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Abstract. Autism spectrum disorder (ASD) is a lifelong neuro‑
developmental condition characterized by impaired social 
interaction, compromised communication, and restrictive 
or stereotyped behaviours and interests. Due to the complex 
pathophysiology of ASD, there are currently no available 
medical therapies for improving the associated social defi‑
cits. Consequently, the present study investigated the effects 
of STX209, a selective γ‑aminobutyric acid type B receptor 
(GABABR2) agonist, on an environmental rodent model of 
autism. The mouse model of autism induced by prenatal expo‑
sure to valproic acid (VPA) was used to assess the therapeutic 
potential of STX209 on autism‑like behaviour in the present 
study. This study investigated the effects of STX209 on VPA 
model mice via behavioral testing and revealed a significant 
reversal of core/associated autism‑like behavior, including 
sociability and preference for social novelty, novelty recogni‑
tion, locomotion and exploration activity and marble‑burying 
deficit. This may be associated with STX209 correcting 
dendritic arborization, spine density and GABABR2 expression 

in hippocampus of VPA model mice. However, expression of 
glutamic acid decarboxylase 65/67 in the hippocampus were 
not altered by STX209. The present results demonstrated that 
STX209 administration ameliorated autism‑like symptoms in 
mice exposed to VPA prenatally, suggesting that autism‑like 
symptoms in children with a history of prenatal VPA exposure 
may also benefit from treatment with the GABABR2 agonist 
STX209.

Introduction

Autism is a lifelong neurodevelopmental disorder and one of 
the most severe mental health disorders in childhood. In 2013, 
the diagnosis of autism and several other disease categories 
were incorporated into the singular diagnostic category of 
autism spectrum disorder (ASD) (1,2). Autism has a poor prog‑
nosis and a high disability rate, which greatly increases family 
and social burdens (3). Currently, there is no cure available for 
ASD, and its aetiology comprises environmental and genetic 
variables. Rodent models based on genetic factors have been 
widely used in preclinical research, such as the Fmr1‑knockout 
mouse model, the BTBR T + tf/J mouse model, the Nlgn‑3 
and Nlgn‑4‑mutant mouse model, the Shank‑mutant mouse 
model and the Tsc2+/‑ mouse model  (4). While ASD has a 
strong genetic component, a wide range of environmental 
factors, including prenatal exposure to intrauterine infections; 
drugs, such as valproic acid (VPA) and thalidomide; or toxi‑
cants, such as organophosphate insecticides or heavy metals, 
are also thought to confer ASD susceptibility (4‑7). VPA, a 
broad‑spectrum antiepileptic drug, has been used worldwide 
to treat certain types of epileptic encephalopathy, as well 
as bipolar disorder and migraine; exposure to VPA during 
pregnancy has been demonstrated to increase the likelihood 
of autism in children (5‑8). The VPA mouse model, which 
has stable face, construct and predictive validity, is a robust 
model of ASD that has been used extensively to increase 
understanding of the neurobiology underlying autistic behav‑
iour and to screen novel drugs for autism treatment (5,8‑10). 
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Nevertheless, the underlying biological mechanism of ASD 
remains undetermined, and consequently, no specific thera‑
peutic strategy has yet been established. There are currently a 
few pharmacological treatments available, such as risperidone 
and aripiprazole, which help relieve some symptoms, such as 
aggression, self‑injurious behaviour and anxiety, but do not 
address the core characteristics of autism, such as impaired 
social interaction and restrictive interests (8,11‑13).

There is much evidence that the γ‑aminobutyric acid 
type B (GABA)ergic system is a potential therapeutic target for 
core ASD symptoms (13,14). GABAergic system dysregulation 
is common in clinical cases of ASD and has been proposed 
as a cause of excitation‑inhibition (E‑I) imbalance (15‑21). 
GABAergic system dysregulation and E‑I imbalance 
are commonly observed in rodent models of autism, and 
correction of these disorders by pharmacological interven‑
tions can normalize core autistic‑like phenotypes in these 
animals (22,23). Notably, previous studies have suggested that 
VPA rodent models exhibit GABAergic signalling dysfunc‑
tion, extensive alterations in neuronal morphology and local 
neocortical microcircuit disorder  (24‑33). The GABAB 
receptor (GABABR2) agonist STX209 is an exploratory 
drug comprising the single, active R‑enantiomer of baclofen 
(R‑baclofen) and has the advantage of being a biologically 
defined and active enantiomer  (34,35). The potential of 
STX209 to treat autism symptoms in VPA model mice has 
attracted our attention.

Previous studies have suggested that the exploratory medi‑
cine STX209 (arbaclofen), a selective agonist of GABABR2, 
may improve autism‑associated behaviours in rodent models 
with certain genetic defects (36‑40); for example, intraperi‑
toneal/oral administration of STX209 was shown to exhibit 
favourable effects on Fmr1‑knockout mice (36,41). Although 
the results of the majority of clinical trials have supported the 
therapeutic effects of STX209 (42‑45), the phase III clinical 
trial of R‑baclofen for the treatment of fragile X syndrome 
with the ASD phenotype was prematurely terminated due to 
lack of efficacy (46). These findings indicated that GABABR2 
agonists may be effective for some subgroups of patients 
with ASD but not for all; therefore, STX209 may have the 
potential to improve autism‑like symptoms in some unknown 
subgroups of patients with ASD. The present study focused on 
children with ASD caused by environmental factors, such as 
VPA, have attracted our attention. To the best of our knowl‑
edge, there are no relevant reports of STX209 treatment in 
VPA‑exposed mice.

The present study hypothesized that GABABR2 may 
participate in the occurrence of the core behavioural symp‑
toms of ASD and that chronic administration of STX209 
could reverse autism‑like behaviour in an animal model of 
autism induced by prenatal exposure to VPA. A series of 
behavioural experiments was designed to evaluate the thera‑
peutic potential of STX209 on autism‑relevant behavioural 
phenotypes in VPA‑exposed mice and the possible mechanism 
was evaluated.

Materials and methods

Ethics approval. The present study was a preclinical study 
using a rodent model. All experimental operations and tests 

were performed at the Key Laboratory of Craniocerebral 
Disease, Ningxia Medical University (Yinchuan, China). 
All mice were handled according to protocols approved 
by the Institutional Animal Care and Use Committee of 
Ningxia Medical University (IACUC Animal Use Certificate 
no. 2019‑152). All efforts were made to minimize the number 
of animals used and their suffering.

