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A B S T R A C T

Social isolation in adolescence leads to lasting deficits in hippocampal-dependent tasks. The reported effects of
isolation on learning and memory in the Morris water maze and synaptic-related proteins have been incon-
sistent. Moreover, the autophagy level and its effect on cognition in the isolation model are also not clear. In the
present study, we did an extended isolation period up to six months to establish a stable and appropriate iso-
lation model to investigate the cognitive changes associated with it. The mTOR inhibitor rapamycin was sys-
temically administered to mice to determine the roles of autophagy activation on cognitive changes. We dis-
covered that long-term post-weaning social isolation (L-PWSI) produced marked deficits in spatial learning and
memory and inhibited CA1 long-term potentiation (LTP), but paired-pulse facilitation (PPF) and input/output (I/
O) curve were unaffected. The results further showed that the L-PWSI significantly decreased the protein ex-
pression levels of PSD-95, GluA1, NR1 and NR2B in the hippocampus, and no significant changes in the ex-
tracellular release of glutamate and the protein expression levels of synaptophysin, synapsin I, GAP-43, NR2A
and GABAA. Moreover, we found that L-PWSI increased the protein expression of p-AKT/AKT, p-mTOR/mTOR
and p62, whereas the protein levels of LC3B and Beclin1 were decreased indicating an inhibition in autophagy
activity. Intraperitoneal injection of rapamycin significantly potentiated fEPSP slope and cognition-related
proteins expression in the L-PWSI mice. These results therefore suggest that L-PWSI induces postsynaptic dys-
function by disrupting the interaction between AMPAR, NMDAR and PSD-95, and inhibit the autophagy activity
which led to impaired spatial memory and cognitive function.

1. Introduction

Social isolation (SI) is an objective reflection of reduced social
network size or lack of social contact, rearing of rodents with SI stress
during the early weaning periods induce numerous behavioral, mor-
phological and functional abnormalities of the central nervous system
(Khodaie et al., 2015; Okada et al., 2014b; Murai et al., 2007). This
could damage the development and maturation of the brain, which will

ultimately result in cognitive impairment (Yusufishaq and Rosenkranz,
2013). However, related researches have also reported that social iso-
lation (SI) induced poorer performance (Lu et al., 2003; Hellemans
et al., 2004), better performance (Wongwitdecha and Marsden, 1996),
or had no effect (Riley et al., 2016) on spatial cognition. These reports
on the effects of isolation on spatial cognition are inconsistent. Mean-
while, there have not been a definite report on the effects of SI with
regards to the expression of proteins involved (Levine et al., 2007; Zhao
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et al., 2009), and this has left a huge gap in the detailed mechanism of
these effects.

The isolation period of SI model usually ranges from 2, 4, 6 to
8 weeks from the time of weaning at 21 days of age (Chen et al., 2017a;
Lu et al., 2003; Wongwitdecha and Marsden, 1996). All of these staged
at a phase of dynamic cognitive development that occurs during
childhood through to adolescence in the human. This represents a
transitional period and enhanced activation of brain circuitry that occur
with age (Paus et al., 2008; Brenhouse and Andersen, 2011). In addi-
tion, during the “emerging adulthood” stage, which ranges from age 18
to 29 years of age in humans, the brain has also not achieved maturity
but is generally becoming more stable (Arnett, 2000; Negru-Subtirica
et al., 2016). The dynamic process of brain development may perturb or
hide the effects of short-term isolation stress on cognitive function and
proteins expression. To detect the effect of SI more convincingly, we
modeled the long-term post-weaning social isolation (L-PWSI) in which
the period of the chronic social isolation model was done up to
6months of social isolation.

Together with long-term depression (LTD), metaplasticity, homeo-
static plasticity and spike-timing-dependent plasticity (STDP), long-
term potentiation (LTP) remains the best-known and most intensively
studied form of activity-dependent synaptic plasticity. The long-term
studies suggest that the mechanisms involved in the generation of LTP
are the synaptic basis of memory (Bliss and Collingridge, 1993; Bliss
et al., 2014). The release of glutamate can bind to both postsynaptic ɑ-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor
(AMPAR) and N-methyl-D-aspartate receptors (NMDARs). NMDARs are
well known for their role in the induction of LTP (Wang and Peng,
2016; Volianskis et al., 2015). Postsynaptic density-95 (PSD-95) is a
prominent postsynaptic membrane protein involved in synaptic plasti-
city (Liu et al., 2008; Wang et al., 2016). Synaptophysin and synapsin I
are abundant synaptic vesicle proteins which provide the anatomical
basis of quantal release of glutamate (Greengard et al., 1993; Tarsa and
Goda, 2002). Compelling evidence has supported the role of synapto-
physin, synapsin I, GAP43 and PSD95 in the stimulation of synapse
formation and reconstruction (Donovan et al., 2002; Kwon and
Chapman, 2011). Thus, besides the recording of the signal of field ex-
citatory post-synaptic potentials (fEPSP), we measured the expression
levels of cognition- and synaptic-related proteins as well as the extra-
cellular level of glutamate which regulate various memory-connected
activities using microdialysis.

Autophagy is an intracellular protein degradation system which
plays a vital role in the interaction with apoptosis by controlling the
balance between protein synthesis and degradation (Hsieh et al., 2011;
Yen et al., 2013). It is well known that constitutive autophagy is re-
sponsible for neuronal survival (Poels et al., 2012) and protects neurons
from nutritional starvation (Kaushik et al., 2011). Increasing evidence
has revealed that the dysfunction of autophagy causes many neurode-
generative diseases and behavioral deficits (Hara et al., 2006; Komatsu
et al., 2006). There are several key molecular components which par-
ticipate in the initiation, progression and completion of autophagy,
such as the mammalian target of rapamycin (mTOR), which inhibits
autophagy, and Beclin1 as well as light chain (LC) 3, which promote it
(Cordaro et al., 2016). In addition, P62, as an autophagy substrate, is

degraded during autophagy activation (Lau et al., 2013). Our research
also focused on these autophagy-related proteins expression and the
results bring to bare, the cognitive changes induced by the L-PWSI as
well as the role autophagy plays in this cognitive change.

