo-
nia), whereas antidepressant treatments had the opposite effect
(Chartoff et al., 2012; Der-Avakian and Markou, 2012). Therefore,
there might be a close connection between the changed plasticity
of Type I synapses in the core brain regions of the neural circuit
and depressive-like behaviors when undergoing chronic stress.
In conclusion, chronic depressive-like rats suffered from
changed synaptic plasticity in the neural circuit of emotion.
However, chronic treatment with escitalopram partly nor-
malized the synaptic remodeling. Of course, there are several
limitations in the present study. For example, quantitative
determination was not performed for the volume of subfields
and the synaptic density. In addition, our study did not examine
time-depended changes in synaptic plasticity in the neural cir-
cuits during exposure to chronic stress. Therefore, further com-
prehensive studies of the mechanisms of synaptic plasticity are
required to develop treatment for depressive disorders.
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