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Abstract

Rationale Autism spectrum disorder (ASD), the fastest growing neurodevelopmental disorder, is characterized by social deficits,
repetitive/stereotypic activity, and impaired verbal and nonverbal communication and is commonly diagnosed at early stages of
life. Based on the excitatory-inhibitory imbalance theory of autism, some recent animal experiments have reported amelioration
in autistic-like phenotypes in adult animals following acute treatment of NMDA antagonists. However, we suggested the
neonatal period as a critical period for NMDA antagonist intervention.

Objectives This experiment was designed to determine the role of postnatal MK-801, an NMDA receptor blocker, in the prenatal
valproic acid (VPA) rat model of ASD.

Methods The model of autism was induced by subcutaneous administration of valproic acid (600 mg/kg) to pregnant rats at
gestational day 12.5. The effects of MK-801 (0.03 mg/kg, from postnatal day 6—10) in correcting ASD-associated behaviors in
male offspring were assessed by open-field, three-chambered social interaction tests. Moreover, the nociceptive threshold was
measured by tail flick and hot plate. Behavioral tests were performed on PND 55-60. Nissl staining was performed to confirm the
safety of 0.03 mg/kg MK-801 for the brain.

Results We reported that MK-801 rescued social deficits, repetitive behaviors (self-grooming), anxiety-related behavior, and the
low nociceptive threshold in the VPA-treated rats. Further, histological examination showed that there were no significant
differences among all the groups in terms of the neuronal survival rate.

Conclusions Our results showed that postnatal low-dose MK-801 improved ASD-associated behaviors in the VPA-treated rats
and that early exposure to NMDA antagonist resulted in permanent changes in adult behavior.
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Introduction
Majid Asadi-Shekaari and Masoumeh Nozari contributed equally to this
work. Autism spectrum disorder (ASD) is one of the fastest growing
neurodevelopmental disorders in the world with a prevalence
>4 Majid Asadi-Shekaari rate of roughly 1 in every 59 (1.7%) children and generally
majidasadi@kmu.ac.ir develops in the first 3 years of life (Benger et al. 2018). ASD is
>4 Masoumeh Nozari diagnosed by behavioral symptoms including decreased social
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well as some non-core features such as self-injury, hyperactiv-
ity, and unusual sensory sensitivity to stimulation (Schneider
and Przewlocki 2005). The neurodevelopmental hypothesis of
autism associates the etiology of autism with early prenatal
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humans and a well-known animal model of the disease.
Similar to human autistic phenotypes, utero VPA-exposed rats
showed defects in communication and had stereotypic behav-
ior (Schneider and Przewtocki 2005).

Imbalance of excitatory and inhibitory (E/I) circuits is con-
sidered as a possible etiology of neurodevelopmental disor-
ders like autism (Won etal. 2012; W. S, L. L, A. G, L. S2012;
Kang and Kim 2015). Furthermore, recent researches have
suggested that acute pharmacological blockade of N-methyl-
D-aspartate (NMDA) receptor rescues behavioral deficits in
adult rodents prenatally exposed to valproic acid (Kang and
Kim 2015; Kumar and Sharma 2016; Kim et al. 2017).
Surprisingly, no attempt has been made to find the effect of
the neonatal block of the NMDA receptor on behavioral and
histological impairment by prenatal VPA exposure. However,
the accumulating evidence suggests that many of the behav-
ioral domains associated with autism are commonly diag-
nosed in early childhood (~ 15 months), and even can be pre-
dicted beforehand, as early as infanthood (Dietz et al. 2006;
Samango-Sprouse et al. 2015). In addition to g-aminobutyric
acid (GABA), the main inhibitory neurotransmitter in the
adult brain is known as an excitatory transmitter in the imma-
ture brain, and GABAergic neurons express glutamatergic
receptors in early stages of development (Tyzio et al. 2006;
Ben-Ari et al. 2012). Based on the excitatory-inhibitory im-
balance theory of autism and critical roles of GABA and glu-
tamate during early development of neuronal circuits, we hy-
pothesized that neonatal stage is a critical period for pharma-
cological interventions such as using NMDA antagonists to
prevent or reduce the severity of autism-like behavior.

