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Abstract

Neurodevelopmental disorders are complex conditions that pose difficulty in the modulation of proper motor, sensory and cog-
nitive function due to dysregulated neuronal development. Previous studies have reported that an imbalance in the excitation/
inhibition (E/1) in the brain regulated by glutamatergic and/or GABAergic neurotransmission can cause neurodevelopmental and
neuropsychiatric behavioral deficits such as autism spectrum disorder (ASD). NMDA acts as an agonist at the NMDA receptor
and imitates the action of the glutamate on that receptor. NMDA however, unlike glutamate, only binds to and regulates the NMDA
receptor subtypes and not the other glutamate receptors. This study seeks to determine whether NMDA administration in mice i.e.,
over-activation of the NMDA system would result in long-lasting behavioral deficits in the adolescent mice. Both gender mice were
treated with NMDA or saline at early postnatal developmental period with significant synaptogenesis and synaptic maturation.
On postnatal day 28, various behavioral experiments were conducted to assess and identify behavioral characteristics. NMDA-
treated mice show social deficits, and repetitive behavior in both gender mice at adolescent periods. However, only the male mice
but not female mice showed increased locomotor activity. This study implies that neonatal exposure to NMDA may illicit behavioral
features similar to ASD. This study also confirms the validity of the E/I imbalance theory of ASD and that NMDA injection can be
used as a pharmacologic model for ASD. Future studies may explore the mechanism behind the gender difference in locomotor
activity as well as the human relevance and therapeutic significance of the present findings.
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INTRODUCTION monozygotic twins (Rosenberg et al., 2009). Broader ASD
phenotypes also suggest strong heritability associated with

Neurodevelopmental disorders are compound conditions ASD (Kim and Leventhal, 2015). Mutations in genes such as
that pose difficulty in conceptualizing. One of which is the SHANK3, NLGN3, and NLGN4 among several others have
autism spectrum disorder (ASD), a heterogeneous disorder likewise been implicated in being involved in ASD (Ey et al.,
characterized by impairments in sociability and communica- 2011; Leblond et al., 2014). In addition, pre- or early postnatal
tion as well as presenting repetitive and patterned behavior environmental exposures can significantly increase the risk for

(American Psychiatric Association, 2013). Even with the un- ASD (LaSalle, 2013; Kim and Leventhal, 2015; Zerbo et al.,
ceasing efforts during the past decades, its pathogenesis is 2015; Sealey et al., 2016).

yet to be understood completely. Several studies have identi- One of the most recognized theories in ASD is the excita-
fied genetics as an undeniable risk factor for ASD. Studies tion/inhibition (E/I) imbalance theory. The E/l imbalance theory
on twins revealed increased concordance rates especially on is conceived as a disturbance in the equilibrium between the
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glutamatergic and y-aminobutyric acidergic (GABAergic) in-
puts (Uzunova et al., 2016; Gongalves et al., 2017). It was
postulated that either increase or decrease in the ratio of E/l in
sensory, mnemonic, social, and emotional systems caused by
a combination of variables such as genetic and environmental
factors that affect the neural system, can cause some forms of
cognitive and behavioral changes such as in autism (Ruben-
stein and Merzenich, 2003; Gongalves et al., 2017). Previous
reports found that the excitatory neurotransmitter glutamate’s
neurotransmission system is increased in pregenual anterior
cingulate cortex of ASD patients (Bejjani et al., 2012) and an
elevated cellular E/I balance in the mouse medial prefrontal
cortex was found to elicit an extensive behavioral impairment,
along with social deficits (Yizhar et al., 2011).
N-methyl-D-aspartic acid is an amino acid derivative that
acts as a prototype agonist specifically at the ionotropic gluta-
mate receptor’'s NMDA subtype. NMDA imitates the action of
glutamate but only binds to and regulates the NMDA receptor
subtypes expressed in certain regions of the brain such as the
dentate gyrus, striatum, and hippocampal CA1 (Coppola and
Moshé, 2012). Interruptions of brain processes in any stage
of the brain growth spurt period will determine the pattern of
neuronal developments and alterations of the brain circuitry
as well as the manifestation of neurobehavioral disorders (Du
Bois and Huang, 2007). Since E/I imbalance has been associ-
ated with ASD, we seek to determine whether inducing the
over-activation of the NMDA system through NMDA injection
during early life where substantial developmental synaptogen-
esis in the brain occurs in rodents. This study aims to deter-
mine whether intraperitoneal injection of NMDA during early
postnatal developmental stages of mice, which corresponds
to neonatal periods in human, induces autistic-like behavior
and if it can be a possible pharmacological model for autism.

