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Abstract Valproic acid (VPA)-exposed rat offspring have
demonstrated autism spectrum disorder (ASD) pheno-
types and impaired N-methyl-D-aspartate receptor
(NMDAR)-dependent long-term depression (LTD) in the
lateral nucleus of the amygdala. NMDAR partial agonist

D-cycloserine (DCS) has been reported to act as a cogni-
tive enhancer by increasing the NMDAR response to im-
prove autistic-like phenotypes in animals. However, the
mechanism of DCS in alleviating the ASD is still un-
known. Using combined behavioral, electrophysiological,
and molecular approaches, we found that DCS adminis-
tration rescued social interaction deficits and anxiety/
repetitive-like behaviors observed in VPA-exposed off-
spring. In the amygdala synapses, DCS treatment

reversed the decreased paired pulse ratio (PPR) and the
impaired NMDAR-dependent LTD, increased the fre-
quency and amplitude of miniature excitatory post-
synaptic currents (mEPSCs), and resulted in a higher den-
dritic spine density at the amygdala synapses in the VPA-
exposed offspring. Moreover, we found that DCS facili-
tated the removal of GluA2-containing α-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid receptors
(GluA2/AMPARs) by inducing NMDAR-dependent LTD
in the VPA-exposed offspring. We further established that
the effects of DCS treatment, including increased GluA2/
AMPAR removal and rescues of impaired social behav-
ior, were blocked by Tat-GluA23Y, a GluA2-derived pep-
tide that disrupted regulation of AMPAR endocytosis.
These results provided the first evidence that rescue of
the ASD-like phenotype by DCS is mediated by the
mechanism of GluA2/AMPAR removal in VPA-exposed
rat offspring.
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Introduction

Autism spectrum disorder (ASD), a neurodevelopmental
disorder, is characterized by impaired social interaction,
communication deficits, and restricted and repetitive
interests/behaviors [1–4]. There is commonly for four
times more prevalent in males compared to female in
ASD [5, 6]. The mechanisms that underlie the cognitive
deficits associated with ASD result from imbalances in
synaptic excitation and inhibition neurotransmission,
leading to abnormal synaptic flexibility [7]. The
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glutamatergic systems are involved in regulating the mo-
lecular and cellular mechanisms of synaptic plasticity in
ASD. More recently, N-methyl-D-aspartate receptor
(NMDAR) dysfunction has also been thought to contrib-
ute to ASD. Shank2−/− mice have been reported to exhibit
reduced hippocampal NMDAR function and sociability
[8]. In addition, IRSp53−/− mice exhibit an increased
NMDA/α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptor ratio and greater social deficits suggest-
ing a change in NMDAR function, resulting in ASD-like
patterns [9].

D-Cycloserine (D-4-amino-3-isoxazolidone; DCS) is a
partial agonist at the glycine binding site on the NMDA
subtype of excitatory receptor. Modulation of NMDARs
by a partial agonist is more useful for research than a
direct agonist of the glutamate receptor, which produces
the side effects including seizures and neurotoxicity [10].
DCS has been shown to act as a potential cognitive en-
hancer for the treatment of anxiety disorder, phobias,
obsessive-compulsive behavior, and schizophrenia
[11–13]. A previous study reported that DCS facilitated
the acquisition and retrieval of fear extinction memory by
enhancing the expression of NMDAR subunit NR2B [14].
DCS is also known to ameliorate social abnormality and
repetitive behavior significantly in individuals with ASD
[15–18]. In NMDAR dysfunction animal models of ASD,
including Neuroligin1−/− and Shank2−/− mice, repetitive
behavior and impaired sociability are observed, which
are rescued by DCS treatment [8, 19].

Ramanathan et al. observed that the deletion of chromo-
somal region contains AMPAR gene that encodes GluA2/
AMPARs in autistic patient [20]. Deletion of Gria2 genes
encoding AMPAR subunits reduced anxious-like behavior
[21]. Interestingly, a recent study found that knockdown of
Gria2 also alleviated the social deficits in frontotemporal
dementia animal model suggesting the GluA2/AMPA in-
volved in regulating the cognitive function [22]. The alter-
ation of synaptic plasticity resulting from aberrant AMPAR
internalization may contribute to cognitive deficit in the
fragile X syndrome (FXS) autism model [23]. By binding
to the glycine site on the NMDAR NR1 subunit, DCS
facilitates low-frequency stimulation (LFS)-induced
depotentiation and NMDAR-dependent long-term depres-
sion (NMDAR-LTD) in the amygdala and hippocampus,
respectively [14, 24]. In addition, DCS improves fear ex-
tinction by increasing GluA1- and GluA2-containing
AMPAR (GluA1/AMPAR and GluA2/AMPAR) endocyto-
sis [25]. These results indicated the possibility that DCS
may modulate AMPARs and further alter the synaptic plas-
ticity in ASD. The results of our recent study showed that
rodent exposure to valproic acid (VPA) in utero led to
dysfunction of NMDARs, and further impaired NMDAR-
LTD in the amygdala [26].

In the current study, we examined whether DCS reversed
autistic-like behaviors and affected the synaptic plasticity of
LTD in the VPA-exposed offspring. We further examined
whether the DCSmodulated the GluA2/AMPARs, which play
an important role in activity-dependent internalization and are
involved in regulating social behaviors and NMDAR-LTD in
the VPA-induced ASD model. We demonstrated that DCS
normalized autism-like behaviors via the mechanism of
GluA2/AMPAR endocytosis in the lateral amygdala synapses
of the VPA-exposed offspring by acting on NMDARs.