Materials and method
Animals

Female Wistar rats (n = 10) from the Neuroscience Research
Center (Kerman, Iran) were maintained under standard labo-
ratory conditions at 22 +2 °C, with 25 + 5% relative humidity
and on a 12 h-light/dark cycle, with free access to food and
water. The animals, with a controlled fertility cycle, were mat-
ed overnight and the morning when spermatozoa were found
in vaginal secretion was considered as the gestational day (GD
0.5). On GD 12.5, half of the pregnant rats were randomly
exposed to valproic acid (dissolved in saline, 600 mg/kg.,
subcutaneously), which was a gift from the Raha
Pharmaceutical Company (Isfahan, Iran). The remaining half
of the pregnant rats were subjected to saline (1 cc/kg) (Kerr
et al. 2013). Only the male pups were used in this study, and
approximately, three to five male pups were born from each
dam. They were randomly assigned to four groups (n=38).
Group I was control rats whose mothers were subjected to
saline on GD 12.5, and which received saline (1 cc/kg, i.p.,
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once per day on PND 6-10). Group II was MK-801-treated
rats prenatally exposed to saline and postnatally subjected to
MK-801. The drug was purchased from Tocris and dissolved
in saline, 0.03 mg/kg, i.p., repeated for 5 days from PND 6 to
PND 10. Group III was VPA-exposed rats which received a
single subcutaneously dose of 600 mg/kg valproic acid
12.5 days after conception. Group IV was VPA+ MK-801 rats
treated prenatally with VPA and postnatally with MK-801, as
described above. Mothers were kept with their litters until
weaning on postnatal day 21 (PND 21).

Behavioral procedures were performed on PND 55-60,
and all the tested animals were at a range of 100-110 g. The
experiments were carried out between 08:00 a.m. and 2:00
p-m. The schedules of the animal experiments are summarized
in Fig.1.

Ethics statement

All the following experiments and animal care protocols were
approved by the Animal Experiment Committee at the Kerman
Medical University (Ethics code: IRRKMU.REC.1396.183) and
performed in line with the “NIH Guide for the Care and Use of
Laboratory Animals.”

Experimental procedure
The open-field test

Locomotor and exploratory activity as well as stereotypic be-
haviors in a novel environment were assessed by an open-field
test. Each rat was individually placed in a plexiglass-made
box (90 x 90 x 30 cm); subsequently, the activities of the an-
imal were recorded automatically and then analyzed using a
video tracking system (the Borj Sanat Iran Company). The
floor of'the field was divided into 16 equal-sized squares, with
the four central squares being defined as a central area and the
square of the residual as a peripheral area. Increased locomo-
tor activity in the peripheral area (distance and time spent in
the peripheral area) was considered as anxiety-like behavior
(Blume et al. 2018).

Vertical locomotor activities (rearing and climbing) and
stereotypic behavior (grooming: rubbing the body with paws
or mouth and rubbing the head with paws) were scored by
experimenters blind to the animal status. The apparatus was
located in a dim-light and sound-attenuated room, and all male
animals were exposed to open field for 5 min. After each trial,
the chamber was cleaned (Nozari et al. 2015).

The three-chambered social interaction test
We performed the three-chambered social interaction test to

identify the preventive and protective effect of MK-801 on the
reduced social behavior of the VPA-exposed rats. This
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Fig. 1 The diagram for the study schedule. GD, gestational day; PND, postnatal day; OFT, open-field test; SIT, social interaction test; SP, social

preference; TF, tail flick; HP, hot plate

behavioral task is based on rodent instinct to explore a novel
context. The experimental apparatus consisted of a center
chamber (40 x40 x 50 cm) and two side chambers (40 x
40 x 50 cm), under a light intensity of ~ 120 Ix. The utilized
test session consisted of three 10-min sessions. The first ses-
sion was an acclimation period, during which each rat was
habituated to the social box. In the second session, known as
the sociability phase, a small empty wire cage (14 cm in di-
ameter and 20 cm in length) was placed on one side of the
chamber (the empty cage chamber), and an age-matched male
rat that had no previous contact with the subject was placed in
another wire cage on the other side (the stranger zone 1). Both
the left and right chambers were chosen randomly to avoid the
side preference chamber. The subject animal was placed in the
center chamber and allowed to explore the entire apparatus
freely.