MATERIALS AND METHODS

Study design

Postnatal day 7 male and female ICR mice from Orient Bio
(Seoul, Korea) were used for the NMDA injection and behav-
ioral experiments. These same mice were housed in groups
of six and kept under a standard condition (12 h light/dark
cycle, 24 + 2°C, 55 + 5% humidity). N-methyl-D-aspartate in
varying doses was administered via intraperitoneal adminis-
tration on postnatal days 7-11. Behavioral experiments were
performed starting from postnatal day 28 to 42 (Fig. 1). The
behavioral experiments were performed under weak light and
were recorded using the EthoVision XT 24 software (Noldus,
Wageningen, the Netherlands). Guidelines set by the Principle
of Laboratory Animal Care (NIH publication No. 85-23, revised
1985) and the Institutional Animal Care and Use Committee of
Konkuk University, Seoul, Korea (KU18054) were followed for
the proper handling and care of the animals.
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Fig. 1. NMDA Injection was performed at PND 7, 8, 9, 10 and 11
and behavioral tests were performed from P 28-P 40.

Adil etal. NMDA-Mediated ASD Behavioral Phenotypes

Drug preparation and administration
N-methyl-D-aspartate (NMDA), acquired from Sigma-Al-
drich Co. (St. Louis, MO, USA), was diluted in saline (0.9% w/v
NaCl) in varying doses (2.5 mg/kg and 5 mg/kg). On postnatal
day 7, 8, 9, 10, and 11, mice were randomly divided into three
groups and were administered with saline, 2.5 mg/kg NMDA,
and 5 mg/kg NMDA, respectively, via the intraperitoneal route.

Three-chamber sociability and social novelty test

The three-chamber sociability test was conducted to de-
termine the sociability and social novelty preference of the
mice (Kim et al., 2019a). Sociability (Phase 1) is evaluated
by tracking the rodent’s exploration on a stranger rodent in a
wire cage over an empty cage, and social preference (Phase
2) compares a rodent’s preference to a novel stranger rodent
to an already familiar one (Moy et al., 2004). A three-chamber
apparatus (23x40x22 cm in each compartment) was used for
the test with opening access connected to the center area.
Three phases completed one trial. First was the 5-min habitu-
ation period where the mouse was allowed to freely move in
all three chambers. The sociability test follows, marking the
second phase, which encouraged the subject mouse to ex-
plore between a stranger mouse contained in a wire cage in
either of the side compartments and an empty cage on the op-
posite side. The accumulated times spent within the stranger
and empty compartments were automatically tracked by a
camera connected to the EthoVision XT 24 software (Noldus).
The third phase immediately follows the second by introduc-
ing a novel stranger mouse in the previously empty cage to
assess the preference for the social novelty of the subject
mouse by exploring the three chambers for another 10 min.
The stranger mice used were conspecific ICR mice of younger
age and same-sex to the test mouse. In this test, the accumu-
lated times spent in each compartment were also measured
using the EthoVision tracking software (Noldus).

Self-grooming test

The self-grooming test is a tool used to assess the sequen-
tial organization and repetitive behavior in rodents (Kalueff et
al., 2016; Adil et al., 2021). Subject mice were placed in a cov-
ered cage measuring 27 cmx22 cmx13 cm and were allowed
to habituate for 10 min. The next 10 min were then recorded
using a video recorder and the spontaneous self-grooming
time was manually measured by a blind observer after.

Open field test

Open field test was conducted to evaluate the exploratory
and general locomotor activity of mice. It also provides an ini-
tial screen for anxiety-related behavior in rodents. Each sub-
ject mouse was placed in an open arena measuring 40 cmx40
cm and allowed to explore for 25 min. Using the EthoVision
XT 24 software (Noldus), the total distance moved and the
total time spent in the center of the arena (20 cmx20 cm) were
measured to assess the anxiety behavior.

Rotarod test

To assess the motor coordination of the subject mice, ro-
tarod test was performed. The mice were placed in a rotat-
ing rod with an accelerating speed over a 5-min period. The
mouse was assessed in three different trials in 20-min inter-
vals. The latency to fall was recorded.
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Fig. 2. Three-chamber sociability test of male and female NMDA
injected mice. Approach duration in male (A) and female (B) mice
injected with saline, 2.5 mg/kg and 5 mg/kg of NMDA at PND 7-P
11. Bars expresses the mean + SEM. **p<0.01, ***p<0.001, and
****n<0.0001. N=10 per group.