Material and Methods

Animals

All procedures were approved by the Experimental Animal
Review Committee at National Yang-Ming University.
Sprague Dawley (SD) rats were housed 4~5 to a cage in a
temperature-controlled (24 °C) animal colony under a
12:12-h light/dark cycle with food and water available ad
libitum. All behavioral procedures took place during the light
cycle. The sodium salt of valproic acid (NaVPA; Sigma-
Aldrich) was dissolved in 0.9% saline to obtain a concentra-
tion of 150 mg/ml, pH 7.3. Pregnant female SD rats on E12.5
received a single intraperitoneal injection of valproic acid
(500 mg/kg), while the control group received 0.9% saline
(500 mg/kg) [27]. Dams were housed individually and
allowed to raise their own litters until weaning. The VPA-
exposed offspring and saline-exposed offspring were housed
in cages containing four to five rats until the end of the exper-
iments. All behavioral and electrophysiological experiments
were performed on the male offspring at 4–5 weeks of age.

Surgery

Two 22-gauge stainless steel tubes were implanted in the LAs
of the male VPA-exposed offspring under ketamine
(100 mg/kg, i.p.) and anesthesia. Two cannulas were im-
planted bilaterally into the LA (anteroposterior, −2.8 mm;
mediolateral, ±4.5 mm; dorsoventral, −7.0 mm). The cannulas
were fixed to the skull with dental cement. A 28-gauge dum-
my cannula was inserted into each cannula to prevent clog-
ging. The VPA-exposed offspring were allowed to recover
from the surgery for 1 week. DCS (10 μg/side, dissolved in
saline) (Abcam) was infused bilaterally into the LA at a rate of
0.1 μl/min, with a volume of 1 μl per side.

Behavioral Testing

A behavioral trace of the rat movements during each experi-
ment was recorded using SMART software (version 3.0;
Panlab, S.L.U., Spain).
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Three-Chamber Social Interaction Test

The three-chamber social interaction test was adapted from
Crawley [28], and performed using 4-week-old saline- and
VPA-exposed rat offspring. The test took place in an environ-
ment unknown to the rat being tested, in the form of a cage
with three communicating compartments. At the beginning of
the sociability test, the test rat was placed in the central com-
partment. In the right compartment (designated Bchamber
S1^), a stranger rat was placed under a small plastic box (27-
cm-long, 13-cm-wide, and 20-cm-high). Stranger rats were
randomly selected from saline-exposed rats of the same gen-
der as the test rats. The left compartment, i.e., the empty com-
partment (designated Bchamber E^), had nothing placed in the
plastic box. After 5 min, the habituation period, the sociability
test was performed for 5 min. The sociability score was de-
fined as the ratio of the time spent time in chamber S1 by the
test rat and the whole duration of the examination.

Elevated Plus Maze

The elevated plus maze experiment was used to test for anx-
iety [29, 30]. The apparatus consisted of four arms
(112 × 112 cm), two open and two closed; all arm platforms
were elevated 31 cm from the floor. At the start of the trial, the
rat was placed in the center of the elevated plus maze and
allowed to explore the maze freely. Behavior was observed
for 10 min, and the percentage of time spent in the open arms
was recorded.

Marble Burying Test

The marble burying test was used to examine obsessive-
compulsivity (an anxiety-related behavior) [31]. A clean cage
(19 × 10.5 × 8 cm) was prepared with 4-cm corncob bedding
material containing 20 embedded marbles. After 20 min, the
number of marbles that remained buried in the corncob bed-
ding was recorded.

Brain Slice Preparation and Electrophysiology Recording

The rats were killed by rapid decapitation, and their brains
were removed and placed in a beaker containing cold (4 °C)
oxygenated (saturated with 95% O2 and 5% CO2) sucrose
artificial cerebrospinal fluid (ACSF) cutting solution,
consisting of (in mM) sucrose 75, NaCl 87, KCl 2.5, CaCl2
0.5, MgCl2 4, NaHCO3 23, NaH2PO4 1.25, and glucose 25.
Brain slices (400 μm) were prepared using a microslicer
(DTK-1000; Dosaka, Kyoto, Japan) and transferred to a re-
cording chamber with normal ACSF, consisting of (in mM)
NaCl 130, KCl 2.5, CaCl2 1.2, MgCl2 2.4, NaHCO3 23,
NaH2PO4 1.2, and glucose 11, and equilibrated with 95%
O2 and 5% CO2 at 30–32 °C for at least 1 h before use.

After a recovery period of 1 h, the slices were transferred to
a recording chamber, in which they were continually perfused
with oxygenated ACSF (30–32 °C). To record the field excit-
atory post-synaptic potential (fEPSP) in the lateral amygdala
(LA), a concentric bipolar stimulating electrode (FHC,
Bowdoinham, ME, USA) was placed in the external capsule
and a capillary glass recording electrode (Harvard Apparatus)
filled with 3 M NaCl solution was placed in the LA region.
The fEPSP was amplified (MultiClamp 700B, Molecular
Devices) and digitized (Digidata 1322A, Molecular Devices)
for measurement. The stimulation intensity was adjusted to
yield a synaptic response of an approximate half-maximal
value. Low-frequency stimulation (LFS) producing LTD was
elicited by 900 trains of stimuli (1 Hz, 1 s at 1-min intervals)
for 15 min at the same stimulation intensity used for the base-
line measurements. The chemical LTD induction solution
consisted of the above-described ACSF and 20 μM NMDA
(Tocris, St. Louis, MO). After 3–5 min of chemical LTD in-
duction, the sections were washed with ACSF for 5 min, and
the fEPSPs were monitored for an hour. The paired pulse
facilitation (PPF) ratio (second/first fEPSP slope) was mea-
sured using two-paired 20-, 40-, 60-, 80-, and 100-ms
interpulse interval (IPI) stimuli.