Animals. Breeding pairs of C57BL/6J mice (age, 10 weeks; 
weight of female mice, 20‑25  g; weight of male mice, 
22‑25 g) were purchased from Ningxia Medical University 
Laboratory Animal Center and housed in a conventional 
mouse vivarium at the Feeding Unit of Ningxia Medical 
University Craniocerebral Laboratory. The total number of 
mice purchased for mating was 30 (10 males and 20 female). 
Each male mouse was housed in a single cage and female 
mice were housed in pairs(random allocation). Standard 
rodent chow and tap water were available ad libitum. All 
mice were maintained under standard laboratory condi‑
tions at 22±2˚C with 50±10% relative humidity and under 
a 12‑h light/dark cycle. A total of 1 week after entering the 
feeding unit, precontact between male and female mice was 
conducted for 3 days to regulate the fertility cycle; when 
the female mice were in a proestrus state, the animals were 
allowed to mate overnight (5 p.m. to 8 a.m. the next day). 
Detection of a vaginal plug in female mice was designated 
as half a day of pregnancy. The pregnant mice were then 
housed separately and divided into vehicle‑ and VPA‑treated 
groups. Because of precontact (male and female mice were 
housed in the same cage, but separated by isolation nets to 
prevent mating), female pregnancy and pup birth could be 
concentrated within a 3‑day period. In the present study, 
10 male mice and 20 female mice were used for mating. 
After the offspring were weaned (postnatal day 21, P21), 
the parent mice were euthanized by CO2 using a Laboratory 
Animal Asphyxiator (SMQ‑II; Shanghai Minly Lab Hi‑tech 
Development Co., Ltd.) (47). The following model of general 
euthanasia was used: Increased CO2 concentration from 
0‑90%/5‑6 min; the CO2 replacement rate was 60% CO2/min 
in a chamber, according to the AVMA Guidelines for the 
Euthanasia of Animals, 2020 (48). Death was confirmed by 
the absence of a heartbeat and breathing.

Prenatal VPA exposure. VPA (MilliporeSigma) was dissolved 
in 0.9% normal saline (NS) at a 10 mg/ml concentration. 
Prenatal VPA exposure was induced according to a novel 
method first described by Zheng et al (49); female mice in the 
VPA‑treated group received two doses of 300 mg/kg VPA on 
embryonic day 10 (E10) and E12 (Fig. 1A); female mice in 
the control group were injected with the same amount of NS 
on these days. Prior to initiation of this experiment, several 
relevant studies were consulted; most reports of this rodent 
model administered a single injection of VPA at doses ranging 
from 300 to 800 mg/kg between E9‑12.5, and 500 mg/kg was 
the usual dose (8,24,50). We were cautious about reducing the 
dose, as this may increase the risk of an imperfect phenotype 
of VPA model mice and it was unclear whether this would 
affect their autism‑like behaviour. Increased doses may result 
in an increase in the rate of miscarriage; this does not conform 
to animal theory.



Molecular Medicine REPORTS  25:  154,  2022 3

The new method of administration is closer to the 
pathological process that induces ASD after repeated admin‑
istration of VPA in the clinic as previously described (49). 
Foetal mice receive double administration (double blow) 
during the critical period of brain development, and the blows 
last longer and are more stable. Compared with the traditional 
method, this will obviously cause more serious damage to 
the brain development of the offspring, and because low 
doses of VPA are applied at intervals, the new method is 
gentler on the pregnant mice (49). Clinically, the maximum 
dose of VPA medication for patients is 30 mg/kg, which is 
completely absorbed 1‑4 h after medication, and reaches a 
peak value. It is mainly metabolized by the liver and excreted 
by the kidneys (49). According to the new method protocol, 
after birth, female mice raised their litters. Male offspring 
were weaned on P21 and were labelled with ear tags. The 
ASD‑related behaviour of male VPA model mice has been 
reported to be more stable than that of female VPA model 
mice  (5,10,51); therefore, only male offspring (all mice, 
n=56; prenatal VPA exposure groups contained VPA group 
and VPA + STX209 group, n=28; no prenatal VPA exposure 
groups contained CTRL group and CTRL + STX209 group, 
n=28; n=14/group) were used for subsequent experiments. 
The male offspring were administered isoflurane anaesthesia 
(4%) at approximately P60 and once it was confirmed they 
had been satisfactorily anaesthetized, they were sacrificed 
by decapitation (Fig. 1A). Female offspring did not enter 
the experimental process and were euthanized by CO2 using 
a Laboratory Animal Asphyxiator after they were weaned 
(P21). The following model of general euthanasia was used: 
Increased CO2 concentration from 0‑90%/5‑6  min. the 
CO2 replacement rate was 60% CO2/min in a chamber as 
aforementioned. Death was confirmed by the absence of a 
heartbeat and breathing. All male offspring from the same 
litter were equally distributed to the STX209 administration 
groups (CTRL+STX20 group, n=14; VPA+STX209 group, 
n=14) and the no administration groups (CTRL group, n=14; 
VPA group, n=14) to eliminate the litter effect (52).

Drug administration. STX209 (MedChemExpress) was admin‑
istered intraperitoneally to CTRL+STX20 and VPA+STX209 
group mice at a dose of 0.6 mg/kg in 0.9% NS twice a day from 
weaning (P21) until the end of the experiment (approximately 
P60) (Fig. 1A). The STX209 dose was selected based on the 
effective dose in neuropathy and children with ASD in experi‑
mental animal studies and clinical trials (36,41,42). Injections 
were given at 8:00 a.m. and 8:00 p.m.

Neurodevelopmental behaviour tests. To assess the success 
and efficiency of the modified method in generating the mouse 
model of VPA‑induced autism, a battery of tests was designed 
and utilized to evaluate developmental milestones (24,53,54). 
The sequence and timing of the tests are shown in Fig. 1A. 
The day of onset was recorded and positive reflexes were 
confirmed the following day. Because sex of pups was hard to 
distinguish, we tested all pups in the VPA (n=61) and CTRL 
group offspring (n=39).

Surface righting reflex. Beginning on P5, all new‑born mice 
were placed in the supine position on a board, and the first 

appearance of the surface righting reflex was defined as the 
ability of the pups to turn over to the prone position and stand 
with all four paws in contact with the board within 10 sec. 
All pups were checked and recorded every day until they all 
reached the standard.