2. Materials and methods

2.1. Animals and behaviors detection

Male Balb/c mice were purchased from the Laboratory Center of
Dalian Medical University. The mice were assigned to group housing
versus isolation housing with free access to food and water. The animals
were housed in polypropylene cages with woodchip bedding, and the
housing rooms were set to a 12-h day/night cycle at 21 ± 1 °C and
55 ± 5% humidity. See Supplemental Methods for ethics protocols.
For the L-PWSI model, the mice were separated and individually housed
in cages from the first weaning day, which is postnatal day 21, and the
isolation period lasted for approximately 25weeks until the mice were
28weeks of age. The isolated mice only had auditory and olfactory
contact with other conspecifics without any form of physical interaction
or visual contact with the other conspecifics. The open-field test (OFT),
social interaction test (SIT), forced swimming test (FST) and tail sus-
pension test (TST) were performed after the modeling (Rodríguez-Arias
et al., 2015; Kumari et al., 2016; Ma et al., 2017). The time-table for
behavioral testing as well as when brains were collected for electro-
physiology/molecular work is shown in Fig. 1.

Open-field test: The OFT is commonly used to assess basic loco-
motor activity as well as anxiety-like behavior (Zaidan and Gaisler-
Salomon, 2015). The test was performed in a white plexiglass arena
(50 cm×50 cm×40 cm) for 5min. The total distance travelled (cm)
and mobile cumulative duration (s), velocity (cm/s), the frequency and
time (s) spent in the center of the arena were assessed.

Social interaction test: The SIT test included the social mice and
experimental mice. Three neighbouring rooms of same size
(40 cm×40 cm×20 cm) were used with an empty room of the be-
havior observation box in the middle, using opaque plexiglass panels
isolated the bilateral room. Before the test, the experimental mouse was
placed into the middle room for 5mins, and the social mouse was
randomly placed into one side room. Then, the panel was removed and
the interaction behaviors between the experimental mouse and the
social mouse were videotaped for subsequent analysis. The time of at-
tack was recorded within 5mins interaction.

Forced Swim Test: To assess depression-like behavior, mice were
individually placed polymethylpentene cylinder (diameter: 12 cm,
height: 27 cm) containing 25 ± 1 °C water of depth 14 cm for a total
duration of 6 mins and the swimming session was videotaped using a
digital video camera for subsequent analysis. Immobility time (inactive
cumulative duration) was assessed during the last 5mins of the 6-min
trial as previously described (O'Keefe et al., 2014).

Tail suspension test: The TST was also performed for the detection
of depressive behaviors (Cryan et al., 2015). Mice were suspended
horizontally by the tail for 6 mins, and the moving session was video-
taped for subsequent analysis. Immobility time (inactive cumulative
duration) was assessed during the last 5min of the 6-min trial.

Fig. 1. Experimental timeline. The L-PWSI mice were individually housed from postnatal day 21 for 25 weeks, and the control mice were group housing. After the
modeling, the animals underwent weeks of behavioral testing (the L-PWSI mice were still isolation). The mice were allowed to rest every other day during the
behaviour testing. At the end of experiment animals were sacrificed for microdialysis, electrophysiology, staining and samples collected for western-blot and RT-PCR.
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2.2. Morris water maze

The MWM test was performed as described by Morris (Morris, 1984;
Chen et al., 2013), and the animals were handled by the experimenter
in the water maze room for a few minutes. The acquisition phase
consisted of 5 consecutive trial days (3 trials per day, each trial 90 s). A
different starting quadrant was used for each trial. Once the mouse
found the platform, it was allowed to remain there for 10 s. If the mouse
failed to find the platform in 90 s, then the mouse was gently guided to
the platform and allowed to remain there for 10 s. The location of re-
lease was counterbalanced both within and between the groups. The
escape latencies (time spent swimming from the start point to the
platform) and the mean swim speed before reaching the platform were
recorded as an index of spatial learning. The escape latency of the mice
on the first training day was normalized to 1.0, and the relative escape
latencies for the following training days were calculated relative to
those of the first day (escape latency in the following day/escape la-
tency in the first day). The memory consolidation test was administered
24 h later using the same setup with the exception of the removal of
escape platform. Each mouse was allowed to swim freely for 90 s in the
pool. The activities measured included swimming speed and the num-
bers of platform-site crossovers. The swimming path of the mice was
recorded using a camera installed 2.0 m above the centre of the pool
and analyzed using a computerized video tracking system (Ethovision
2.0, Noldus, Wagenigen, Netherlands).

2.3. Primary and secondary antibodies

The following antibodies were used: anti-β-actin (ab6276, Abcam,
USA), anti-α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) glutamate receptor 1 (GluA1, ab31232, Abcam), anti-PSD-95
(ab2723, Abcam), anti-NR1 (556,308, BD Pharmingen), anti-synapto-
physin (MAB5258, Millipore), anti-synapsin I (ab64581, Abcam), anti-
NR2B (ab93610, Abcam) and anti-NR2A (ab84181, Abcam), anti-p62/
SQSTM1 (P0067, Sigma-aldrich), anti-Beclin 1 (ab62557, Abcam), anti-
LC3B (#3868, Cell Signaling), anti-Phospho-mTOR(Ser2448) (#5536,
Cell Signaling), mTOR (#2983, Cell Signaling), anti-GAP43 (AB5220,
Millipore), anti-Akt (#2920, Cell Signaling), anti-Phospho-Akt (#4060,
Cell Signaling), horseradish peroxidase-labelled secondary antibodies
(ZSJQ-BIO Company, Beijing, China).

2.4. Electrophysiology and recording

The electrophysiological recording experiment was carried out ac-
cording to a previously described method (Zhang et al., 2014; Lin et al.,
2017a). Transverse hippocampal slices (400 μm) were prepared from
dorsal hippocampus and stored in artificial cerebral spinal fluid (satu-
rated in 95% O2 and 5% CO2, pH 7.4) for at least 1 h before being
removed to a submersion-recording chamber, which was continually
perfused with oxygenated cerebrospinal fluid at a rate of 1–2mL per
minute. Field excitatory postsynaptic potential (fEPSP) was evoked in
the stratum radiatum of the hippocampal CA1 region by means of a
glass microelectrode (Frederick Haer Co) filled with 3M NaCl. The
Schaffer collateral pathway was stimulated with concentric bipolar
electrodes positioned in the stratum radiatum. The stimulation pulse
(0.2 ms duration, 0.033Hz) selected for baseline measurements was
adjusted to yield ~40% of its maximal slope. After baseline responses
had stabilized for 30min, long-term potentiation (LTP) was induced
using high-frequency stimulation (four 100 Hz and 1 s trains delivered
20 s apart). The electrophysiological data were acquired with an Axon
multiclamp 700 B amplifier, filtered at 0.1–5 KHz, and digitized at 10
KHz, and the slope, peak amplitude, and initial area of fEPSP were
measured and analyzed offline using pClamp10.3 software (Molecular
Devices Corp, USA).