Whole-cell patch-clamp recording from visually identified
pyramidal-like neurons located in the LA was performed in a
recording chamber with oxygenated ACSF (30–32 °C).
Recordings were obtained using a MultiClamp 700B amplifier
(Molecular Devices) and Digidata 1322A (Molecular Devices).
The recording pipettes (6–6.5 MΩ) were filled with an internal
solution containing the following (in mM): 140 K or Cs-gluco-
nate, 10 KCl or CsCl, 1 EGTA, 10 phosphocreatine, 4Mg-ATP,
0.3 Na-GTP, and 10 HEPES, pH 7.3, 280 mOsm. To isolate
miniature excitatory post-synaptic currents (mEPSCs) from the
amygdala, we used a K-based internal solution at a holding
potential of −70 mV in the presence of tetrodotoxin (1 μM)
and picrotoxin (10 μM), which were added to the ACSF. The
AMPAR/NMDAR ratio was measured as the ratio of the peak
amplitude of theAMPAR-mediated EPSCs recorded at −70mV
and the NMDAR-mediated component of EPSCs recorded at
+40 mV. NMDAR-mediated current was determined as ampli-
tude at 50 ms after peak EPSCsamplitude holding at +40 mV.

Western Blotting Analysis

Brain tissues were dissected and lysed in a lysis buffer contain-
ing 1% Triton X-100, 0.1% SDS, 50 mM Tris-HCl, pH 7.5,
0.3 M sucrose, 5 mM EDTA, 2 mM sodium pyrophosphate,
1 mM sodium orthovanadate, and 1 m phenylmethylsulfonyl
fluoride, supplementedwith a complete protease inhibitor cock-
tail. Following sonication, lysates were centrifuged at
12,000 rpm for 30 min to obtain supernatants. The protein
concentrations of the supernatants were measured using a
Bradford assay, and equal amounts of protein were separated
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by SDS-PAGE electrophoresis, transferred to Immobilon-P
membranes (Millipore) and incubated in 5% non-fat dry milk
for 60 min. Membranes were incubated with anti-beta actin
(1:10,000, Abcam, Cambridge, UK), α-tubulin (1:5000, Cell
Signaling Technology, Boston, MA, USA), and anti-AMPA
receptor 2 (1:2000, Millipore, Billerica, MA, USA) antibodies
overnight at 4 °C, and then incubated with HRP-conjugated
secondary antibodies for 1 h at room temperature.
Immunoreactivity was detected using ECL Plus detection re-
agent (PerkinElmer, Boston, MA, USA). Films were exposed
for different durations to ensure that the optimum density was
achieved without saturation, and this was followed by densi-
tometry. Protein levels were first normalized to the internal
control levels for each sample and then measured as the fold
change with respect to the control.

Synaptoneurosome Preparation

Synaptoneurosomes were prepared from the amygdala of both
the VPA-exposed offspring and the saline-exposed offspring,
as described in [32]. Rats were decapitated and the brains were
quickly removed and placed on an ice-cold platform for dis-
section of the amygdala. Isolated amygdala samples were ho-
mogenized in 350 μl of ice-cold lysis buffer consisting of
118.5 mM NaC1, 4.7 mM KC1, 1.18 mM MgSO4, 2.5 mM
CaCl2, 1.l8 mM KH2PO4, 24.9 mM NaHCO3, 10 mM dex-
trose, and 10 μg/ml adenosine deaminase, with the pH adjust-
ed to 7.4. To minimize proteolysis, proteinase inhibitors
(0.01 mg/ml leupeptin, 0.005 mg/ml pepstatin A, 0.1 mg/ml
aprotinin, and 5 mM benzamide) were included in the buffer
and kept ice cold at all times. This mixture was loaded into a
tuberculin syringe attached to a 13-mm-diameter Millipore
syringe filter holder. The diluted filtrate was forced over three
layers of nylon (Tetko, 100-μm pore size) pre-wetted with
100 μl of synaptoneurosome buffer. The nylon pre-filtered
mixture was loaded into another 1-cm3 tuberculin syringe
and forced through a pre-wetted 5-μmMillipore nitrocellulose
filter. The filtered particulate was then spun at 1000×g for
10 min in a microfuge at 4 °C. The supernatant was removed,
and the pellet (synaptoneurosome) was re-suspended in 80 μl
of lysis buffer for Western blotting analysis.

Golgi Staining

P28 brain tissueswere prepared and processed for Golgi staining
using an FD Rapid GolgiStain Kit (FD NeuroTechnologies,
Columbia MD, USA) according to the manufacturer’s instruc-
tions. Briefly, coronal sections of 80 μm in thickness were pre-
pared using microslicer (DTK-1000; Dosaka, Kyoto, Japan)
from the amygdala synapses for quantitative analysis. Images
were captured using an Olympus BX61 microscope, and spine
numbers were counted manually by investigators blind to the
experimental conditions.

Statistical Analysis

All values are expressed as the mean ± SEM. The number of
animals used is indicated by n. The significance of the difference
between groups was calculated by one-way ANOVA, two-way
ANOVA, and Bonferroni post hoc comparisons to analyze the
differences in the results of behavioral tests, electrophysiological
responses, spine density, and protein levels between the saline-
exposed and VPA-exposed offspring. Correlations between so-
ciability score and inhibition of LTD were analyzed by
Pearson’s correlation coefficients. Probability values (p) of less
than 0.05 were considered to represent significant differences.