Negative geotaxis reflex. Beginning on P5, pups were placed 
facing downwards on a rough wooden slope with a 30˚ incline, 
held there for 3 sec and then released. The ability of the pups to 
turn to face upwards (rotate 180˚) within 30 sec was assessed. 
The first day the animals appeared to successfully accomplish 
the task was recorded.

Air righting reflex. Pups were dropped naturally from the 
supine position onto soft bedding (30 cm high). A mouse was 
considered to exhibit a positive reflex if it landed in a normal 
prone position (belly facing downwards against the bedding). 
The test was started on P10.

Growth and development. The body weight (BW) and tail 
length (TL) of each mouse pup (male VPA pups: n=28, 
contained unpublished data; male CTRL pups: n=23, 
contained unpublished data) were recorded on days 21, 28 
and 35 after birth. BW was measured by putting the mouse 
on a balance and reading the measurement after the mouse 
rested for 2 sec. Pups were weighed twice and the mean was 
calculated. Pup TL measurement started from the root of the 
tail and the length of the tail was measured in a straight state. 
The crooked tail of mice was observed easily after P10 in the 
VPA group (Fig. 1B).

Autism‑related behaviour tests. The sequence and timing of 
the tests are shown in Fig. 1A. All behaviours of the animals 
were recorded using a computerized video tracking system 
(SMART 3.0; Panlab).

Social interaction test. Mice were tested in a three‑chambered 
social approach apparatus as previously described with 
slight modifications (cages placed diagonally across cham‑
bers) (37,38). The test had two tested phases: i) The sociability 
phase (scene 1), in which an unfamiliar mouse (stranger 1) was 
placed inside a plastic cage in one of the side chambers, an 
empty cage was placed in the other chamber, and the test mouse 
was allowed to freely explore the apparatus for 5 min; and 
ii) the preference for social novelty phase (scene 2), in which 
a second unfamiliar mouse (stranger 2) was placed inside the 
cage in the opposite chamber and the test mouse was allowed 
to freely explore the apparatus for 5 min. The total time spent 
in each region and the time spent sniffing the stranger mouse 
and the empty cage were recorded. The social preference index 
(SPI) was calculated as follows: SPI=(time spent in the region 
containing stranger 2)/(time spent in the region containing 
stranger 1 + time spent in the region containing stranger 2) in 
scene 2. The test started at ~9:30 AM.

Novel object recognition task. The novel object recognition 
task was performed as previously reported  (40,55) with 
slight modifications (clear distinction between white plastic 
bottle and black glass bottle, which were used as familiar 
and novel object, respectively). The animals were placed in 
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a box containing two identical objects (white plastic bottle) 
and allowed to explore for 5 min (scene 1). Subsequently, one 
object was replaced with a novel object (black glass bottle) 
and the animals were allowed to explore the objects for 5 min 
(scene 2) after an interval of 30 sec. The discrimination index 
(DI) was calculated as follows: DI=(time spent exploring 
the novel object)/(time spent exploring the novel object + 
time spent exploring the familiar object). The task started at 
~9:30 AM.

Open‑field task and open‑field habituation task. The 
open‑field boxes used for this assessment were made of wood 
(50.0x50.0x40.0 cm) and an overhead camera was used for 
automatic tracking of animal behaviours using SMART 
3.0. The box was divided into two zones: An ‘inner’ zone 
(a 30x30 cm2 central square) and an ‘outer’ zone (10 cm from 
the walls). The duration of the test was 10 min.

Inspired by a previous study (40), the open‑field test was 
repeated at 24‑h intervals and the same indexes [time travelled 
in the inner area, the distance travelled in the inner area and 
open‑field exploration index (OFEI)] were measured for every 
mouse. OFEI was calculated as follows: OFEI=distance trav‑
elled in the inner zone/the total distance travelled. The task 
started at ~9:30 a.m.

Marble burying test. The marble burying test was performed 
as previously reported (36,37,50) with slight modifications. 
The tested mouse was placed in a black cage containing 16 
marbles arranged in a 4x4 grid on clean rice husk bedding 
<5 cm in height. A mouse was placed in a standard mouse cage 
containing 16 marbles arranged in a 4x4 grid on clean rice 
husk bedding. The duration of the test was 10 min. Marbles 
with >75% of their surface buried in the bedding were counted 
and recorded. Digital images and videos of the marbles 
were captured during the test period. The numbers of buried 
marbles and burying actions (strong and obvious digging or 
burial movement) were counted from the digital images and 
videos by trained investigators (n=3) who were blinded to the 
group allocations and the mean result was rounded. The test 
started at approximately 09:30 p.m.

Golgi‑Cox staining. Golgi staining is used to provide valuable 
information regarding the neural morphology and quantitative 
assessments such as dendritic spine number, dendritic length 
measurements (33). We used the Golgi‑Cox staining method 
to observe the neuronal dendritic length and spine number of 
CA1, DG region of mice. After deep anesthesia was induced 
with isoflurane as aforementioned, the mice were decapitated, 
and the brains were removed and soaked in mixed AB liquid 
immediately (FD Rapid GolgiStain™ kit, NeuroTechnologies). 
After 3 weeks, brain tissues that were completely infiltrated 
with mixed AB liquid were sliced with a vibrating slicer 
(VT1000S; Leica, GmbH) and then brain slices were placed 
on the glass dish, soaked in liquid C. The thickness of each 
slice was 100 µm. After 5 days, slices were stained with mixed 
DE liquid (solution D:solution E:distilled water; 1:1:2) for 
10 min, after which the slices were rinsed with distilled water, 
dehydrated with an ascending series of ethanol solution and 
cleared in xylene for >2 h. Finally, the slices were sealed on 
slides with neutral resin and dried in the dark.

Neurolucida 360 imaging and Sholl analysis. Z‑stack images 
of neurons were captured using a Leica DM6 fluorescence 
microscope (Leica Microsystems GmbH). 3D reconstruc‑
tion of neurons from the images and Sholl analysis were 
performed with Neurolucida 360 software (MBF Biosciences) 
on the Public Technology Platform of Zhejiang University 
(Hangzhou, China).

Dendritic spine analysis. Images of spines were obtained with 
the Extended Depth of Focus module of a Nikon orthotopic 
light microscope (Nikon Corporation). 3D dendritic spine 
images were combined into a plan view and the manual 
counting mode of ImageJ analysis software (National Institutes 
of Health, 2020 version) was used to evaluate the images. 
Spines were classified into subtypes based on the width and 
length of the spine by three investigators who were blinded to 
the group allocations and mean values were calculated.