Directly after the termination of the second session, the
third session was started and lasted for 10 min. This third
session was called the social preference phase. In this phase,
anovel age- and sex-matched rat (the stranger 2) was added to
the empty cage, after which the subject rat was allowed to
explore all the three chambers. In this phase, the stranger zone
1 in the second phase was called the familiar chamber while
the empty chamber was called the stranger zone 2. The strang-
er rats were habituated to the wire cages in the three-chamber
apparatus for 30 min and 24 h before the test, as described
previously (Moy et al. 2004). Wire cage sniffing time, fre-
quency of entry into each compartment, and stay duration in
each chamber (chamber time) were measured using a video
tracking system (the Borj Sanat Iran Company) during the
sociability and social preference phases.

The sociability index (SI) was calculated as the ratio be-
tween the time spent by the test animal in the stranger zone 1
to the empty zone; and the social preference index (SPI) was
defined as the ratio between the time spent by the test animal
in the stranger zone 2 to the familiar side (the stranger zone 1).
SI and SPI were also calculated based on sniffing time (time
spent actively sniffing the empty cage, familiar animal or un-
familiar animal) and frequency of entry into each compart-
ment (Crawley 2004; Zhang-James et al. 2014; Kang and
Kim 2015).

The nociceptive threshold (tail flick and hot plate)

Reduced pain sensitivity appears to be a feature of autism
(Nader et al. 2004). The latency of spinal tail flick reflex
was evaluated in response to acute thermal noxious stimuli.

The procedure was carried out using a tail flick analgesia
meter (the Borj Sanat Iran Company). An animal was gently
restrained by a restrainer cage and the light emitted from a heat
source was directed onto its tail (3 cm from the distal end of
the tail). In the meantime, the tail flick latency was recorded.
Tail flick measurements were taken three times at 30-s inter-
vals, and the mean value of them was calculated to represent
the thermal nociception threshold. The cutoff time was fixed
at 9 s to avoid tail injury (Schneider and Przewocki 2001,
Schneider and Przewltocki 2005).

The hot plate test was also used to assess the sensitivity to
pain. The animal was placed directly on a 52 °C hot plate (the
Borj Sanat Iran Company), and the latency to the first reaction
to the thermal stimulus was recorded (licking, moving the
paws, little leaps or a jump to escape the heat). The cutoff time
was 30 s to avoid tissue damage (Schneider and Przewtocki
2005; MMed et al. 2012).

Histology: Nissl staining

The rats were sacrificed on PND 62, and the brains were
collected for histological analysis. Briefly, sections were
deparaffinized through xylene and alcohols into tap water,
stained in a 0.1% cresyl violet solution for 8 min, dehydrated
in 95 and 100% alcohols, and then cleared in xylene. For
assessment of neurodegeneration, Nissl-stained sections of
the frontal association area, a subsection of the medial prefron-
tal cortex, were evaluated. The area was designated in sagittal
sections based on the Paxinos and Watson atlas (Paxinos and
Watson 2013). Neurons were counted in four microscopic
fields (0.107 mm2; 89.82 x 120.70 wm), and neurons with
visible round nucleus, prominent nucleolus, and intact cyto-
plasm having discernable and rich Nissl staining were counted
as viable neurons. However, neurons with shrunken cell bod-
ies and condensed cytoplasm were considered as damaged
neurons (Gao et al. 2012; Huang et al. 2018). The neuronal
survival rate was estimated as the percentage of intact
neurons.

Statistical analysis

We ensured normality using the Shapiro-Wilk test. Data were
expressed as the mean + standard error of the mean (SEM) and
analyzed for statistical significance using two-way analysis of
variance (ANOVA). Independent variables (fixed factors)
were status (saline vs. VPA) and treatment (saline or MK-
801). If the interaction between the status and treatment was
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significant, then one-way ANOVA was carried out using the
Tukey post hoc test for multiple comparisons. When one or
both main effects were statistically significant (without the
interaction effect), unpaired ¢ test was carried out to determine
the differences between the means (i.e., the effect of prenatal
VPA or postnatal MK801). Differences were considered sta-
tistically significant when the p value was less than 0.05
(p <0.05). All statistical analyses were conducted using the
SPSS software package (23.0; SPSS Inc., Chicago, IL, USA).