Results

DCS Rescued Behavioral Abnormalities in VPA-Exposed
Offspring

Based on previous studies reporting dysfunction of NMDARs
in male VPA-exposed offspring, we reasoned that NMDAR
partial agonist DCS might rescue the reduced NMDAR func-
tion and ASD-like behaviors observed in the male VPA-
exposed offspring. At the age of 4 weeks, DCS (20 mg/kg,
i.p.) or saline was administered once per day for 7 days to the
male VPA-exposed offspring. Thirty minutes after DCS treat-
ment, the rats were subjected to the three-chamber social in-
teraction test. We found that the impairment in social behavior
in the male VPA-exposed offspring was corrected by DCS
treatment (Fig. 1a; saline/vehicle n = 18, saline/DCS n = 6,
VPA/vehicle n = 11, VPA/DCS n = 17; two-way ANOVA
revealed the time spent in chamber S1, pre-treatment
F(1, 48) = 5.416, p < 0.05; drug F(1, 48) = 4.086, p < 0.05;
interaction F(1, 48) = 5.549, p < 0.05; two-way ANOVA re-
vealed the time spent in chamber E, pre-treatment
F(1, 48) = 4.074, p < 0.05; drug F(1, 48) = 6.573, p < 0.05;
interaction F(1, 48) = 8.862, p < 0.01). The low sociability score
was also improved following DCS treatment in the VPA-
exposed offspring (Fig. 1b; saline/vehicle n = 18, saline/
DCS n = 6, VPA/vehicle n = 11, VPA/DCS n = 17; two-way
ANOVA, pre-treatment F(1, 48) = 5.416, p < 0.05; drug
F(1, 48) = 4.086, p < 0.05; interaction F(1, 48) = 5.549,
p < 0.05). To confirm whether DCS local infused bilaterally
into the amygdala improves the sociability in VPA-exposed
offspring. We administered the DCS (10 μg/side) 30 min in
VPA-exposed offspring before three-chamber social interac-
tion test. Similar results were found while infusing with DCS
into the amygdala also rescued the social behavior in VPA-
exposed offspring (Fig. 1c; saline/vehicle n = 5, saline/DCS
n = 5, VPA/vehicle n = 5, VPA/DCS n = 5; two-way ANOVA
revealed the time spent in chamber S1, pre-treatment
F(1, 16) = 14.57, p < 0.01; drug F(1, 16) = 8.677, p < 0.05;
interaction F(1, 16) = 18.75, p < 0.001; two-way ANOVA
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revealed the time spent in chamber E, pre-treatment
F(1, 16) = 6.344, p < 0.05; drug F(1, 16) = 15.54, p < 0.01;
interaction F(1, 16) = 11.81, p < 0.01). In the elevated plusmaze
(EPM) test, no differences in results were observed between
the vehicle- and DCS-treated, saline-exposed offspring; how-
ever, DCS administration in the VPA-exposed offspring sig-
nificantly enhanced the time spent in the open arms in com-
parison with the vehicle-treated, VPA-exposed offspring
(Fig. 2a; saline/vehicle n = 15, saline/DCS n = 6, VPA/
vehicle n = 19, VPA/DCS n = 16; two-way ANOVA, pre-
treatment F(1, 52) = 5.543, p < 0.05; drug F(1, 52) = 11.57,
p < 0.01; interaction F(1, 52) = 4.329, p < 0.05). In the
marble-burying test of obsessive-compulsive anxiety-like be-
havior, the VPA-exposed offspring under DCS treatment re-
versed the burying of more marbles relative to the control rats
(Fig. 2b; saline/vehicle n = 7, saline/DCS n = 7, VPA/vehicle
n = 7, VPA/DCS n = 6; two-way ANOVA, pre-treatment

F(1, 23) = 6.423, p < 0.05; drug F(1, 23) = 33.75, p < 0.001;
interaction F(1, 23) = 4.781, p < 0.05).

Alteration of Synaptic Plasticity in the Amygdala
After DCS Treatment

To confirm the effect of DCS on NMDARs, we isolated
NMDAR-mediated EPSCs evoked by electrical stimulation
at a holding potential of +40 mV in the presence of CNQX
(40 μM) and picrotoxin (100 μM). After application of DCS
(10 μM) to the amygdala synapses, the mean peak amplitude
of the evoked NMDAR-mediated EPSCs increased from
100.9 ± 0.86 to 144.6 ± 5.739 pA (Fig. 3a; n = 4). We have
previously shown that VPA-exposed offspring of 4–5 weeks
of age exhibited impaired NMDAR-dependent LTD in the
amygdala synapses [26]. We examined the effect of DCS on
the NMDAR-dependent LTD in the amygdala synapses in the

Fig. 1 DCS treatment improved
social interaction in the VPA-
exposed offspring. a Time spent
investigating the area of chamber
E, center, and chamber S1 during
sociability testing in the VPA-
exposed offspring with i.p.
injection of DCS (20 mg/kg) or
saline for 7 days. b Bar graphs
show the sociability score
calculated as time spent in
chamber S1/total examination
duration in the VPA-exposed
offspring with DCS treatment. c
Bilateral infusion of DCS (10 μg/
side) into the amygdala 30 min
before three-chamber social
interaction test. ***p < 0.001 vs.
saline/vehicle, ###p < 0.001 vs.
VPA/vehicle
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4–5-week-old VPA-exposed offspring. The results revealed
that chronic treatment with DCS for 7 days reversed the im-
paired NMDAR-dependent LTD in the VPA-exposed off-
spring (Fig. 3b; saline 61.08 ± 5.63% of baseline, n = 5;
VPA 97.83 ± 1.18% of baseline, n = 4; VPA/vehicle
95.43 ± 1.48% of baseline, n = 5; VPA/DCS 65.83 ± 1.79%
of baseline, n = 6). Similar results also showed that DCS
rescued the deficit in chemical LTD induced by NMDA in
the amygdala of the VPA-exposed offspring (Fig. 3c; saline
68.90 ± 5.57% of baseline, n = 4; VPA 95.18 ± 2.32% of
baseline, n = 3; VPA/vehicle 101.20 ± 1.99% of baseline,
n = 4; VPA/DCS 75.87 ± 4.33% of baseline, n = 4).
Figure 3d compares the effect of DCS on LFS-
(F(3, 16) = 10.64, p < 0.01) and chemical NMDA-induced
LTD (F(3, 11) = 17.52, p < 0.01) in the amygdala of the
VPA-exposed offspring. Additionally, we further compared
the relationship between sociability and inhibition of LTD.
We found that the sociability score was positively correlated
with LTD inhibition, suggesting that the social impairment
further influence the synaptic plasticity of LTD in VPA-
exposed offspring (Fig. 3e; r = 0.679, p < 0.001).