Input/output (I/O) curves are normally generated to assess basal
synaptic transmission, the average of three pulses delivered at

0.033 Hz, 0.2ms duration at each intensity in the range of 0.05–1mA in
steps of 0.05mA. Paired-pulse facilitation (PPF) is a form of short-term
synaptic plasticity, we applied paired-pulse stimulation (The stimula-
tion was adjusted to yield ~40% of its maximal slope) at inter-stimulus
intervals of 0, 50, 100, 150, 200 and 250ms. The paired-pulse ratio was
calculated as the amplitude of the fEPSP elicited by the second pulse
divided by the amplitude elicited by the first.

2.5. In vivo microdialysis

In vivo microdialysis was carried out according to our previously
described method (Wang et al., 2017). The mice were anaesthetized
with pentobarbital (50mg/kg, i.p.) and were fixed in a stereotactic
frame (SR-5M, Narishige, Tokyo, Japan). The intracerebral guide
cannula (MBR-5, BASI, West Lafayette, IN 47906 USA) was implanted
1mm above the hippocampus (A: −2.06 anterolateral, L:± 1.1mm
mediolateral from the bregma; V: −2.25mm dorsoventral to the dura)
and was secured onto the skull with stainless steel screws and dental
acrylic cement. After 24 h, a microdialysis probe (MBR-1-5, 1mm
membrane length, BASI) was embedded into the guide cannula, and the
ACSF was continuously perfused into the hypothalamus through the
probe. During the microdialysis experiments, dialysates were collected
in 1-h increments at a velocity of 1 μL/min, and then 50 μL aliquots
were used to measure glutamate levels with an ELISA kit (SU-B20731,
Crodis biotech, Quanzhou, China).

2.6. Western blot

The western-blot experiment was carried out according to a pre-
viously described method (Wang et al., 2017). The protein from the
hippocampus was extracted by using an extraction kit (Keygen Biotech,
China), and the protein content was measured by a BCA protein assay
(Keygen Biotech, China). The proteins (20 μg) for each sample were
loaded into a 10% SDS PAGE gel for electrophoresis. Then, the protein
components were transferred to polyvinylidene difluoride (PVDF)
membranes, and then blocked with 5% BSA in TBST (TBS+0.1%
Tween-20) for 1 h, and then immunoblotted overnight at 4 °C with the
primary antibodies. Subsequently, the membranes were washed three
times in TBST and incubated with a horseradish peroxidase-labelled
secondary antibody (anti-rabbit or anti-mouse, 1:5000; ZSJQ-BIO
Company, Beijing, China) for 1 h at room temperature. The infrared
band signals were detected using BIO-RAD (Hercules, CA, USA) gel
analysis software. The blots were then washed with TBST, blocked for
1 h and incubated with the primary antibody for β-actin for the loading
control. The densitometric analysis of immunoreactivity was conducted
using the NIH Image J software and normalized to the im-
munoreactivity of the group-housed animals.

2.7. Reverse transcriptase-PCR (RT-PCR)

Total RNA was extracted from hippocampal tissue using TRI reagent
(Sigma-Aldrich, MO, USA), cDNA was synthesized by a TransScript
One-Step gDNA Removal and cDNA Synthesis Super Mix (TransGen
Biotech, Beijing, China). The cDNA was amplified with primer and
performed with reagents, the primers for GluA1, NR2B, NR1, PSD-95
and the housekeeping gene GAPDH (Life Technologies, Thermo Fisher
Scientific-CN, Shanghai, China) are listed in Table 1. The amplified
samples were further run on a 2% agarose gel followed by a UV trans-
illuminator and photography for visualization. The values obtained for
the target gene expression were normalized to GAPDH and quantified
relative to the expression in control samples. The products were ana-
lyzed by densitometry using the NIH Image J and Quantity One soft-
ware (BioRad, Hercules, CA, USA).
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2.8. Immunohistochemistry and immunofluorescence staining

The mice were anaesthetized with pentobarbital (50mg/kg, i.p.)
and then perfused with 0.1% phosphate buffer (PB) followed by 4%
paraformaldehyde (PFA) dissolved in 0.1% PB. The brains were re-
moved and left in 4% PFA at 4 °C for 24 h then transferred to 30%
sucrose dissolved in 0.1% PB. Following saturation of the brains in
sucrose, serial 15 μm coronal sections were made with a cryostat (Leica
CM 3050 S, Leica Microsystems AG, Wetzlar, Germany) after OCT em-
bedding. The slices that contain ventral hippocampus were used for the
staining.

For the immunohistochemistry staining procedure, the slices were
thoroughly rinsed in 0.01M PBS then quenched in 3% H2O2 in 0.01M
PBS for 15min. They were subsequently thoroughly rinsed again then
pre-incubated for 1 h in 2% bull serum albumin (BSA) and 0.3% Triton
X-100 in 0.01M PBS at room temperature and then incubated at 4 °C
with one of the following primary antibodies: mouse anti-PSD95, rabbit
anti-GluA1 and mouse anti-NR1 in 0.01M PBS containing 2% BSA and
0.3% Triton X-100 overnight. After incubation with a biotinylated goat
anti-rabbit or anti-mouse IgG secondary antibody (1:200; Vector
Laboratories, Burlingame, CA, USA) for 2 h, the bound antibodies were
visualized using an avidin–biotin–peroxidase complex system
(Vectastain ABC Elite Kit, Vector Laboratories, Burlingame, CA, USA)

and the stained with diaminobenzidine (DAB; Vectro Laboratories) as a
chromogen. The slides were visualized with a microscopy and digitally
photographed (Pannoramic Digital Slide Scanners, 3DHISTECH,
Budapest, Hungary). The analysis of mean integrated optical density
(MIOD) for NR1 and PSD-95 were performed using Image J software of
National Institutes of Health as described previously (Jung et al., 2010;
Avdalyan et al., 2015).