Results

The postnatal MK-801 treatment alleviating
repetitive/stereotypic-like activities and anxiety-like
behaviors in the VPA-exposed rats

We studied the therapeutic effect of MK-801 in the stereotyp-
ical self-grooming behavior, which are the core symptoms of
ASD. The two-way ANOVA revealed significant effects of
the both treatments (saline or MK-801) [F(1,28) =24.37,
p <0.001] and treatment status interaction [F(1,28)=14.12,
p =0.001] without a significant effect of status (saline vs.
VPA) [F(1,28)=0.26, p =0.61] on grooming. Moreover, a
one-way ANOVA conducted on the main effect of the prenatal
VPA and postnatal MK-801 treatment indicated that the VPA-
exposed animals exhibited significantly increased the number
of grooming compared to the control group (p =0.026). The
excessive grooming behavior in the VPA-treated group was
significantly corrected by MK-801 (p < 0.001; the VPA+MK-
801 rats compared to the VPA-treated rats, Fig. 2a).

Two-way ANOVA showed a significant effect of status
[F(1,28)=17.35, p<0.001] on rearing while the treatment
and the interaction effect between the treatment and status
were not significant [treatment: F(1,28)=0.71, p = 0.40; treat-
ment status interaction: F(1,28)=0.34, p=0.56]. Analysis
with two-tailed unpaired ¢ test revealed that prenatal VPA
treatment significantly increased the rearing number
(p<0.001, Fig. 2b).

In the open-field test, less entry into the center of the arena
is indicative of enhanced anxiety-related responses (Blume
et al. 2018). The two-way ANOVA of the time spent at the
center in the open-field test showed significant effects of both
the status and treatment [status F(1,28)=26.94, p <0.001,
treatment F(1,28 =55.49, p <0.05; status treatment interac-
tion F(1,28)=9.59, p<0.01]. A one-way ANOVA demon-
strated that the VPA-treated rats spent significantly less time
(p <0.001) at the center of the arena compared to the control
groups. The MK-801 treatment rescued anxiety behaviors in
the VPA-exposed group [(the VPA group compared to the
VPA+MK-801 rats (p =0.003) and VPA+MK-801 compared
to the control animals; (p > 0.05, Fig. 2¢)]. Two-way ANOVA
for total distance traveled in the center of the open field
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showed a significant main effects of prenatal VPA administra-
tion [F(1,28) =42.14, p < .0.001] and postnatal MK-801 treat-
ment [F(1,28)=12.48, p>0.001], whereas there was no sig-
nificant interaction between these factors [F(1,28)=0.01,
p>0.05]. Prenatal VPA exposure significantly decreased the
traveled distance in the center of the open field (7 test,
p<0.001, Fig. 2d) compared to prenatal saline exposure.
Postnatal treatment with low-dose of MK-801 increased this
variable (¢ test, p < 0.05, Fig. 2e).

There was no significant difference for total distance trav-
eled between the groups (p > 0.05; data not shown).

The postnatal MK-801 treatment rescuing the social
impairment in the VPA-exposed rats

In the first session, SI was measured as the ratio of duration in
the stranger zone to duration in the empty side. Two-way
ANOVA revealed a significant status difference, [F(1, 28) =
8.00, p=0.009], and interaction between status x treatment
F(1,28)=26.86, p<0.001, but no significant effect for the
treatment F(1,28)=0.12, p =0.72). Overall, SI decreased by
VPA exposure (Fig. 3a; p <0.001), representing autism-like
behaviors. The VPA+MK-801 group spent more time in en-
countering a strange rat than an empty cage (Fig. 3a; p < 0.01;
the VPA+MK-801 group compared with the VPA-treated
rats).