DCS Rescued the Increase in Spine Density
in the Amygdala of VPA-Exposed Offspring

The density and morphology of dendritic spines change in
accordance with long-term synaptic plasticity [33, 34]. We
found that the DCS treatment did not alter the spine density
in the saline-exposed offspring (Fig. 4a; 0.3627 ± 0.031 spine/

μm, n = 5, p = 0.77). We thus analyzed the effects of DCS
treatment on alterations in the amygdala spine density of the
VPA-exposed offspring. Compared with the saline-exposed
offspring (0.372 ± 0.008 spine/μm, n = 5, p < 0.01), the spine
densities were found to be greater in the amygdala of VPA-
exposed offspring (0.4799 ± 0.019 spine/μm, n = 5); however,
after chronic DCS treatment for 7 days, we observed a de-
creased spine density in the VPA-exposed offspring (Fig. 4a;
0.3808 ± 0.009 spine/μm, n = 4, p < 0.05). We next evaluated
whether the enhancement in spine density in the VPA-exposed
offspring was accompanied by a functional enhancement in
excitatory synaptic transmission. Using whole-cell voltage
clamp recordings to assess mEPSCs in the amygdala, we ob-
served significant increases in the mEPSC amplitude and fre-
quency in the VPA-exposed offspring, and DCS application
reversed the increased amplitude (F(3, 12) = 9.474, p = 0.017)
and frequency (F(3, 12) = 5.984, p = 0.009) of mEPSC in the
VPA-exposed offspring (Fig. 4b,c). We further analyzed the
PPF; the VPA-exposed offspring had significantly decreased
PPF ratios at interpulse intervals of 20 ms (1.010 ± 0.029,
n = 5) and 40 ms (0.996 ± 0.031, n = 5) in comparison to
the saline-exposed offspring (20 ms 1.220 ± 0.023, n = 12,
p < 0.01; 40 ms 1.179 ± 0.015, n = 12, p < 0.01). However,
administration of DCS reversed the difference in PPF ratio,
leading to a level comparable to that of the saline-exposed
offspring (Fig. 4d; 20 ms 1.263 ± 0.042, n = 12, p < 0.05;
40 ms 1.199 ± 0.029, n = 12, p < 0.05). The results suggested
that DCS normalized the synaptic function in the amygdala of
the VPA-exposed offspring.

Fig. 2 DCS ameliorated anxiety/
repetitive-like behaviors in the
VPA-exposed offspring. a Bar
chart showing the percentage of
time spent in the open arms after
administration of DCS
(20 mg/kg) or saline for 7 days in
the VPA-exposed offspring. bBar
chart showing the number of
buried marbles in the VPA-
exposed offspring with DCS
treatment. *p < 0.05 vs. saline/
vehicle, **p < 0.01 vs. saline/
vehicle, ### p < 0.001 vs. VPA/
vehicle
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DCS Enhanced Synaptic Removal of GluA2/AMPARs
During LTD in the Amygdala of VPA-Exposed Offspring

GluA2/AMPARs have been proposed to play a dominant role in
the activity-dependent endocytosis of AMPARs associated with
LTD [35–38]. Using Western blotting of synaptoneurosomes
from acute slices of the rat amygdala, we examined whether
DCS enhanced LFS-induced LTD of GluA2/AMPAR removal
in the VPA-exposed offspring. As shown in Fig. 5a, LFS (1 Hz
for 15 min) did not significantly alter the surface expression of
GluA2/AMPARs in the VPA-exposed offspring (70.00 ±
7.071%, n = 4) as compared with the saline-exposed offspring
(50.00 ± 9.256%, n = 4). ANOVA indicated a main effect of
group (F(4, 15) = 11.84; p < 0.001), with the DCS treatment
group showing lower GluA2/AMPAR levels than the group of
VPA-exposed offspring without DCS treatment. Similar results
were observed for NMDA-induced chemical LTD; NMDA
(20 μM) application did not influence the surface expression
of GluA2/AMPARs in the VPA-exposed offspring (99.00 ±
11.500%, n = 7) as compared with the saline-exposed offspring

(62.88 ± 8.166%, n = 7). DCS reversed the increased GluA2/
AMPAR level after NMDA application in the VPA-exposed
offspring (Fig. 5b; F(4, 27) = 6.579, p < 0.001).