For the immunofluorescence staining procedure, the slices were
permeabilized with 0.3% Triton X-100 in 0.01M PBS for 15min and
then pre-incubated for 1 h in 5% bull serum albumin (BSA), followed by
incubation with primary antibodies: mouse anti-PSD-95 overnight at
4 °C. After incubation for 2 h with anti-mouse Alexa Fluor 594 (1:200;
Beyotime Institute of Biotechnology, Shanghai, China), the sections
were washed in PBS for 3× 5min, and then incubation with 4′,6-dia-
midino-2-phenylindole for 10min (DAPI, 1:10; Beyotime Institute of
Biotechnology, Shanghai, China) and then coverslipped with DIwater/
glycerol. Images were acquired from a microscope (Leica, Wetzlar,
Germany) and digitally photographed. Three mice per group were
analyzed, and serials slides of each mouse were collected. The analysis
was performed in the slides from the same regions of each group of the
mice. Quantitative analysis of mean fluorescent intensity (MFI) were
performed using Image J software of National Institutes of Health as
described in Ding et al. (Ding et al., 2008, Tao et al., 2016).

2.9. Statistical analysis

The data were analyzed using GraphPad Prism (GraphPad Software
Inc.) and SPSS 21.0, expressed as the mean ± SEM. Student 2-tailed
unpaired t-test was used to analyse the variance between the L-PWSI
group and the control group, two way ANOVA was used to evaluate the
effects of rapamycin between groups (Fig. 7G.I). The data summarized
in Figs. 3A. B. E, 4E. F and 5A were assessed by repeated-measures
ANOVA. p < 0.05 was considered statistically significant.

Table 1
Primer sequences for RT-PCR analysis.

Target mRNA sequences Primer sequence

GluA1 5′-GAGCAACGAAAGCCCTGTGA-3′
5′-CCCTTGGGTGTCGCAATG-3′

NR2B 5′-GCCATGAACGAGACTGACCC-3′
5′-GCTTCCTGGTCCGTGTCATC-3′

NR1 5′-AGTGGAACGGAATGATGGGAG-3′
5′-CCGAACCCATGTCTTATCCAG-3′

PSD-95 5′-TGAGATCAGTCATAGCAGCTACT-3′
5′-CTTCCTCCCCTAGCAGGTCC-3′

GAPDH 5′-CACTGGCATGGCCTTCCGT-3′
5′-CTTACTCCTTGGAGGCCAT-3′

Fig. 2. The results of open-field test, social interaction test, forced swimming test and tail suspension test in the L-PWSI and control groups of mice. Means of distance
moved (A), mobile cumulative duration (B), mobile velocity (C) and the number of crosses and time in the center zone (D.E) exhibited by the control and isolated
group during the open-field test. (F) Means of accumulated times (in seconds) spent in attack exhibited by the control and isolated group during the social interaction
test. (G.H) Means of inactive cumulative durations exhibited by the control and isolated group during the forced swimming test and tail suspension test. Data are
presented as the mean ± SEM from 22 mice in each group. * represents p < 0.05; ** represents p < 0.01.
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3. Results

3.1. L-PWSI impaired the spatial learning memory of the Balb/c mice

The L-PWSI model mice, which were separated into individual cages
from the first weaning day and isolated for 25weeks, exhibited hy-
peractive behaviour and aggressive behaviour (greater distance tra-
velled (Fig. 2A, p < 0.05) and a longer mobile cumulative duration
(Fig. 2B, p < 0.01) in the open-field test, but no significance in the
mobile velocity, frequency and time in the center area (Fig. 2C-E);
longer duration of attack in the social interaction test (Fig. 2F,
p < 0.01); less inactive cumulative durations in the forced swimming
test (Fig. 2G, p < 0.01) and tail suspension test (Fig. 2H, p < 0.01).
These results are consistent with results from recent studies (Rodríguez-
Arias et al., 2015; Kumari et al., 2016).

To investigate the navigational ability, spatial learning and memory
of the L-PWSI model mice, we performed the MWM experiments. The
escape latency to a submerged platform and the number of crossings
over the removed platform were compared between the groups
(Fig. 3A–D). The L-PWSI mice exhibited impaired learning in the task of
locating the submerged escape platform, which was indicated by the
increased escape latencies during the trials on the 5th day compared to
the escape latencies of the control mice, and the repeated-measures
ANOVA also demonstrated a significant difference within-subjects ef-
fects (time × group) [F(4, 120)= 2.532, p=0.044] (Fig. 3A). We noted
that the L-PWSI mice exhibited enhanced swimming speed (Fig. 3F,
p < 0.05), the repeated-measures ANOVA demonstrated a significant
difference between-subjects effects (for group) [F(1, 30)= 14.187,
p < 0.001]; no significant difference within-subjects effects
(time× group) [F(3.589, 107.683)= 0.731, p=0.559] (Fig. 3E), which
highlights the poor performance of the L-PWSI mice. To analyse the
results objectively, we normalized the escape latencies from the first
trial day of the two groups of the mice to 1.0 and quantified the relative

escape latencies from the following trial days relative to those from the
first trial day. As shown in Fig. 3B, compared with the control mice that
showed intact learning capabilities as indicated by the decreasing re-
lative escape latencies over the training days, the L-PWSI mice showed
a lower learning ability, the repeated-measures ANOVA demonstrated a
significant difference within-subjects effects (time× group) [F(3.447,
103.442)= 4.076, p= 0.006].

The swimming speed can strongly affect the outcome (escape la-
tencies and distance swum) of the MWM experiments (Klapdor and van
der Staay, 1996), and the inaccurate measure of escape latencies are as
a result of the changes in swimming speed. Considering that the mea-
sure of the escape latency can be severely biased by strain differences in
swimming speed, hence the relative escape latencies are calculated to
eliminate the interference of swimming speed. In our search, the iso-
lated mice showed higher velocities in the MWM, which could increase
the chances of finding the swimming platform as well as decrease the
escape latencies. However, the L-PWSI mice showed increased escape
latencies, indicating the poor performance of the L-PWSI mice which is
consistent with the increased relative escape latencies. Moreover, the
increased swimming speed was exactly in line with the hyperactive
behaviour and aggressive behaviour, which corroborated the greater
distance travelled and the longer mobile cumulative duration in the
open-field test.