After adding a new rat in the empty wire cage, SPI was also
calculated, which showed whether the experiment rats socially
preferred an unfamiliar rat or a familiar one. In the SPI anal-
ysis, there was a main effect for status on SPI, [F(1,28)=
22.83, p<0.001], but not for treatment [F(1,28)=1.18, p=
0.28)]. Moreover, there was a significant interaction between
the status and treatment (F(1,28) = 15.18, p <0.001), and post
hoc comparisons demonstrated that the VPA-treated animals
showed a low significant curiosity to the unfamiliar rats com-
pared to the control group (Fig. 3b; p <0.001). However, this
aberrant behavior was relatively improved by the postnatal
MK-801 treatment (Fig. 3b; p <0.001 VPA+MK-801 com-
pared to the control group, and p < 0.05 VPA+MK-801 com-
pared to the VPA group). SI and SPI significantly decreased in
the MK-801-treated group (Fig. 3 a and b; p <0.01 MK-801
compared to the control group), but the effect of MK-801 in
the VPA group was completely different, leading to increased
SPI value in the VPA-treated animals.

SI and SPI were also calculated based on sniffing time
(time spent actively sniffing the empty cage, familiar animal
or unfamiliar animal) and frequency of entry into each com-
partment. Two-way ANOVA revealed the effect of the status
[sniffing SI: F(1,28) =8.86, p < 0.01; sniffing SPI: F(1,28)=
29.66, p<0.001] and the status x treatment interaction
[sniffing SI: F(1,28)=7.79, p < 0.01; sniffing SPI: F(1,28)=
40.64, p <0.001]. Analysis of the data collected from the fre-
quency of entry into each compartment revealed that the effect
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Fig. 2 MK-801 corrected the
stereotypic and anxiety behaviors
in the VPA-exposed rats. Self-
grooming test (a, n = 8), rearing
(b, n=16), time spent in the cen-
ter (¢, n = 8), and traveled distance
in the center (d, e, n=16). *, *%*,
% p<0.05,0.01, 0.001 vs.
control group, #1001, 0.001
vs. MK-801 group, &&, &&&,
0.01, 0.001 vs. VPA group. The
data were expressed as mean +
SEM

203
a 4. # b
— 40-
o
n —
€ 10+ % 30
3 o
£ I §
o £ 5. —
=
E gl £
o a
0 & 10-
T}
c c L
. o
\"o\ \9&
& &
¢ &
(o]
20+~
) T
g 154 '_ &&
° o
o = .
= 10+ : §
c o -
e e #itth \
w whh
o 5+
E
[
0 T T —
N
& o F
® &
d e
Azso- .
£ 200 A
¥ : < 150
. 1 ] L
T e
£ o o I:I I:l: "
s 100+ . < 100 l S
8 s
3 50 s 50- S
o L] oy
. o S
o; 0 : .
N N
\é’\ ,}\& +3’°
o > &
& 2 &>
3N & 2
Q & &
] Qo"

of'the status [SI: F(1,28)=2.85, p=0.10; SPIL: F(1,28)=3.59, Post hoc analysis indicated that VPA decreased SI derived
p=0.06], treatment [SI: F(1,28)=1.72, p=0.20; SPI: from the sniffing parameters (Fig. 3¢; p <0.01) and did not
F(1,28)=3.29, p=0.08], and status x treatment interaction  have any effect on SI derived from the frequency of entry into
[SI: F(1,28)=1.33, p=0.25; SPIL: F(1,28)=12.31, p<0.01]. each compartment (Fig. 3e; p > 0.05).

@ Springer



Psychopharmacology (2020) 237:199-208

204

T

5+

T
<

Xepuj esueiejeld |EI20S

o3
&*_r

™ o~
(3w sequiey)

@

T
N

T
-~

(swn equieyp)
xapuj Aypiqersos

&
Hekk

L Ll L]
< ™ o~ -

(Buyyrus)

Xopu| 9ouaiasald |EI90S

&8&&

_I

(Bunus)
xapu| Ayjiqersog

w o w o w o
~N ~N - - o o
(Aouanbaiy)
S X9pu| 90uUa1djaid |e100S
H e
%.
%,
XV‘O\
A
Yo‘
A
-
«\O
V]
I L 1 L)
S v o ©v 9
N - - o o
(Aouanbaiy)
o xapu| Ajijiqersog

pringer

Qs



Psychopharmacology (2020) 237:199-208

205

<« Fig. 3 The MK-801 restored social impairment in the VPA-exposed rats.
The sociability and social preference tests were performed based on the
total duration in each chamber (a, b), sniffing time (¢, d), and number of
entrance to each compartment (e, f). All the data were expressed as mean
+ SEM (n=8). ¥*p<0.05, **p<0.01, ***p <0.001 vs. control group;
&9 <0.05, “4p<0.01, “**p <0.001 vs. VPA-treated group