Western blotting. Total proteins were extracted from the 
hippocampus of mice using the Protein Extraction Kit (cat. 
no. KGP2100; Nanjing KeyGen Biotech Co., Ltd.) and the 
protein concentration was measured using the BCA Protein 
Assay Kit (cat. no. KGP902; Nanjing KeyGen Biotech Co., 
Ltd.). Equal amounts of protein (60‑80 µg/lane) were separated 
by SDS‑PAGE on 8 or 10% gels and were then transferred to 
PVDF membranes. When the protein transfer was completed, 
membranes were blocked with 5% non‑fat milk for 1 h in room 
temperature, followed by incubation for ~20 h at 4˚C with rabbit 
anti‑GABABR2 (1:500; cat. no.  ab230136), anti‑glutamic 
acid decarboxylase (GAD)65/67 (1:500 cat. no.  ab183999) 
and anti‑GAPDH (1:1,000; cat. no.  ab181602) antibodies. 
Subsequently, the membranes were washed with TBS‑Tween 
(0.5%) three times (5 min/wash) and were further incubated 
with the corresponding goat anti‑rabbit IgG secondary anti‑
body (1:1,000; LI‑COR Biosciences cat. no. P/N: 926‑32211) 
for 2 h in room temperature. GAPDH served as an internal 
reference. Semi‑quantification of bands was performed from 
optical density values using the Odyssey CLX instrument 
system (LI‑COR Biosciences).

Statistical analysis. Data are expressed as the mean ± SEM. 
Statistical analysis was performed using GraphPad Prism 
8.0 (GraphPad Software, Inc.). P<0.05 was considered to 
indicate a statistically significant difference. The BW and 
TL data were analysed using two‑way mixed ANOVA [inde‑
pendent variables: Treatment (VPA or control) and time]. 
Neurodevelopmental behaviour test data were analysed using 
unpaired Student's t‑test. Social interaction test, novel object 
recognition task, Golgi‑Cox staining and western blotting 
data were analysed using two‑way ANOVA [independent 
variables: Drug (STX209 or control) and treatment (VPA or 
control)]. Open‑field test (task 1) and open‑field habituation 
test (task 2) data were analysed using paired Student's t‑test for 
comparing the differences between different tasks in the same 
group of mice and three‑way mixed ANOVA for comparing 
the differences among groups of mice in the same task.inde‑
pendent variables: Drug (STX209 or control), treatment (VPA 
or control) and scene (1 or 2)]. Marble burying test data were 
analysed using Pearson correlation, linear regression analysis 
or two‑way ANOVA [independent variables: Drug (STX209 
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or control) and treatment (VPA or control)]. All two‑way and 
three‑way mixed ANOVAs were followed by Bonferroni post 
hoc test to compare the differences among the groups.

Results

Tail malformations in VPA model mice. Neural tube defects 
(NTDs) can result from genetic mutations, malnutrition or 
exposure to teratogens during gestation (56). VPA is a known 
inducer of NTDs and causes a crooked tail phenotype (a 
mild NTD sign), which is often used as a sign of successful 
modelling in VPA rodent models of ASD  (5,50,57). The 
crooked tail phenotype was observed in all VPA model mice 
in the present study, indicating successful induction of an ASD 
model (Fig. 1B).

VPA model mice exhibit delayed nervous reflex develop‑
ment. As shown in Fig. 1C‑E, prenatal VPA‑exposed mice 

exhibited significantly longer latencies in behavioural 
ontogeny compared with control mice, including the first 
appearance of the surface righting reflex (P=0.0084; Fig. 1C), 
negative geotaxis reflex (P=0.0007; Fig. 1D) and air righting 
reflex (P<0.0001; Fig. 1E). These results indicated that prenatal 
VPA exposure had a neurotoxic effect on offspring mice and 
that VPA model mice exhibited nervous reflex developmental 
defects in the present experiment.

Growth retardation in VPA model mice. The BW and TL 
of pups were measured every week between P21 and P35 
(Fig. 1A). The BW of VPA mice was significantly smaller than 
that of control mice at P21‑P35 (BW: P21, P=0.0429; P28, 
P<0.0001; P35, P<0.0001; Fig. 1F). The TL of VPA mice was 
also significantly shorter than that of control mice at P21‑35 
(P21, P<0.0001; P28, P<0.0001; P35, P<0.0001; Fig.  1G). 
These results indicated that VPA mice exhibited severe growth 
retardation postnatally.

Figure 1. VPA model mice exhibit delayed nervous reflex development, delayed growth and tail malformations. (A) A representative timeline of the experi‑
mental approach. Mice were sacrificed ~60 days after birth for Golgi staining and western blotting. (B) Images of the prone and lateral positions of three VPA 
model mice with deformities in different parts of the tail. All VPA model mice exhibited tail malformation to different extents. VPA model pups (n=61, male 
pups and female pups) exhibited significantly longer latencies, including latencies to the first appearance of the (C) surface righting reflex, (D) negative geotaxis 
reflex and (E) air righting reflex, than CTRL pups (n=39, male pups and female pups) in the behavioural tests. **P<0.01, ***P<0.001 (Student's unpaired t‑test). 
(F) BW and (G) TL of VPA model mice (n=28, only male offspring, contained unpublished data) were lower than those of CTRL mice from P21 to P35 (n=23, 
only male offspring, contained unpublished data). *P<0.05, ***P<0.001 (two‑way mixed ANOVA followed by Bonferroni post hoc test). All data are presented 
as the mean ± SEM. BW, body weight; CTRL, control; E, embryonic day; P, postnatal day; TL, tail length; VPA, valproic acid. 
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STX209 ameliorates the sociability deficits of VPA model 
mice. During scene 1, sociability is defined as the propensity 
to spend time in the cage containing stranger 1 compared with 
time spent alone in the identical but empty opposite cage (4). 
The session indicates the interest in social cues of the tested 
mouse (4,58,59). The analysis results of the trace images and 
heat images showed (Fig. 2A), mice in the VPA group spent less 
time in the cage containing stranger 1 than mice in the control 
group (P=0.0044) and VPA + STX209 group (P=0.0280) in 
scene 1 (Fig. 2B). By contrast, in scene 1, mice in the VPA 
group spent more time in the empty cage region (control vs. 
VPA, P=0.0012; VPA vs. VPA + STX209, P=0.0323; Fig. 2C). 
These results revealed that VPA mice exhibited obvious socia‑
bility deficits and that STX209 ameliorated these deficits.