In the memory consolidation test, the L-PWSI mice exhibited im-
paired memory retention; specifically, the L-PWSI mice swam across the
target site fewer times than the control mice (Fig. 3D, p < 0.05). The
results demonstrated that L-PWSI perturbs learning and memory in the
Balb/c mice.

3.2. L-PWSI impaired the synaptic plasticity, but synaptic transmission
functions were unaffected

LTP has all the hallmarks expected for the cellular processes

Fig. 3. L-PWSI caused learning and memory deficits in the Balb/c mice in the MWM. (A-E) Acquisition of spatial learning in the different groups of mice after six
months of isolation or group housing in the MWM with the hidden platform. (A) The escape latencies measured for the isolated and control groups of mice. (B) The
relative escape latencies calculated for the isolated and control groups of mice. The escape latencies of the two groups of mice on the first day were normalized to 1.0.
The relative escape latencies on the subsequent days were calculated to those on the first day. (C) Representative images of the track visualization path and the
heatmap path that the mice swam to find the platform. (D) The number of times that the two groups of mice swam across the target sites after retrieval of the
platform. (E) The swimming speed of the two groups of mice on each tested day. (F) The mean swimming speed calculated for the two groups of mice. Data are
presented as the mean ± SEM from 22 mice in each group. * represents p < 0.05; ** represents p < 0.01.

B. Wang et al. Experimental Neurology 311 (2019) 213–224

217



underlying learning and memory (Nicoll, 2017), and the mechanisms
involved in its generation are essentially the same as those that underlie
the synaptic basis of memory (Bliss et al., 2014). Thus, we investigated
whether the L-PWSI would affect the synaptic plasticity by recording
the LTP. LTP was induced by high-frequency stimulation (four 100 Hz
and 1 s trains were delivered 20 s apart) in the CA1 region of 7-month-
old Balb/c mice that had been isolated for 25 weeks from the age of
postnatal day 21. The results revealed that the L-PWSI mice showed a
lower LTP as indicated by a reduction in fEPSP slope (Fig. 4A), fEPSP
peak amplitude (Fig. 4C, p < 0.01), and initial areas (Fig. 4D,
p < 0.01) compared with control mice. Generally, much of the focus in
the LTP field is concerned with the first hour, and it is now accepted
that during the first hour LTP is expressed postsynaptically (Nicoll,
2017). Thus, the lower LTP in the first hour in the L-PWSI mice in-
dicated the long-term social isolation may impair the postsynaptic
function and therefore results in the damage of the postsynaptic plas-
ticity.

To test whether the long-term social isolation could affect basic
synaptic transmission, we measured the input/output (I/O) functions.
The results showed that there was no significant difference between the
L-PWSI and control group in the I/O curve within-subjects effects
(time× group) [F(4.232, 42.319)= 0.334, p= 0.863] (Fig. 4E), sug-
gesting that the long-term social isolation did not affect the basic sy-
naptic transmission. Herein, our results also showed that the long-term
social isolation did not affect the paired pulse facilitation (PPF) within-
subjects effects (time × group) [F(7, 70)= 0.325, p= 0.940] (Fig. 4F), a
short-term synaptic plasticity depending on changes in transmitter re-
lease (Katz and Miledi, 1968), suggesting that basal transmitter release
probability may be normal in the L-PWSI mice. These results indicate
that the impaired cognition in the L-PWSI mice may be partially in-
duced by the postsynaptic and not presynaptic dyfunction.

3.3. L-PWSI did not affect the glutamate level in the hippocampus of the
Balb/c mice

There is a popular belief that glutamate is an incredibly important

excitatory neurotransmitter in the mammalian brain, but excess gluta-
mate can cause “excitotoxicity” and result in neuronal death in some
diseases and injuries (Bai et al., 2016). In our study, we examined the
effect of L-PWSI on hippocampal glutamate release. The results showed
the L-PWSI did not significantly change the dialysate concentration of
glutamate in the hippocampus, the repeated-measures ANOVA showed
no significance between-subjects effects (for group) [F(1, 8) = 0.448,
p=0.522]; within-subjects effects (time × group) [F(3, 30)= 1.042,
p=0.392] (Fig. 5A). Compared with the control mice, the L-PWSI mice
did not show significant changes in the extracellular levels of glutamate
in the hippocampus (Fig. 5B), which basically corroborated the PPF
results, as both highlighted the normal functioning of the presynaptic
membrane.

3.4. L-PWSI decreased the protein levels of both the AMPAR and NMDAR
glutamate receptors in the hippocampus of the Balb/c mice, but no
significance in the mRNA expressions

Plastic change often results from an alteration in the number of
neurotransmitter receptors located on a synapse, such as the glutamate
receptors AMPAR and NMDAR (NR1, NR2). The results of western-blot
showed decreased protein levels of GluA1 in the hippocampus of L-
PWSI mice (Fig. 5C.D, p < 0.01). Memory loss that occurs as a con-
sequence of ageing is paralleled by the down-regulation of the AMPARs
that mediate fast excitatory synaptic transmission (Radin et al., 2016).
The NMDARs are implicated in various learning models (Mukherjee and
Yuan, 2016), and the decrease in the levels of hippocampal NR1 and
NR2B may be associated with the deficits in the spatial learning and
memory abilities seen in the L-PWSI mice (Fig. 5C-D). The results of IHC
staining further confirmed the decreased protein levels of GluA1
(Fig. 5G.H, p < 0.05), NR2B (Fig. 5I.J, p < 0.05) and NR1(Fig. 5K.J,
p < 0.05) in the L-PWSI mice. However, compared with the control
mice, L-PWSI mice did not exhibit significant changes in the protein
expression of NR2A and GABAA (Fig. 5C. D). Meanwhile, the results of
RT-PCR also showed no significance in the mRNA levels of GluA1, NR1
and NR2B between the control and L-PWSI group (Fig. 5E.F),

Fig. 4. L-PWSI impaired the synaptic plasticity, but synaptic transmission functions were unaffected. (A) Time course of the effects of high-frequency stimulation
(HFS) on the field excitatory postsynaptic potential (fEPSP) initial slope, arrow indicates time when HFS train was applied, and representative fEPSP traces for data in
the L-PWSI and control groups. (B) Representative fEPSP traces for data shown in (A). (C) Cumulative data showing the mean fEPSP peak amplitude 70min post-HFS.
(D) Cumulative data showing the mean initial area 70min post-HFS. (E) The I/O curve of L-PWSI and control groups. (F) The PPF ratio of L-PWSI and control groups.
Data are presented as the mean ± SEM from 6 mice in each group. ** represents p < 0.01.
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suggesting the decreased expression level of these proteins were not
induced by synthesis deficiency.