GluA23Y Blocked the Effects of DCS Facilitation
of Synaptic Removal of GluA2/AMPARs During LTD
and Sociability in the VPA-Exposed Offspring

Previous studies have shown that short C-terminal sequences of
GluA2/AMPAR subunits are critical for regulating AMPAR
endocytosis during hippocampal LTD [38]. A synthetic peptide
containing a GluA2/AMPAR carboxyl tail (GluA23Y;

869YKEGYNVYG877) has been shown to block AMPAR endo-
cytosis in the hippocampus and amygdala [38, 39]. We next
explored interference with the activity-dependent synaptic re-
moval of GluA2/AMPARs during NMDA-induced chemical
LTD. We analyzed by Western blotting synaptoneurosomes
from slices incubated with Tat-GluA23Y (10 μM) or a control
peptide Tat-GluA23A (869AKEGYNVYG877) for 30 min before
application of DCS (10 μM) in the VPA-exposed offspring. The

Fig. 3 ReversalofNMDAreceptor-dependent,long-termsynapticdepression
(NMDA-LTD) by DCS in the VPA-exposed offspring. a In an experiment
performed with neurons from 4- to 6-week-old rats, application of DCS
(10 μM) enhanced the amplitude of NMDA EPSCs. b Experiments showed
that LFS (1 Hz, 15 min) did not produce LTD, which was reversed by DCS

treatment.cExperimentsshowedthatchemicalNMDA(20μM)didnotinduce
LTD,whichwas reversedbyDCStreatment.dBarchart comparing theeffects
of LFS- and chemicalNMDA-induced LTDwithDCS treatment in theVPA-
exposed offspring. eCorrelation between sociability score andLTD inhibition
percent. **p<0.01vs. saline, ##p<0.01vs.VPA/vehicle
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results showed that Tat-GluA23Y blocked the facilitative effect
of DCS on GluA2/AMPAR removal during NMDA-induced
chemical LTD (119.3 ±4.1%, n = 4), whereas treatment with
inactive Tat-GluA23A failed to affect the expression of GluA2/
AMPARs in the VPA-exposed offspring (Fig. 6a; 84.75 ±
6.651%, n = 4).We also examined whether Tat-GluA23Yaltered
the AMPA/NMDA ratio after DCS treatment in the VPA-
exposed offspring. There was no difference in the AMPA/
NMDA ratio between the VPA, VPA/DCS, and VPA/DCS/
Tat-GluA23Y groups (Fig. 6b; F(2, 13) = 0.891, p = 0.433).
Furthermore, Tat-GluA23Y blocked the effect of DCS reversed
the increased spine density (0.4331 ± 0.015 spine/μm, n = 4,
p < 0.01), whereas the inactive Tat-GluA23A failed to influence

the effect of DCS on spine density in amygdala of VPA-exposed
offspring (Fig. 6c; 0.303 ± 0.021 spine/μm, n = 4, p < 0.01).

In a battery of behavioral tests, we performed the three-
chamber social interaction test to determine whether Tat-
GluA23Y influenced the effect of DCS on social behaviors of
the VPA-exposed offspring. We administrated Tat-GluA23Y
(3 μmol/kg i.p.) or Tat-GluA23A, followed by DCS (20 mg/
kg, i.p.) or vehicle 1 h before sociability testing. The results
showed that DCS increased the time spent in the social zone;
this sociability increase was blocked by Tat-GluA23Y adminis-
tration (time in social zone 80.23 ± 11.06 s, n = 6; sociability
score 26.74 ± 3.687%, n = 6) as compared with the Tat-
GluA23A group (time in social zone 136.6 ± 9.851 s, n = 4,

Fig. 4 Effects of DCS on mEPSCs and short-term plasticity in the VPA-
exposed offspring. a Representative Golgi-stained sections of spines in
the lateral amygdala (LA) are shown (scale bar indicates 5 μm). b
Amplitudes of mEPSCs were recorded in LA neurons at a holding poten-
tial of −70 mV in the presence of TTX (1 μM) and picrotoxin (10 μM). c
Frequencies of mEPSCs were recorded in LA neurons at a holding

potential of −70 mV in the presence of TTX (1 μM) and picrotoxin
(10 μM). d Comparison of paired-pulse ratios (PPRs) of fEPSPs in the
LA synapses after DCS treatment in the VPA-exposed offspring.
*p < 0.05 vs. saline, **p < 0.01 vs. saline, #p < 0.05 vs. VPA/vehicle,
*p < 0.05 vs. saline, **p < 0.01 vs. saline, #p < 0.05 vs.VPA/vehicle
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p < 0.05; sociability score 45.52 ± 3.284%, n = 4, p < 0.05),
indicating that Tat-GluA23Y specifically disrupted the effect of
DCS in terms of improving social behavior in the VPA-exposed
offspring (Fig. 7a,b). Furthermore, we also analyzed that the
effect of Tat-GluA23Y interferes DCS on GluA2/AMPAR re-
moval in VPA-exposed offspring . We found that the effect of
DCS facilitation GluA2/AMPAR would be blocked by Tat-
GluA23Y (109.1 ± 3.263% n = 5), whereas the Tat-GluA23A
did not influence the expression of GluA2/AMPARs in the
VPA-exposed offspring (Fig. 7c; 81.33 ± 1.856%, n = 5).

Discussion

In the present study, we found that DCS improved social in-
teraction and anxious behavior in the VPA-exposed offspring.
The observation of reversal of impaired NMDAR-dependent
LTD and enhanced spine density coupled with increased
mEPSCs and PPF by DCS treatment in the amygdala of the
VPA-exposed offspring suggested that the synaptic plasticity
underlies the behavioral abnormality in this model of ASD.
Exploring the functional role of GluA2/AMPAR internaliza-
tion in LTD, we found that Tat-GluA23Y disrupted the DCS-
rescued, NMDAR-dependent LTD in the VPA-exposed off-
spring. Thus, these results suggested that DCS rescued the
autistic patterns in a VPA-induced autism model, which was
mediated by the regulation of activity-dependent removal of
GluA2/AMPARs in the amygdala synapses.