STX209 ameliorates the preference for social novelty deficits 
of VPA model mice. During scene 2, preference for social 
novelty is defined as the propensity to spend time with a new 
stimulus rather than with the same stimulus encountered in 
scene 1 (4,58,59). The session indicates the interest in new 
social cues of the tested mouse.

In scene 2 (Fig. 2D), VPA model mice spent less time in 
the cage containing stranger 2 than mice in the control group 
(P=0.0175; Fig. 2E); in addition, the average time the VPA 
group spent in the cage containing stranger 2 was less than that 

of the VPA + STX209 group, but the difference was not signif‑
icant (P=0.0803; Fig. 2E). By contrast, in scene 2, mice in the 
VPA group spent more time in the cage containing stranger 1 
than mice in the control group (P<0.0001) and VPA + STX209 
group (P<0.0001) (Fig. 2F). Notably, there were no significant 
differences among the mice of the four groups in scene 2 with 
regard to total time in both cages (Fig. 2G).

Moreover, the SPI of VPA model mice was lower than that 
of mice in the control group (P<0.0001); after STX209 treat‑
ment, the SPI of VPA model mice was significantly increased 
(P<0.0001) (Fig. 2H). These results revealed that VPA mice 
exhibited social novelty deficits, whereas STX209 treatment 
ameliorated the deficits of VPA mice.

STX209 ameliorates the novelty recognition deficits of VPA 
model mice. Similar to previous reports of other ASD model 
mice (40), VPA model mice exhibited novel object preference 
deficits compared with the control mice, as demonstrated by 
VPA model mice spending less time in regions containing the 
familiar objects in scene 1 and the novel object in scene 2; 
scene 1, P=0.0042; scene 2, P<0.0001; Fig. 3C and D). Chronic 
STX209 treatment increased the amount of time VPA model 
mice spent in the region containing the novel object (scene 1, 
P=0.0125; scene 2, P=0.0005; Fig. 3A‑D). The DI is a valuable 
index that reflects object recognition memory and preference 

Figure 2. Treatment with STX209 ameliorates sociability deficits and preference for social novelty deficits in VPA model mice. (A) Representative trace and 
heatmap images from tested mice in scene 1 in the social interaction test (E, empty; S1, stranger 1). (B) Time that tested mice entered the region containing 
stranger 1 for sniffing in scene 1. (C) Time that tested mice entered the empty cage region for sniffing in scene 1. (D) Representative trace and heatmap images 
from tested mice in scene 2 in the social interaction test (E, empty; S1, stranger 1; S2, stranger 2). (E) Time that tested mice entered the region containing 
stranger 2 for sniffing in scene 2. (F) Time that tested mice entered the region containing stranger 1 for sniffing in scene 2. (G) Total time that tested mice 
entered the region containing stranger 2 and stranger 1 for sniffing in scene 2. (H) SPI of tested mice in scene 2. *P<0.05, **P<0.01, ***P<0.001 (two‑way 
ANOVA followed by Bonferroni post hoc test). All data are presented as the mean ± SEM. Each group had 14 mice. CTRL, control; NS, normal saline; 
SPI, social preference index; VPA, valproic acid; ns, no significance. 
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for novel objects. The results revealed that the DI of the VPA 
group mice was lower than that of the control group mice 
(P=0.0030) and VPA + STX209 group mice (P=0.0043) 
(Fig.  3E). These results revealed that STX209 treatment 
ameliorated the novel object preference deficits of VPA model 
mice.

In addition, STX209 caused a reduction in the time control 
mice spent exploring the novel object in scene 2 (control 
vs. control + STX209, P=0.0015; Fig.  3D), but it did not 
significantly affect the DI (P>0.9999; Fig. 3E), indicating that 
STX209 affected only the sniffing time in control mice but 
had no effect on the preference for novel objects.

STX209 ameliorates the locomotion and exploration 
activity deficits of VPA model mice. In the open‑field task 
(task 1), VPA model mice exhibited reduced locomotion and 
exploratory behaviour compared with control mice, as deter‑
mined by decreases in the time travelled in the inner area 
(P<0.0001; Fig. 4A and C), the distance travelled in the inner 

area (P<0.0001; Fig. 4D) and the OFEI (P<0.0001; Fig. 4E). 
STX209 did not exhibit a positive effect on ameliorating 
locomotion or exploratory behaviour in VPA mice (P>0.9999, 
Fig. 4C; P>0.9999, Fig. 4D; P>0.9999, Fig. 4E).

Inspired by a previous study (40), the open‑field habituation 
task (task 2; two tasks spaced 24 h apart) was redesigned to 
further evaluate the therapeutic effect of STX209. As Fig. 4B 
showed, in contrast to task 1, mice in the control group and 
VPA + STX209 group exhibited an increase in locomotion 
behaviour in task 2 (control group, P<0.0001; VPA + STX209 
group, P<0.0001; Fig. 4D), although VPA model mice did not 
(P=0.9217; Fig. 4D). In addition, in task 2, STX209 treatment 
had a positive role in ameliorating the exploratory activity 
deficits of VPA model mice (P<0.0001, Fig. 4C; P<0.0001, 
Fig. 4D; P<0.0001, Fig. 4E).

The difference in the results of the two tasks may have 
been related to a decrease in anxiety and fear, which may 
have been caused by previous experience exploring the same 
apparatus and familiarity with the environment. Therefore, 

Figure 3. STX209 ameliorates the novelty recognition deficits of VPA model mice. (A) Representative trace and heatmap images from tested mice in scene 1 in 
the novel object recognition task. (B) Representative trace and heatmap images from tested mice in scene 2 in the novel object recognition task. This test was 
used to assess novelty recognition ability. (C) Total time spent sniffing the two similar objects by each group of mice in scene 1. (D) Time spent sniffing the 
novel object by each group of mice in scene 2. (E) DI of each group of mice in scene 2. *P<0.05, **P<0.01, ***P<0.001 (two‑way ANOVA followed by Bonferroni 
post hoc test). All data are presented as the mean ± SEM. Each group had 14 mice. CTRL, control; DI, discrimination index; NS, normal saline; VPA, valproic 
acid; ns, no significance. 
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treatment with STX209 markedly ameliorated the deficit of 
the VPA model mice in recognizing a familiar environment in 
the open‑field habituation task.