3.5. L-PWSI decreased the protein level of PSD-95, but did not affect the
presynaptic protein expression in the hippocampus of the Balb/c mice

Synaptophysin is commonly used as an estimate of the number of
functional synapses (Tarsa and Goda, 2002). Synapsin I controls the
fraction of synaptic vesicles available for release and thereby regulates
the efficiency of neurotransmitter release by changing its phosphor-
ylation state (Wu et al., 2016). Both are separated in the presynaptic
membrane. Meanwhile, growth associated protein 43 (GAP-43), an-
other presynaptic protein, is enriched in nerve growth cones (Donovan
et al., 2002). Using western blot, we measured the protein level of sy-
naptophysin, synapsin I and GAP-43. Compared with the control mice,
the L-PWSI mice did not show significant changes in the expression of
synaptophysin, synapsin I and GAP-43 in the hippocampus (Fig. 6A. B),
which further support the normal activity of the presynaptic membrane.

PSD-95 is one of the most abundant proteins found in the post-
synaptic density and plays an important functional role in regulating
synaptic transmission and plasticity. Using western blot (Fig. 6A.B,
p < 0.01), immunofluorescence (Fig. 6F.G, p < 0.05) and im-
munohistochemistry (Fig. 6D.E, p < 0.01), we measured the protein
level of PSD-95, the results showed that the L-PWSI down-regulated the
expression of PSD-95 in the hippocampus (Fig. 5) However, the results

of RT-PCR showed no significant change in the mRNA expression level
of PSD-95 (Fig. 6C). PSD-95 is distributed in the postsynaptic density of
excitatory glutamatergic synapses, interacting with the regulatory
subunits of AMPAR and NMDARs targeting, and these associated sig-
naling proteins participate in the information storage process (Gardoni
et al., 2001). The enhancement of PSD-95 regulates the strength of
synaptic activity, however the decreased protein level of PSD-95 may
reduce the development of synaptic structures (Ehrlich et al., 2007),
impaired the synaptic activity and memory formation in the L-PWSI
mice. Nonetheless, the decreased PSD-95 is a not a surprising result as it
echoes the harmony with the lower LTP and support the postsynaptic
function theory.

3.6. Rapamycin rescued the deficient autophagy in the hippocampus
induced by the L-PWSI and improved cognition function

To explore the possible relationship between autophagic flux and
the post-synaptic damage caused by the L-PWSI, we detected the level
of autophagy-related proteins. The results showed that the L-PWSI in-
creased the protein expression levels of p-AKT/AKT, p-mTOR/mTOR
and p62, decreased the protein expression levels of LC3B and Beclin1
(Fig. 7A-D, p < 0.01). Related researches have proved that the acti-
vation of PI3K-AKT-mTOR inhibits the autophagy level (Xuan et al.,
2017). This then imply that the increased p-AKT/AKT and p-mTOR/
mTOR may inhibit the autophagy activity in the L-PWSI mice. LC3B is

Fig. 5. L-PWSI decreased the protein levels of both the AMPAR and NMDAR glutamate receptors, but the mRNA levels and glutamate release was unaffected. (A) The
dialysate concentration of glutamate in the hippocampus of the L-PWSI and control mice. (B) The mean concentration of extracellular glutamate in the hippocampus
of the L-PWSI and control mice. Data are presented as the mean ± SEM of 5 mice in each group. (C.D) Representative micrographs of Western bolt and densitometry
analysis of GABAA, GluA1, NR1, NR2A and NR2B in the hippocampus of the L-PWSI and control mice. Each data column represents the mean ± SEM obtained from
6 brain samples. (E.F) Representative micrographs of RT-PCR and densitometry analysis of GluA1, NR1 and NR2B in the hippocampus of the L-PWSI and control
mice. Each data column represents the mean ± SEM obtained from 3 brain samples. (G-L) The coronal sections of the hippocampus were immunohistochemically
stained with an antibody against GluA1, NR2B and NR1, the mean integrated optical density (MIOD) were quantified. Data are presented as the mean ± SEM of 3
mice in each group. * represents p < 0.05; ** represents p < 0.01.
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the most widely used marker to monitor autophagy, and the LC3B-II is a
recognized autophagosome marker (Klionsky et al., 2012; Kabeya et al.,
2000). The p62, also known as sequestosome1 (SQSTM1), is one of the
best-studied autophagy receptors, which is constantly degraded via
autophagy and the inhibition of autophagy leads to the accumulation of
p62 positive aggregates (Komatsu and Ichimura, 2010). In the present
research, the decreased LC3B (LC3B-II) expression marked the deficient
autophagy in the L-PWSI mice, and the increase of p62 expression level
supported this conclusion from another point. Meanwhile, knock-down
of Beclin1 by small interfering RNA (siRNA) inhibited autophagy (Chen
et al., 2017b) and the decrease of Beclin1 further indicated a decreased
autophagy level induced by L-PWSI.

Researches show that, the upregulation of autophagy by giving ra-
pamycin improves cognitive flexibility and impede the impairments of
cognition induced by melamine (Wang et al., 2015; Fu et al., 2017).