The amygdala complex is the site of neural circuitry. Socio-
emotional behavior is affected by both genetic and non-genetic
factors in ASD [40, 41]. Defects in the amygdala have been
suggested to disrupt information processing within the amygdala
and between the amygdala and connected brain regions, causing
abnormal ASD-like behavior patterns [42, 43]. Previous studies
found enhanced excitability, which further resulted in excitatory/
inhibitory (E/I) imbalance in the amygdala of VPA-exposed off-
spring [44, 45]. Furthermore, enhanced anxiety and fear process-
ing in the amygdala of VPA-exposed offspring result in with-
drawal from social interaction [46]. Our previous study revealed
dysfunction of NMDARs in the amygdala of VPA-exposed off-
spring, which suggested abnormality of the amygdala resulting
deficits in synaptic function and ASD-like behaviors [26].

NMDAR dysfunction has been implicated to contribute to
ASD. Clinical studies of ASD have identified a do novo muta-
tion in GRIN2B [47–49]. In addition, single-nucleotide poly-
morphism analysis also linked GRIN2A and GRIN2B to the
ASD [50]. The elevated NMDAR function shown in the ASD
model of IRSp53−/− mice could be improved by application of
memantine, anNMDAR antagonist [9]. Shank2−/−mice showed
decreased NMDAR function, and DCS administration normal-
ized NMDARs and improved social interaction [8]. Alteration
of NMDAR function may disturb downstream processes, in-
cluding synaptic plasticity, E/I balance, andAMPAR trafficking,
which induce ASD-like disorders [51, 52]. Furthermore, alter-
ations in glycinergic signaling have been reported to regulate the
social and cognitive impairments in non-syndromic ASD [53].
In agreement with this, we found that impairment of NMDAR-

Fig. 5 DCS reversed the
impaired GluA2/AMPAR
removal after induction of
NMDA-dependent LTD in the
amygdala of VPA-exposed
offspring. a Immunoblots and
quantification showing the
cytosolic fraction of synapses
after LFS-induced removal of
GluA2/AMPARs in the LA of
VPA-exposed offspring with
DCS treatment. b Immunoblots
and quantification showing the
cytosolic fraction of synapses
after chemical NMDA-induced
removal of GluA2/AMPARs in
the LA of VPA-exposed offspring
with DCS treatment. *p < 0.05 vs.
saline + LFS, #p < 0.05 vs. VPA +
LFS, **p < 0.01 vs. saline +
NMDA, ##p < 0.01 vs. VPA +
NMDA
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dependent LTD could be rescued by DCS, which acts at the
glycine site on NMDARs in the amygdala of VPA-exposed
offspring. The reason for there being no significant differences
in the AMPA/NMDA ratio, a result similar to that of a previous
study [44], is not yet known, but may be attributed to AMPAR
involvement in this study. Our data showed that DCS decreases
the mEPSCs in the VPA-exposed offspring, which represented
that the DCS decreases the AMPA-mediated EPSC amplitudes
in recording −70 mV. It is similar with the previous study that
reported that DCS depresses AMPA/kainate receptor-mediated
synaptic responses [24]. The enhanced NMDAR function of
VPA-exposed offspring has been reported in the previous stud-
ies [54, 55]. DCS is known as a positive modulator to enhance
NMDAR function. However, DCS has been recently reported to
negatively modulate the excessive activation of NMDAR in

ischemic stroke and traumatic brain injury animal models [56,
57]. As a modulator, we speculate that DCS may modulate and
decrease the NMDAR function in VPA-exposed offspring.
Therefore, we thought that the AMPA/NMDA ratio did not
change, owing to reduce both the AMPA and NMDA currents
in VPA-exposed offspring. The detailed mechanism of DCS
involved in regulating the AMPAR and NMDAR in VPA-
exposed offspring merits further investigation.

NMDAR has been reported as the coincidence of synaptic
plasticity expressed while changes the AMPAR-mediated trans-
mission by alternating the insertion or removal of AMPAR sub-
units [58, 59]. NMDARs promote the insertion of GluA1/
AMPARs into synapses, leading to synaptic potentiation or re-
moval of GluA1/AMPARs and GluA2/AMPARs from synap-
ses, causing synaptic depression [60, 61]. In vivo studies have

Fig. 6 Tat-GluA23Y blocked DCS-rescued, NMDA-induced removal of
GluA2/AMPARs in VPA-exposed offspring. a Immunoblots and quantifica-
tion showing that Tat-GluA23Y (10μM) blocked the effect of DCS (10μM),
facilitating chemicalNMDA-induced removal ofGluA2/AMPARs in theLA
ofVPA-exposedoffspring.bBarchartshowingtheAMPA/NMDAratiointhe
VPA-exposed offspring injected with DCS and Tat-GluA23Y. The result was
calculated as the ratio of the AMPAR-mediated EPSC amplitudes recorded

−70 mV and the NMDAR-mediated component of EPSCs recorded at
+40 mV. c Representative Golgi-stained sections of the Tat-GluA23Y that
blocked the effect of DCS reversed the increased spines in the amygdala of
VPA-exposed offspring (scale bar indicates 5 μm). *p < 0.05 vs. VPA +
NMDA, **p < 0.01 vs. VPA/DCS, ##p < 0.01 vs. VPA/DCS/Tat-GluA23Y,
###p<0.001vs.VPA+NMDA+DCS,$$p<0.01vs.VPA+NMDA+DCS+
Tat-GluA23Y
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shown altered AMPAR trafficking in the pathogenic mechanism
of ASD, including a lack of activity-dependent synaptic traffick-
ing of GluA1, in Mecp2 KO mice [62, 63]. Furthermore, the
glutamate receptor interacting protein (GRIP), a major scaffold-
ing protein for AMPAR subunits GluA2/3 that regulates surface
expression, receptor trafficking, and several forms of synaptic
plasticity, has been implicated in the modulation of autistic phe-
notypes, while double knockout of Grip1/2 in mice reduced
surface AMPARs and prevented upregulation of surface
AMPARs or synaptic strength [64–66]. Furthermore, the
Grip1/2-mediated AMPAR signaling has also been reported to
increase social behaviors [65, 66]. We found, in the VPA-
exposed offspring, that trafficking of GluA2/AMPARs in the
synapses was lacking after NMDAR-dependent LTD.
Therefore, we predicted that alteration of GRIP in the amygdala
synapses may also lead to impaired synaptic plasticity and ASD
phenotypes in VPA-exposed offspring.