Treatment with STX209 ameliorates the marble‑burying defi‑
cits in VPA model mice. As shown in Fig. 5A, the numbers of 
buried marbles and burying actions were smaller in the VPA 
group compared with in the control group (P<0.0001, Fig. 5B; 
P<0.0001, Fig. 5C), indicating that VPA model mice have 
marble‑burying deficits. Chronic STX209 treatment increased 
these parameters in the VPA group (P<0.0001, Fig.  5B; 
P<0.0001, Fig. 5C), indicating that STX209 had a certain 
therapeutic effect on the marble‑burying deficit of VPA model 
mice.

In addition, STX209 inhibited marble burying in control 
mice (control group vs. control + STX209 group, P<0.0001, 
Fig. 5B; P<0.0001, Fig. 5C). This result may be related to the 
fact that GABABR2 agonists are anti‑anxiety drugs and that 
selective inhibition of burying behaviour in rodents is thought 
to be an effect of anti‑anxiety drugs, which is consistent with 
a previous study (36).

Linear correlation between the number of buried marbles and 
the number of burying actions. The number of marbles buried 
and the burying actions of all groups of mice were counted and 
linear regression between them was determined (P<0.0001, 
r2=0.9558/y=9.653 * x + 7.735; Fig. 5D). This showed that the 
marble burying actions in the test were effective, and the time 
of test is appropriate.

Prenatal VPA exposure causes rearrangement of neuronal 
dendrites and spines in the hippocampi of VPA model mice, 
and STX209 ameliorates these neuronal structural defects. 
Compared with in the control group, Sholl analysis indi‑
cated that the total dendritic length of neurons in the dentate 
gyrus (DG) region was reduced in the VPA model group 
(P<0.0001; Fig.  6A  and  B), indicating neuronal develop‑
ment defects in VPA model mice. Chronic administration of 
STX209 ameliorated dendritic length (P<0.0001; Fig. 6B). 
Quantitative morphological analysis of showed that compared 
with the control group, density of total spines and mushroom 
spines at the basal dendritic terminals of pyramidal neurons 
in the hippocampal DG region were increased in the VPA 

Figure 4. STX209 ameliorates the locomotion and exploratory activity deficits of VPA model mice. (A) Representative trace and heatmap images from tested 
mice in the open‑field task (task 1). (B) Representative trace and heatmap images from tested mice in the open‑field habituation task (task 2). (C) Time travelled 
in the inner zone by mice in the two open‑field tasks. (D) Distance travelled by mice in the inner zone in the two open‑field tasks. (E) OFEI of mice in the 
two open‑field tasks. ***P<0.001 (Student's paired t‑test was used to compare the differences in behaviour in every group of mice between the two tasks, and 
three‑way mixed ANOVA followed by Bonferroni post hoc test was used to compare the difference in same task among four group). All data are presented 
as the mean ± SEM. Each group had 14 mice. CTRL, control; OFEI, open‑field exploration index; NS, normal saline; VPA, valproic acid; ns, no significance.
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model group (P<0.0001, Fig. 6C and G; P=0.0008, Fig. 6H), 
indicating that neuronal connectivity in DG region of VPA 
model mice was abnormally increased. Chronic administra‑
tion of STX209 ameliorated the defects in total spine density 
(P=0.0006; Fig. 6G) in VPA model mice; however, STX209 
did not exhibit a significant difference in ameliorating the 
defects of mushroom spine density (P=0.1679; Fig. 6H).

Similar to neuronal dendrites in the DG region, as Fig. 6D 
showed, the total dendritic length of neurons in the CA1 region 
in the VPA model group was also reduced compared with in 
the control group (P<0.0001; Fig. 6E). Chronic administra‑
tion of STX209 ameliorated the reduction in dendritic length 
(P=0.0009; Fig. 6E) in VPA model mice. Unlike that in the DG 
region (Fig. 6F), compared with in the CTRL group, density 
of total spines and mushroom spines at the basal dendritic 
terminals of pyramidal neurons in the hippocampal CA1 
region were decreased in the VPA group (P<0.0001, Fig. 6I; 
P<0.0001, Fig. 6J), indicating that the neuronal connectivity 
in CA1 region of VPA model mice was abnormally decreased. 
Chronic administration of STX209 also ameliorated this 
defect (P<0.0001, Fig. 6J; P=0.0007, Fig. 6K) in VPA model 
mice.

In conclusion, examination of hippocampal morphology 
in this animal model revealed that VPA exposure in utero 
altered the dendritic morphology and dendritic spine number 
of neurons in the CA1 and DG regions of the hippocampus 
in offspring. The dendritic arbors of neurons in the CA1 and 

DG regions in the VPA model mice were dysplastic, and the 
total dendritic length was abnormal. Chronic administration 
of STX209 ameliorated these neuronal structural defects in 
VPA model mice.

STX209 ameliorates GABAergic system impairment in VPA 
model mice. According to the results of western blot analysis 
(Fig. 7A and B), the protein expression levels of GAD65/67 
and GABABR2 were decreased in the hippocampus of VPA 
model mice compared with those in control mice (GABABR2, 
P<0.0001, Fig.  7C; GAD65/67, P=0.0071, Fig.  7D). By 
contrast, STX209 treatment increased the expression levels of 
GABABR2 in VPA model mice (P=0.0010, Fig. 7C), although it 
did not increase the expression levels of GAD65/67 (P>0.9999, 
Fig. 7D). These results suggested that prenatal VPA exposure 
may lead to dysregulation of the hippocampal GABAergic 
system in the brains of offspring mice. After chronic adminis‑
tration of STX209, the ability of the hippocampal GABAergic 
system to produce GABA did not improve, but the GABAergic 
pathway transduction ability was enhanced.