Herein, the subdued autophagy level may damage the cognitive flex-
ibility, and lost the protective effect to impairments of cognition in-
duced by the L-PWSI. Rapamycin is one of the mTOR inhibitors, two
weeks administration of rapamycin did not affect total mTOR targets,
while phosphorylated mTOR targets (p-mTOR-Ser2448 and p-AKT-
S473) were decreased and LC3-II were increased in cecal ligation and
puncture mice (Liu et al., 2017). In our research, intraperitoneal ad-
ministration of rapamycin (3mg/kg, i.p.) for 15 days, significantly po-
tentiated the fEPSP slope and peak amplitude [F(3, 8) = 11.46,
p < 0.01] (Fig. 7E-G), decreased the protein levels of p-mTOR [F(3,
8) = 45.12, p < 0.01], increased the protein levels of PSD-95 [F(3,
8) = 10.64, p < 0.01], GluA1 [F(3, 8) = 7.369, p < 0.05], NR2B [F(3,
8) = 5.729, p < 0.05] and NR1 [F(3, 8)= 12.89, p < 0.01] (Fig. 7H.I)
in the L-PWSI mice. These results suggested rapamycin improves cog-
nition function through enhancing autophagy and may be a potentially

Fig. 6. L-PWSI decreased the protein level of PSD-95, but did not affect the presynaptic protein expression in the hippocampus of the Balb/c mice. (A.B)
Representative micrographs of Western blot and densitometry analysis of synaptophysin, synapsin I, GAP-43 and PSD-95 in the hippocampus of the L-PWSI and
control mice. Each data column represents the mean ± SEM. obtained from 6 brain samples. (C) Representative micrographs of RT-PCR and densitometry analysis of
PSD-95 in the hippocampus of the L-PWSI and control mice. Each data column represents the mean ± SEM. obtained from 3 brain samples. (D) The coronal sections
of the hippocampus were immunofluorescent stained with an antibody against PSD-95 (Blue: DAPI; Red: PSD-95). (E) The mean fluorescent intensity (MFI) of PSD-95
immunoreactivity was quantified. (F.G) The coronal sections of the hippocampus were immunohistochemically stained with an antibody against PSD-95, the MIOD
for PSD-95 were quantified. Data represent mean ± SEM from 3 mice per group. * represents p < 0.05; ** represents p < 0.01. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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effective therapeutic agent for the treatment of long-term social isola-
tion-induced cognitive impairment, also implies this causal relationship
between the decreased expression levels of cognition-related proteins
and the repressed extent of autophagy activation in L-PWSI mice.

4. Discussion

Social isolation can induce anxiety like behavior, recognition
memory deficits, conditioned fear memory deficits and object location
memory deficits (Green and McCormick, 2013; McIntosh et al., 2013;
Okada et al., 2014b); however, the reported effects of social isolation on
spatial memory are inconsistent. In this study, we observed that spatial
learning and memory, as measured by the MWM, were reduced in the
Balb/c mice subjected to L-PWSI. Our data showed that the escape la-
tencies were reduced with the increasing days of training in both
groups, which indicated that each group of mice gradually mastered the
ability to effectively search for the platform. However, the escape la-
tency and the relative escape latency of the isolated mice were sig-
nificantly greater than those of the group-housed mice on the 5th day,
which demonstrated the learning deficits in the isolated mice. Mean-
while, the isolated mice crossed the platform site significantly fewer
times than the group-housed mice on the last day, which further in-
dicated the memory deficit in the isolated mice. All of these results
demonstrated the deficiency in spatial memory formation in the L-PWSI
mice. Herein, the L-PWSI also exhibited anxiety behaviour and ag-
gressive behaviour which were consistent with results from recent

studies (Rodríguez-Arias et al., 2015; Kumari et al., 2016).
Synaptic dysfunction is a strong correlation of cognitive deficits and

synaptic plasticity impairments. LTP, as a measurement indicator of
synaptic plasticity, is an activity-dependent increase in synaptic efficacy
that has all the hallmarks expected for the cellular processes underlying
learning and memory (Nicoll, 2017). Thus, we recorded key features of
LTP, and found the L-PWSI impaired the first hour LTP, which is ex-
pressed postsynaptically (Nicoll, 2017), indicating the deficits in sy-
naptic plasticity of L-PWSI mice may be induced by postsynaptic dys-
function. Meanwhile, the results showed that there was no significant
difference between the L-PWSI and control group in the I/O curve and
PPF, suggesting that the L-PWSI did not affect the basic synaptic
transmission and basal transmitter release probability. This suggests the
potential correlation between the cognitive impairment and post-
synaptic dysfunction from another perspective.

The synaptic transmission that underlies learning and memory for-
mation requires the combined activity between the presynaptic proteins
as well as interaction between the presynaptic proteins and the post-
synaptic density proteins (Gąssowska et al., 2016). Our results showed
that the L-PWSI did not significantly change the presynaptic synapto-
physin, synapsin I and GAP-43 proteins levels. Both synaptophysin and
synapsin I are abundant synaptic vesicle proteins which provide the
anatomical basis of quantal release of glutamate, and changes in the
efficiency of glutamate release are believed to play a major role in sy-
naptic plasticity (Greengard et al., 1993). However, our microdialysis
results demonstrated that the L-PWSI did not significantly change the

Fig. 7. Deficient autophagy in the hippocampus induced by the L-PWSI. (A-D) Representative micrographs of Western blot and densitometry analysis of p-AKT, AKT,
p-mTOR, mTOR, Beclin1, LC3B and p62 in the hippocampus of the L-PWSI and control mice. Each data column represents the mean ± SEM obtained from 6 brain
samples. (E-I) Rapamycin reversed the decrease of LTP and cognition-related protein levels induced by the L-PWSI. (E) Time course of the effects of high-frequency
stimulation (HFS) on the field excitatory postsynaptic potential (fEPSP) initial slope, arrow indicates time when HFS train was applied, and representative fEPSP
traces for data in each group. (F) Representative fEPSP traces for data shown in (E). (G) Cumulative data showing the mean fEPSP peak amplitude 70min post-HFS.
Data are presented as the mean ± SEM from 3 mice in each group. (HeI) Representative micrographs of Western blot and densitometry analysis of PSD-95, GluA1,
NR2B, NR1, p-mTOR in the hippocampus after intraperitoneal application of rapamycin. Each data column represents the mean ± SEM obtained from 3 brain
samples. *p < 0.05, **p < 0.01 vs. the control mice; #p < 0.05, ##p < 0.01 vs. before rapamycin administration in the L-PWSI group.
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extracellular level of hippocampal glutamate. The lack of change in the
presynaptic protein and glutamate release which verified the above
results (no significant changes in the I/O curve and PPF), indicating the
normal function on the presynaptic side in the hippocampus of the L-
PWSI mice. Interestingly, the L-PWSI decreased the protein expression
of postsynaptic PSD-95 in the hippocampus, which is inconsistent with
the upregulation of the mRNA expression of PSD-95 in the hippocampus
of rats isolated for 8 weeks (Zhao et al., 2009). Increased levels of sy-
naptic PSD-95 is believed to recruit new AMPA receptors to the synapse
and depletion of PSD-95 can result in hippocampal neuronal cell death
(Gomperts and Donfield, 1996; Gardoni et al., 2001). In this study, the
decreased level of hippocampal PSD-95 may disrupt the normal func-
tion of the hippocampal neurons in the L-PWSI mice and cause deficits
in learning and cognitive function, which further indicated that the L-
PWSI damaged cognitive function through the postsynaptic proteins not
presynaptic proteins.