Sniffing SPI decreased both by VPA exposure and MK-
801 [Fig. 3d; F(3,31)=23.73, p<0.001]. However, VPA+
MK-801 and MK-801 rats had more SPI than the VPA-
treated animals [Fig. 3d; p <0.05 in VPA compared to MK-
801 and p <0.01 in VPA compared to VPA+MK-801]. VPA-
exposed rats had the lowest frequency of entry into the famil-
iar zone [Fig. 3f, F(3,31)=4.22, p < 0.05].

The postnatal MK-801 treatment improving
nociceptive response (hypoalgesia)
in the VPA-exposed rats

Two-way ANOVA was conducted separately for the nocicep-
tive threshold in tail flick (latency to the first reaction) and the
hot plate test (the thermal stimulus). The analysis indicated the
effect of the status [tail flick: F(1,28)=62.57, p <0.001; hot
plate: F(1,28)=34.46, p<0.001], treatment [tail flick:
F(1,28)=29.93, p<0.001; hot plate: F(1,28)=14.88, p=
0.001], and status x treatment interaction [tail flick:
F(1,28)=73.18, p<0.001; hot plate: F(1,28)=40.37,
p<0.001].

In the tail flick test, the VPA-treated rats presented a higher
nociceptive threshold than the control group (Fig. 4a;
p<0.001). Treatment with MK-801 decreased the nociceptive
threshold of the VPA-treated animals (Fig. 4a; p <0.001).

In the hot plate test, we found a significant increase
in latency to the first reaction to the thermal stimulus in
the prenatal VPA-exposed rats in comparison to the con-
trol (Fig. 4b; p<0.001). Reduced latency was found
following the treatment with MK-801 as compared with
the VPA group (VPA+MK-801 compared to VPA;
p<0.001; Fig. 2).

Fig. 4 The effect of MK-801 on a 10+ s
the thermal nociceptive threshold
in rats prenatally exposed to VPA; T 8
tail flick (a) and hot-plate test (b). : i
Data were expressed as mean + & o
SEM, n =8 per group. %
**%p <0.001 vs. control, = e
&&& X 4 ==
»<0.001 vs. VPA, T
i —
.001 vs. MK-801 =
'p<0.001 vs 80 T 2
0 T T
& S
00 @‘l‘

The neuronal survival rate

The percentage of the intact neurons was named the neuronal
survival rate. Statistical analysis of this parameter showed that
there were no significant differences in terms of interaction
between the status and treatment [F(1,32)=3.36, p =0.07];
with significant differences between the status: F(1,32)=
4.83, p =0.03 and the treatment: [F(1,32)=4.88, p =0.03].
The survival rate was 81.61 £2.79 in the control group; 80.95
+0.93 in the MK-801 group; 88.79 £0.97 in the VPA group;
and 81.60 +1.73 in the VPA+MK-801 group (Fig. 5).

Discussion

In this study, we demonstrated transient low-dose exposure to
MK-801 during the neonatal period to alleviate the autism-like
behavioral alterations in rats prenatally exposed to VPA.
Previous studies have shown that prenatal VPA treatment in-
creases repetitive, stereotyped behavior as an ASD core symp-
tom. In our study, the VPA-exposed rats showed increased
self-grooming and exploratory behavior (vertical locomotor
activity: number of rearing and climbing); MK-801 rescued
self-grooming behavior without a change in exploratory rear-
ing and locomotor activity. The VPA-treated animals also
showed more anxiety-related behavior and less nociceptive
threshold value than control animals, as non-core symptoms
of ASD. MK-801 had the therapeutic anxiolytic effects and
increased the nociception threshold. Kim et al. (2017) reported
that the administration of a single dose of agmatine, 30 min
before behavioral experiments, improved the impaired social
interaction, hyperactive, and repetitive behaviors in a VPA rat
model (Kim et al. 2017). They did not observe any therapeutic
effects of the NMDA antagonist on abnormal anxiety behav-
ior in the open-field test. Before that, Kumar and Sharma
(2016), Kang (2015), and Kim et al. (2014) reported therapeu-
tic effects of acute NMDA antagonist administration on
autism-like behavior in prenatally VPA-exposed rats (Kim
et al. 2014; Kang and Kim 2015; Kumar and Sharma 2016).
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Fig. 5 Representative photomicrographs showing prefrontal cortex
neurons of rats in different groups (a, b, ¢, d). The normal morphology
of neurons including round nucleus with prominent nucleolus and light