Elevated plus maze test

Elevated plus maze test was performed to assess the im-
pulsivity and anxiety-related behavior of rodents. The open
arm allows for the assessment of approach or exploration
while the close arm asses its avoidance and anxiety (Kishika-
wa et al., 2014). The maze is made of four perpendicular arms
having two open or plain arms (30 cmx6 cm) and two walled
arms (30 cmx6 cmx20 cm). Each arm meets in a central de-
limited area of 6 cmx6 cm. The EPM was elevated to 50 cm
above the floor. Each subject was placed in the center of the
maze facing one of the open arms to explore the maze for 8
min. An arm entry is defined as the entry of all four paws to
the lined boundary of each arm. The percentage of open arms
exploration against the exploration of all arms was calculated
to assess anxiety behaviors.

Data analysis

Data were analyzed using GraphPad Prism software
(GraphPad software, San Diego, CA, USA). All data ana-
lyzed were expressed as the mean + of the standard error of
the mean (SEM). Two-way ANOVA was used for comparing
multiple variables and one-way ANOVA was used for column
analysis partnered with Tukey’s multiple comparison post hoc
analysis.

RESULTS

Altered sociability in NMDA injected mice

Three-chamber sociability test was conducted to determine
if sub-chronic NMDA injection during early life can affect the
social behavior in later life (Castillo-Gomez et al., 2017; La-
tusz and Mackowiak, 2020; Golitabari et al., 2021). The social
interaction behavior was measured and analyzed using the
EthoVision behavioral assessment system (Noldus). Results
show that in both male and female mice, there is a significant
difference in the sociability between the control mice and the
NMDA injected mice (Fig. 2). At higher dose of NMDA (5 mg/
kg) but not at the lower dose (2.5 mg/kg), the sociability of
both male [Preference, Fi 5=39.65, p<0.0001; Treatment, F,
52=0.6283, p=0.5375; interaction preferencextreatment, F,
5=2.216, p=0.1192] (Fig. 2A) and female mice [Preference, F,
54=27.29, p<0.0001; Treatment, F; 5,=0.1785, p=0.8370; inter-
action preference Xtreatment, F2,54=3.882, p=0.0266] (Fig. 2B) was sig-
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Fig. 3. Self-grooming test of male and female NMDA injected
mice. Grooming time of male (A) and female (B) mice injected with
saline, 2.5 mg/kg and 5 mg/kg of NMDA at PND 7-P 11. Bars ex-
presses the mean + SEM. **p<0.01. N=10 per group.

nificantly impaired. This result shows that subchronic activation
of excitatory neurotransmission by 5 mg/kg of NMDA injection
during brain development in early life induces social deficits in
both male and female mice.

NMDA injection increased repetitive behavior in mice

Repetitive behavior is one of the core symptoms of autism.
To measure whether early postnatal NMDA activation affects
this behavior, self-grooming test was performed. It was found
that NMDA treatment at 5 mg/kg showed an increasing ten-
dency of grooming time in males [F (2, 27)=0.9467, p=0.4005]
(Fig. 3A) and increased grooming behavior of female mice
[F (2, 25)=15.37, p=0.0110] (Fig. 3B). This indicates that the
NMDA injection may augment the repetitive behavior of the
injected mice at adolescent period.

Impaired locomotor and motor coordination in NMDA
injected male mice

The locomotor activity of mice was measured using
the open field test. Male mice injected with 5 mg/kg NMDA
displayed a significant increased distance moved [F (2,
55)=6.332, p=0.0034] (Fig. 4A) while the females did not [F (2,
53)=0.6508, p=0.5257] (Fig. 4B). To test the anxiety-like be-
havior of the subject mice, the time spent in the center of the
open field arena was also measured and both the male [F (2,
26)=0.9855, p=0.3868] (Fig. 4C), and female [F (2, 31)=1.24,
p=0.3032] (Fig. 4D). And to test the motor coordination, ro-
tarod test was performed and only the male mice induced with
5 mg/kg NMDA showed decreased latency in falling from the
rotating rod [F (2, 26)=7.134, p=0.0034] (Fig. 5A). The females
did not show any statistical difference [F (2, 31)=0.02503,
p=0.9753] (Fig. 5B).