The induction and early expression mechanisms of LTP depend on
activation and rapid modulation of ionotropic glutamate receptors,
including AMPAR and NMDARs, and PSD-95 plays a critical role in
postsynaptic AMPAR targeting. Ca2+ influx through NMDARs can cause
PSD-95 to be temporarily released from postsynaptic membranes
(Schnell et al., 2002), and this release seems to represent an important
step for postsynaptic restructuring. One pilot microarray study found
that AMPARs were upregulated in the prefrontal cortex of isolation-
reared rats (Levine et al., 2007). However, our results showed that the
level of GluA1 was decreased in the hippocampus of the L-PWSI mice,
which echoed the decrease seen in PSD-95. Indeed, stimulation of
AMPARs causes the activation of NMDARs and thereby increases the
intracellular Ca2+/Na+ level (Sturgill et al., 2009). In our study, L-
PWSI decreased hippocampal GluA1 protein levels, which may reduce
Ca2+ influx through NMDARs and cause a further decrease in the PSD-
95 protein levels.

We examined the expression of the NR1 subunits because all the
NMDARs require at least one of these proteins for channel activity
(Meguro et al., 1992; Okada et al., 2014a). Given the available evi-
dence, it was predicted that heterozygous NR1 (+/−) mice with im-
pairment of glutamate function would be more sensitive to the detri-
mental effects of social isolation (Featherstone et al., 2015). This
discovery perfectly complements the confirmation of the decrease in
NR1 in the isolated mice in our study, which was also in accordance
with Okada's result (Okada et al., 2014a). The results also showed that
the hippocampal level of NR2B decreased in the L-PWSI mice, but the
hippocampal level of NR2A and GABAA in the L-PWSI mice did not
significantly change compared to that in the control mice. It must be
noted however that Xiaohong Zhao et al., found that the mRNA ex-
pression levels of NR2A and NR2B were significantly up-regulated in
the hippocampus of rats isolated for 8 weeks (Zhao et al., 2009). Ac-
cording to recent evidence, we know that decreased glutamatergic ac-
tivity may result in several of the core features of schizophrenia
(Featherstone et al., 2015), which can be reproduced by administering
NMDA antagonists to healthy subjects. The decreased NR2B in the L-
PWSI mice seems to confirm this discovery to a certain extent. From
another point of view, NR2B plays a critical role in determining the
direction of postsynaptic changes (Lanté et al., 2006), and the decrease
in NR2B and postsynaptic PSD-95 seem to reflect the dysfunction of the
postsynaptic neurons in the L-PWSI mice. The decrease in PSD-95,
GluA1, NR1 and NR2B induced postsynaptic dysfunction and greatly
damaged synaptic plasticity, partially mediated the deficits observed in
memory formation and cognition in the L-PWSI mice.

The role of autophagy in synaptic plasticity is indeed fascinating,
the basal autophagy positively regulates synapse development (Shen
and Ganetzky, 2009). Researches have also reported that the local pre-
synaptic autophagy degrades synaptic vesicles and rapidly inhibits
neurotransmitter release (Sanchez-Varo et al., 2012). NMDARs-depen-
dent autophagy has been shown to induce AMPAR degradation through
PI3K-Akt-mTOR pathway (Shehata et al., 2013). In this present study,

the L-PWSI increased the protein expressions of p-AKT/AKT, p-mTOR/
mTOR and p62 and decreased the protein levels of LC3B and Beclin1,
indicating the decreased autophagy. This decrease in autophagy could
mean that autophagic degradation pathway was happening and this
could also explain the reason for the decreased levels of AMPAR
(GluA1) and NMDAR (NR1/NR2B). The upregulation of autophagy by
giving rapamycin improves cognitive flexibility and impede the im-
pairments of cognition induced by melamine (Wang et al., 2015; Fu
et al., 2017). Herein, the subdued autophagy level may damage the
cognitive flexibility, and cause the loss of protective effect against
cognition impairments induced by the L-PWSI. Rapamycin, an mTOR
inhibitor, was administered to further confirm the causal relationship
between the decreased expression of synaptic-related protein levels and
the repressed extent of autophagy activation. Rapamycin improves
learning after sepsis through enhancing autophagy (Liu et al., 2017),
and also rescues vascular, metabolic and learning deficits in apolipo-
protein E4 transgenic mice with pre-symptomatic Alzheimer's disease
(Lin et al., 2017b). Our results showed the activation of autophagy
significantly reversed the decreased synaptic-related protein levels, and
recovered the lower LTP induced by the L-PWSI, which may be a po-
tentially effective therapeutic agent for the treatment of long-term so-
cial isolation-induced cognitive impairment. However, weather the
administration of rapamycin will improve the learning and memory
function in the MWM has not been verified.

Our results indicate that the decrease in AMPAR, NR1 and NR2B
induced by L-PWSI may disrupted the excitability of neurons, decreased
release of PSD-95 from postsynaptic membranes and later adversely
impacts postsynaptic restructuring to further results in the dysfunction
of synaptic plasticity. The deficient LTP, PSD-95 and NR2B, as well as
the stable I/O, PPF, extracellular glutamate and the presynaptic-protein
levels, all these results indicated that the postsynaptic, not presynaptic
dysfunction, is responsible for the impaired cognition function in the
hippocampus. Meanwhile, the decreased level of autophagy may lead to
lose of protective function of neurons against cognition impairment.
However, the relationship between postsynaptic dysfunction and defi-
cient autophagy, and their involvement in the mechanisms of cognitive
disorders merit future research.

5. Conclusions

These results suggested that the L-PWSI activated the mTOR to in-
hibit the autophagy system and elicited postsynaptic dysfunction
through disruption of the cross interaction between GluA1, NMDARs
and PSD-95. Both could potentially lead to impaired synaptic plasticity
and damaged spatial memory and cognitive function.
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