Discussion

To the best of our knowledge, the present preclinical study is 
the first to focus on the potential use of the GABABR2 agonist 
STX209 as a treatment for VPA model mice; this model is 
used for simulating children with ASD who were exposed 

Figure 5. STX209 ameliorates marble burying deficits in VPA model mice. (A) Representative marble burying maps. (B) Numbers of buried marbles of each 
group of mice in the 10‑min test. (C) Number of burying actions (strong and obvious digging or burial movement) for each group of mice in the 10‑min test. 
***P<0.001 (two‑way ANOVA followed by Bonferroni post hoc test). All data are presented as the mean ± SEM. Each group had 14 mice. (D) Correlation 
analysis between the number of buried marbles and the number of burying actions was conducted using Pearson correlation analysis and linear regression 
analysis. All mice (n=56) were included in the analysis, and there was a linear correlation between the number of buried marbles and the number of burying 
actions. CTRL, control; VPA, valproic acid.
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to VPA in utero. In the present study, STX209 significantly 
ameliorated core autism‑like behaviours in VPA model 
mice. The possible mechanism underlying the behavioural 
improvement in VPA model mice may have involved the 
amelioration of alterations in the structure and function of the 
hippocampus, including promotion of neuronal growth and 
remodelling, synapse formation, and pruning and improve‑
ment of GABAergic pathway function.

Based on the multifactorial aetiology and complex patho‑
physiology of ASD, there is no animal model that can capture, 
at once, all of the molecular, cellular and behavioural features 
of ASD. Moreover, ASD is defined by specific behavioural 
characteristics, and an important method in its research is 
to focus on animal behaviours related to the core diagnostic 
symptoms of the disease to study both the underlying neural 
mechanisms and potential pharmacological targets to amelio‑
rate autism type  (4,32). The robustness of the behavioural 
alterations and the neural/molecular changes revealed support 
the VPA model mice as a reliable tool for investigating the 

neural basis of social disorders (4,5,8,9), which has been widely 
used in preclinical studies of ASD (8). In the present study, a 
modified method was used to generate VPA model mice (49). 
The modelling success rate was satisfactory (the failed preg‑
nancy was only 10.5%) and the mice had obvious phenotypes, 
such as delayed weight development, a 100% tail deformity 
rate and neurodevelopmental delay (24,49,53). Furthermore, 
the behavioural tests conducted confirmed that the model 
mice exhibited obvious autism‑like behaviour. Regarding the 
dosage of STX209, according to the principle of selecting 
the minimum effective dose, we selected the minimum dose 
supported by the reference (36,41,42) that can fully activate the 
gabab receptor. A previous study indicated that administration 
of STX209 in the drinking water at 0.5 mg/ml could provide 
average brain exposure equivalent to 6 mg/kg administered 
by intraperitoneal injection twice a day, which was sufficient 
to engage GABABR2 and reduce excessive protein synthesis 
in Fmr1‑/y mice and to correct the excess dendritic spine 
phenotype of Fmr1‑deficient mice (36). This previous study 

Figure 6. Prenatal VPA exposure impairs neuronal development in the DG/CA1 in the hippocampi of offspring mice and STX209 ameliorates these neuronal 
structural defects. Representative reconstructions of the dendrites of (A) DG and (D) CA1 neurons in the hippocampus in the four groups (scale bar, 50 µm), 
concentric circles are 5 µm apart. Representative maps of dendritic spines at the ends of basal dendrites (tertiary dendrites) of (C) DG and (F) CA1 neurons in 
the four groups of mice. Arrows indicate the mushroom spine (scale bar, 5 µm). Total length of dendrites of (B) DG and (E) CA1 neurons in the four groups. 
Density of (G and I) total spines and (H and J) mushroom spines at the end of the basal dendrites (tertiary dendrites) of pyramidal neurons in the DG and CA1 
regions of the hippocampus of the four groups (n=27/group). ***P<0.001 (two‑way ANOVA followed by Bonferroni post hoc test). All data are presented as the 
mean ± SEM. CTRL, control; DG, dentate gyrus; VPA, valproic acid; ns, no significance.
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also demonstrated that acute intraperitoneal administration of 
STX209 significantly reduced the percentage of mice displaying 
seizures (seizure incidence), with a minimum effective dose of 
1.5 mg/kg (36). Another study revealed that STX209 could 
suppress audiogenic seizures in Fmr1‑knockout mice on a 
seizure‑resistant C57BL/6 background with an effective dose 
of 1.0 mg/kg (single doses) (41). A clinical trial in patients with 
fragile X syndrome also showed a benefit of STX209 in chil‑
dren aged 6‑11 (~0.66 mg/kg/day) (42). Therefore, a minimum 
dosage at which the drug can fully stimulate the GABABR2 
(0.6 mg/kg, intraperitoneal administration, twice a day; total 
dose, 1.2 mg/day) was chosen for the present study.

The social interaction test is a widely used, standardized 
test for assessing social interaction deficits, which is often used 
to evaluate general sociability in rodents (4,8,58,59). The other 
behavioural tests used for sociability include the youth play 
behaviour test and social (play) behaviour test (40). Based on 
the procedures of these simple tests, the behaviour of tested 
mice are easily affected by the other mice during interaction 
and the various quantitative parameters make their evaluation 
highly subjective. Therefore only the three‑chamber test was 
used for evaluating the sociability of tested mice in the present 
study. The results indicated that STX209 treatment amelio‑
rated sociability deficits and preference for social novelty 
deficits in VPA model mice.

Restrictive interest is another core symptom of ASD, 
and the novel object recognition task revealed that STX209 
ameliorated object recognition memory and preference for the 
novel object in VPA model mice. Characteristics associated 
with ASD include anxiety, epileptic seizures and cognitive 
impairment, anxiety is one of the most common comorbid 
conditions in patients (8,9). Furthermore, in the present study, 
VPA model mice exhibited obvious locomotion and explor‑
atory behavioural deficits in the open‑field task and open‑field 
habituation task, which could be improved by STX209. 
Following STX209 treatment, VPA mice exhibited reduced 
anxiety and stronger exploratory characteristic behaviour in 
the open‑field habituation task.

Repetitive behaviour is another characteristic pheno‑
type of VPA model mice and a defining symptom of ASD. 
The marble burying test is regarded as an assessment of 
perseverative/repetitive behaviour in mice. Previous studies 
assessing marble burying or digging bouts have confirmed 
increased stereotyped, perseverative/repetitive behaviours 
in VPA‑exposed animals  (50,60). The original purpose of 
designing this test was to observe the perseverative/repeti‑
tive behaviour of VPA model mice; however, the results of 
the present study demonstrated that VPA model mice exhib‑
ited fewer digging and burying actions, and buried fewer 
marbles than control mice. Notably, STX209 improved these 
phenotypes. These unanticipated results may be because the 
marble burying test itself is a robust test model for identifying 
anxiolytics (61‑63) in the anxiolytic model, glass marbles are 
seen as an unfamiliar and potentially threatening object, and 
the burying of marbles by the mice to remove the threat is 
considered a sign of an instinctive anxiety‑like response. This 
behavior is called ‘conditioned defensive burying’, which is an 
adaptation to a new complex environment (61‑63). The results 
of present study further support the suggestion that burying 
marbles is a manifestation of an instinctive anxiety‑like 
response. STX209 rescued the defect of conditioned defensive 
burial in VPA model mice, which may be associated with 
beneficial effects of long‑term STX209 administration on 
nervous system development in VPA mice.