To confirm this, elevated plus maze test was performed,
which is a standardized method to determine anxiety-like be-
haviors. In male mice, both the percentage of time spent in
the open arms [F (2, 27)=0.04102, p=0.9599] (Fig. 6A) and
the percentage of frequency in open arms [F (2, 27)=0.02258,
p=0.9777] are not different in NMDA injected mice as com-
pared with control (Fig. 6B). This is also true in female’s per-
centage of time spent in the open arms [F (2, 27)=0.4315,
p=0.6539] (Fig. 6C) and the percentage of frequency in open
arms [F (2, 27)=0.4857, p=0.6206] (Fig. 6D). These data sug-
gest that NMDA injection in both male and female mice did not
induce anxiety-related behaviors but induced locomotor and
motor coordination impairment in male mice.
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Fig. 4. Open field test of male and female NMDA injected mice. Distance Moved of male (A) and female (B), and time spent in the center of
arena in male (C) and female (D) mice injected with saline, 2.5 mg/kg and 5 mg/kg of NMDA at PND 7-P 11. Bars expresses the mean £
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Fig. 5. Rotarod test of male and female NMDA injected mice. La-
tency to fall in male (A) and female (B) mice injected with saline,
2.5 mg/kg and 5 mg/kg of NMDA at PND 7-PND 11. Bars express-
es the mean + SEM. **p<0.01. N=8-16 per group.

DISCUSSION

The prototypic excitatory amino acid N-methyl-D-aspartate,
have been used in previous studies to elicit seizures in mice
as an experimental animal model of epilepsy or neurotoxic-
ity (Wang et al., 2012; Yum et al., 2015; Rodriguez-Mufioz et
al., 2018; Edwards and Zup, 2021). This is because hyper-
excitability caused by a disrupted balance in the excitation
and inhibition of the brain’s neurotransmission is one of the
main features of epilepsy (Lemmens et al., 2005; Shao et al.,
2019). Similarly, neurodevelopmental disorders such as ASD
have been linked to being affected by excitatory/inhibitory
imbalance in the brain (Foss-Feig et al., 2017; Gongalves et
al., 2017). According to Clancy’s report, the postnatal day 7 to
10 period corresponds to human third trimester in pregnancy
when major brain growth occurs (Clancy et al., 2007). Du Bois
and Huang (2007) also states that postnatal days 7 to 14 is
when substantial development synaptogenesis in the brain
occurs in rodents. Thus, we injected NMDA to mice during sig-
nificant synaptic development periods in the brain, in this case
at PND 7-11 to test whether overactivation of the NMDA re-
ceptors will result in behavioral changes similar to that of ASD.

Despite being described as a specific theory explaining the
underlying mechanism of ASD, E/I imbalance is complex in
itself since the brain involves myriads of neuronal connec-
tions, pathways, and regions with different or common func-
tions with one another. Identifying specific areas, root causes,
and classifications of these imbalances are steps that should
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be taken much further. The goal to stratify ASD individuals
should be taken with efforts to recognize biomarkers for sub-
types of the E/l imbalance if there are some. By pinpointing
specific mechanism that caused the E/I imbalance, scientists
and medical practitioners can help stratify ASD individuals into
subgroups and introduce appropriate treatment modalities. A
target-based approach is needed in drug development and it
is difficult to apply one class of a drug to a complex disorder
like ASD.