To determine whether the absence of trafficking of GluA2/
AMPARs in synapses drives autistic phenotypes in VPA-
exposed offspring, we administrated AMPAR endocytosis-
interfering peptide Tat-GluA23Y to the amygdala synapses.
Our finding that the effects of DCS in terms of rescuing

LTD and restoring the AMPAR trafficking were disrupted
by Tat-GluA23Y clearly indicated that the DCS reversed ab-
normality in synaptic plasticity was mediated by GluA2/
AMPARs. This was consistent with a previous report demon-
strating that DCS enabled LTD-induced internalization of
GluA1/AMPARs and GluA2/AMPARs in the amygdala syn-
apses [25]. In addition, Tat-GluA23Y also blocked the socia-
bility improvement resulting from DCS treatment. In corrob-
oration with our results, the impaired social interaction in-
duced by NMDAR antagonists was prevented by Tat-
GluA23Y [67]. These data suggested that impaired endocyto-
sis of GluA2/AMPARs contributed to the ASD phenotype,
and DCS reversal of synaptic plasticity and behaviors may
be mediated by GluA2/AMPAR trafficking, providing anoth-
er molecular target for ASD treatment.

The ASD human brain revealed an increase in spine den-
sity of pyramidal neurons from temporal and parietal lobes,
suggesting that there exists an inverse relationship between
spine density and cognitive function [68]. Previous study
identified that loss of NMDAR subunit NR1 decrease spine
density and increased spine head size in the developing cortex,
suggesting that NMDARs regulate synapse structure and

Fig. 7 Tat-GluR23Y disrupted the effect of DCS on sociability
improvement in VPA-exposed offspring. a Time spent investigating the
area of chamber E, center, and chamber S1 during sociability testing in
the DCS-treated, VPA-exposed offspring with administration of Tat-
GluA23Y (3 μmol/kg i.p.) and Tat-GluA23A. b Bar chart showing the
sociability score in DCS-treated, VPA-exposed offspring with adminis-
tration of Tat-GluA23Y and Tat-GluA23A. c Immunoblots and

quantification showing that Tat-GluA23Y (3 μmol/kg i.p) blocked the
effect of DCS (20 mg/kg), facilitating chemical NMDA-induced removal
of GluA2/AMPARs in the LA of VPA-exposed offspring. *p < 0.05 vs.
VPA + NMDA +DCS, **p < 0.01 vs. VPA/DCS, ***p < 0.001 vs. VPA/
DCS, #p < 0.05 vs. VPA/DCS/Tat-GluA23Y,

##p < 0.01 vs. VPA +NMDA
+ DCS, $p < 0.01 vs. VPA + NMDA + DCS + Tat-GluA23Y
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function [69]. In addition, knockdown of NMDARs resulted
in unstable spines, indicating the importance of NMDARs for
spine stability [70]. Furthermore, SAP102, which links
NMDA subunit NR2B, also regulates the length of dendritic
spines [71]. Based on the results of previous and current stud-
ies, we speculated that dysfunction of NMDARs further re-
sults in abnormality of spine density in the amygdala synapses
of VPA-exposed offspring [26, 44]. However, whether the
dysfunction of NMDARs alters the motility of dendritic
spines in amygdala neurons of VPA-exposed offspring needs
further investigation. Recent evidence suggested that abnor-
mality in spine development in GluD1KOmice was corrected
by modulation of NMDAR function by DCS [72]. Similarly,
in our study, we found that DCS reversed the increase in spine
density in the amygdala of the VPA-exposed offspring.
Profilin, an actin polymerization-regulatory protein, has been
reported to increase translocation into the amygdala synapses
of dendritic spines after fear conditioning [73]. A previous
study also identified enhancement of dendritic spines follow-
ing fear conditioning in rodents [74]. Enhancement of fear
learning related to the amygdala has been established in
VPA-exposed offspring and hence is probably the reason for
which the spine density increased in the amygdala synapses
without any other neuronal or synaptic stimulation in the
VPA-exposed offspring [44, 46]. Cofilin activity has been
shown to regulate the growth and shrinkage of dendritic
spines; however, the role of signaling of Rac1/PAK/cofilin
in the amygdala of VPA-exposed offspring requires further
study [75]. Alteration of the spine density has an impact on
the amount of excitatory neurotransmission; in addition,
amygdala pyramidal neurons have shown a deficit in inhibi-
tion, which has been considered the reason for E/I imbalance
in VPA-induced offspring [46, 76]. Indeed, we also observed
increases in the frequency and amplitude of mEPSCs consis-
tent with ASD imbalance between excitatory/inhibitory syn-
aptic transmissions. After DCS restoral of NMDAR function,
the excitatory synaptic transmission in the amygdala of the
VPA-exposed offspring was reduced.

In summary, the mechanism of DCS rescue of deficits in a
VPA-induced ASD model via facilitation of GluA2/AMPAR
internalization suggested that the modulation of GluA2/
AMPARs is a potential approach for improvement of ASD.
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