All of these studies were designed in the same way (acute
injection, in adult age) to confirm the excitatory-inhibitory
imbalance theory of autism.

It is well accepted that the early postnatal period is a critical
period for structural, functional, and behavioral cortical circuit
development (Hensch 2004). In the immature brain, GABA is
the primary excitatory neurotransmitter, and GABAergic neu-
rons express glutamatergic receptors. During fetal and postna-
tal periods, there is an excitatory-to-inhibitory switch of
GABA actions (Herlenius and Lagercrantz 2004; Ben-Ari
et al. 2012). Moreover, previous studies reported that early
exposure to NMDA antagonist caused many long-lasting
changes in behavior and different neurotransmitter systems
(Lim et al. 2012). Therefore, we hypothesized that this critical
period could be more effective than an acute injection of
NMDA antagonist in rescue autism-like behavior through
balancing excitatory-inhibitory circuits. However, the precise
exploration of the optimal therapeutic time windows and dos-
age is necessary given that postnatal NMDA receptor block-
ade induces schizophrenia-like symptoms. In this study, we
showed that using low-dose MK-801 (0.03 mg/kg) during P6-
P10 improved behavioral deficits in the VPA-treated animals.
In the rodent brain, the maximum expression of NMDA re-
ceptors occurs in the early weeks after birth, especially P7—
P14 (du Bois and Huang 2007). Previous studies showed that
low-dose of MK-801 in this time window could induce
schizophrenia-like symptoms (Ikonomidou et al. 1999;
Latysheva and Rayevsky 2003; Lim et al. 2012). Consistent
with our reports, Chung et al. (2018) demonstrated that early
correction of NMDA receptor hyperfunction rescued autistic-
like behaviors in adult Shank2 mutant mice (Chung et al.
2018). Although our study did not thoroughly examine the
underlying mechanism of the effects of MK-801 on repetitive
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behaviors, there were previous reports indicating that the in-
terruption of cortico-striatal-thalamic loop circuits by MK-801
could selectively reduce repetitive behaviors (Presti et al.
2003; Lewis et al. 2007). Along with repetitive behavior,
perturbed social interaction was improved by MK-801, sug-
gesting the possible regulatory role of autism-like behaviors
by the NMDA pathway. Moreover, recent research has sug-
gested that the AMPA receptor can also be a potential candi-
date for the treatment of the social behavior deficits associated
with ASD (Kim et al. 2019). Despite the protective effect of
MK-801 in the VPA-treated animals, it disrupted SI and pref-
erence in the control rats, demonstrating that NMDA blockers
had different effects on VPA and intact animals in terms of
social interaction. Further investigation into modulating the
dosage is necessary in order to eliminate its impact on intact
animals.

Lower sensitivity to pain including both spinal (tail flick)
and supraspinal (hot plate) levels was observed in this study.
Although patients with autism reacted differently to pain
(Baronio et al. 2015), the VPA model of autism shows less
sensitivity to pain including both spinal and supraspinal
levels, similar to what was observed in this study (Padurariu
et al. 2017). The mechanism by which postnatal MK-801
treatment induces long-lasting effects on pain sensitivity
should be further investigated in the future.

Conclusion

In conclusion, our results provided experimental evidence that
early suppression of NMDAR can prevent autistic-like behav-
ioral in the VPA rat model of ASD. Such beneficial effects of
MK-801 may suggest consideration of NMDA blockers as the
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preferential choice for anesthesia in children with ASD or
autism family history.
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