After demonstrating that STX209 was able to improve 
autism‑like behaviour in VPA model mice, the present study 
focused on hippocampal structure. The Golgi‑Cox impregna‑
tion method is a powerful neuromorphological staining tool 
that has been widely used to obtain valuable information 
regarding neural morphology and to quantitatively assess 
parameters, such as dendritic spine number, dendritic length 
and branching complexity. The present study evaluated 
neuronal morphology and dendritic spine development in 
the hippocampus of the mice by Golgi staining to assess 
their synaptic plasticity status. Consistent with previous 
reports and the aforementioned behavioural data, neuronal 

Figure 7. Prenatal VPA exposure causes GABAergic system function defects in the hippocampus of VPA model mice, and nervous system damage in the CA1 
and DG regions of the hippocampus in the mice. STX209 ameliorates these defects. Representative western blotting images showing the expression levels 
of (A) GABABR2 and (B) GAD65/67 protein in the entire hippocampus in each group. Histograms of the relative expression levels of (C) GABABR2 and 
(D) GAD65/67 proteins in each group (n=3 mice from different mothers/group; western blotting was repeated once). Chronic administration of STX209 did 
not increase GAD65/67 expression in VPA model mice but elevated the expression level of GABABR2. **P<0.01, ***P<0.001 (two‑way ANOVA followed by 
Bonferroni post hoc test). All data are presented as the mean ± SEM. CTRL, control; NS, normal saline; GABABR2, γ‑aminobutyric acid type B receptor 2; 
GAD65/67, glutamic acid decarboxylase 65/67; VPA, valproic acid; ns, no significance.
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development was disrupted in the hippocampal CA1 regions 
in mice exposed to VPA in utero  (33,64,65). Quantitative 
morphological analysis of dendritic spine density revealed 
that the total spine and mushroom spine density at the end of 
the basal dendrites of pyramidal neurons in the CA1 region 
of the hippocampus were decreased, but that the density of 
spines at the end of dendrites in the DG region was increased. 
These results suggested that VPA model mice had hypocon‑
nectivity in the CA1 region and hyperconnectivity in the DG 
region. In addition, the results revealed that STX209 altered 
the morphology, total spine and mushroom spine density 
(although this was not statistically significant) of neurons in 
CA1 and the morphology, total spine density of neurons in 
DG regions in the VPA model hippocampus so that they were 
more similar to those in the control group. The CA1 and DG 
regions are the main components of the classic trisynaptic 
circuit (entorhinal cortex→DG→CA3→CA1→subiculum), 
which has been reported to be closely related to memory and 
to be an important basis of hippocampal function (66,67). In 
VPA model mice, the abnormal dendritic morphology and 
hypoconnectivity in the CA1 region of the hippocampus, as 
well as the morphological defects and local hyperconnectivity 
in the DG region, may cause trisynaptic circuit disorder and 
E‑I imbalance, thus affecting the cognitive processes of 
learning and memory associated with navigation, exploration 
and locomotion. According to this finding, it was hypothesized 
that activation of GABABR2 by STX209 may ameliorate 
neuronal developmental defects in the CA1 and DG regions 
of the hippocampus in VPA model mice, normalize signal 
transduction in the hippocampus and contribute to achieving 
E‑I rebalance. This conclusion is supported by several mouse 
models of E‑I dysfunction (22,68).

To further explore the mechanisms involved, GAD65/67 
and GABABR2 protein expression levels in the hippocampus 
in each group were assessed, and it was revealed that the 
expression levels of both proteins were decreased in VPA 
model mice. STX209 increased GABABR2 protein expres‑
sion levels, but did not increase GAD65/67 protein expression 
in the hippocampus. GAD65/67 are the key enzymes in GABA 
biosynthesis, and GABABR2 is the site of action of STX209 
and GABA. Furthermore, GAD65/67 are joint nodes of the 
GABAergic system (69,70). The present findings revealed that 
exposure to VPA in utero caused hippocampal GABAergic 
system functional defects in offspring mice and that chronic 
STX209 administration did not improve GABA production 
capacity in VPA model mice but did increase GABAergic 
pathway function. GABABR is indispensable for regulating 
the development of neural networks. Studies have reported that 
GABA and its receptors serve a classic role in neurodevelop‑
ment and synaptic plasticity, and can regulate almost all of 
the key steps of neuronal network formation, and GABABR 
dysfunction may cause behavioural defects in ASD (71,72). 
Chronic administration of a low dose of STX209 during 
the growth phase in VPA model pups most likely activated 
GABABR, thus compensating for the lack of GABA, and 
then produced a series of physiological responses, such as 
promotion of hippocampal neuron survival, migration and 
dendritic development in VPA model pups, and correction of 
the formation and pruning of dendritic spines. This compensa‑
tory mechanism may contribute to maintaining the stability 

and functionality of neural circuits in the face of challenges 
posed by developmental events in this animal model, thereby 
ameliorating the ASD‑related behaviours of mice exposed to 
VPA in utero.

In conclusion, the present study provided strong evidence 
that pharmacologically enhancing GABA signalling may be 
a promising strategy for the treatment of VPA model mice. 
While the experimental results are encouraging, the limitations 
of the study are that it is impossible to replicate the complex 
genetic and environmental conditions of children with ASD 
due to the homogeneity between experimental animals and 
the same experimental environment. Furthermore, the present 
study only used the exploratory drug, STX209, and lacked 
the use of a known GABABR2 agonist to test as a positive 
control, and also lacked measurement of GABABR signalling 
activity. Furthermore, STX209 cannot completely cross the 
blood‑brain barrier; therefore, this is another limitation of this 
drug. However, the results indicated the possibility of early 
intervention with STX209, an exploratory GABABR2 agonist, 
for the treatment of children with ASD. In addition, the results 
of the present study supported that GABABR is a promising 
drug target for the treatment of neuropsychiatric disorders and 
developmental disorders, which may be an important direction 
for the development of novel drugs for ASD treatment.
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