Several reports in clinical studies support the E/I imbal-
ance theory of ASD showing either increased glutamatergic
signaling (Shinohe et al., 2006) or reduced GABA transmis-
sion (Robertson et al., 2016). These results suggest that any
disruption in both excitatory and inhibitory neurotransmission
may trigger the development and drive the pathophysiology
of ASD (Blatt et al., 2001; Oblak et al., 2011; Robertson et al.,
2016). One important aspect of E/l imbalance is the increased
excitatory neurotransmission coupled with either decreased
or unchanged inhibitory neurotransmission. For example, in
the valproic acid model of autism, perturbation of E/I balance
has been reported which includes increases in glutamatergic
neuronal differentiation markers, decreased GABAergic mark-
ers, increased brain plasticity, and connectivity, increased
NMDA/AMPA ratio, increased glutamate kinetic profiles, and
increased seizure susceptibility (Rinaldi et al., 2007, 2008;
Fukuchi et al., 2009; Kim et al., 2014b, 2016). These reports
suggest a hyper-excitation type of autistic model (Schneider
and Przewlocki, 2005; Kim et al., 2011, 2014a, 2017). Inter-
estingly, treatments with NMDA receptor antagonists such as
memantine or MK-801 ameliorated the social and repetitive
behavior defects (Kim et al., 2014b; Kang and Kim, 2015).
IRSp53, a gene involved in excitatory postsynaptic scaffold-
ing, regulates the F-actin in dendritic spines. Mice lacking this
gene show impaired social interaction and increased ratio of
NMDA/AMPA leading to an enhanced NMDA receptor function
in the hippocampus (Chung et al., 2015). Accordingly, treat-
ment with memantine or MPEP (mGIuR5 antagonist) rescued
the social deficits and restored the hippocampal NMDA func-
tion and plasticity as well as the mPFC neuronal firing in the
IRSp53 knockout mice (Chung et al., 2015). Clearer evidence
of the direct role of E/I balance in the medial prefrontal cortex
on the modulation of ASD-like behaviors was studied previ-
ously using optogenetic tools (Yizhar et al., 2011). Activation
of mPFC and hence the increased E/I ratio by light stimula-
tion techniques immediately induced social deficits in freely
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Fig. 6. Elevated plus maze test of male and female NMDA injected mice. %Time spent in open arms (A, C) and %frequency to enter to
open arm (B, D) in male and female mice injected with saline, 2.5 mg/kg and 5 mg/kg of NMDA at PND 7-PND 11. Bars expresses the mean

+ SEM. N=10 per group.

moving mice (Yizhar et al., 2011). Interestingly, the abnormal
response by excitatory stimulation was partially rescued by
increasing the inhibitory tone and restoring the E/I balance.

On the other side of the coin is the reduced NMDA receptor
function that also leads to ASD phenotypes. Neuroligin-1, a
cell-adhesion molecule, directly interacts with and promotes
the synaptic localization of NMDA receptors (Budreck et al.,
2013). In mice that lack neuroligin-1, a reduced NMDA/AMPA
ratio in the corticostriatal synapses was found (Blundell et
al., 2010). This finding was associated with increased repeti-
tive grooming behavior relevant to ASD, which was rescued
by treatment of an NDMAR partial co-agonist D-cycloserine
(DCS). Another gene called Shank?2 involved in the excitatory
synaptic structure creates a scaffolding important for synaptic
assembly and signaling. If Shank2 is knocked out in mice, it
causes a dysregulated postsynaptic development resulting in
a reduced NMDAR function as observed in the hippocampus
(Won et al., 2012). The Shank2 knockout mice have social
behavior deficits, which were also ameliorated by treatment
of DCS. These models are among the various ones, which
show the involvement of NMDA receptor regulation and func-
tion in the manifestation of autistic symptoms. Given the in-
volvement of NMDA receptor mechanisms in the develop-
ment and pathophysiology of ASD, it is interesting that in this
study, similar to these animal models, inducing E/l imbalance
through subconvulsant and subtoxic dose of systemic NMDA
injection affects the social and repetitive behaviors which are
core symptoms of ASD.

ASD is a neurodevelopmental disorder defined by marked
social communication deficits and repetitive behavior (Ameri-
can Psychiatric Association, 2013). Three chamber socia-
bility test was performed to check the sociability and it was
found that compared to the control group, the sociability of the
NMDA-treated mice was significantly decreased, especially
the ones treated with 5 mg/kg of NMDA (Fig. 2A). A study we
reported previously in mice with acute treatment of NMDA
during the adolescent stage yielded a similar result using the
home cage sociability test (Adil et al., 2021). This is consistent
with previous reports stating that an increased E/I ratio can
yield behavioral changes and decreased sociability (Yizhar
et al., 2011). The repetitive or stereotypic behavior tested
through the self-grooming test, showed an increasing tenden-
cy in males injected with 5 mg/kg of NMDA while there was a
significant increase in the females injected with the same dose
(Fig. 3). This increased grooming behavior might be explained
by the binding of NMDA to peripheral NMDA receptors which
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has been reported to cause hypersensitivity and play a role in
nociception (Jang et al., 2015). Intraperitoneal administration
of NMDA has been reported to increase grooming behavior
especially on juvenile mice (Kim et al., 2019b), and our results
demonstrate that, if injected during the neonatal stage, these
effects can be observed up to the adolescent stages suggest-
ing current experimental condition induces long-lasting chang-
es in neurobehavioral circuits related to repetitive behaviors,
which cannot be explained by the direct effect of NMDA on pe-
ripheral tissues. It is interesting to note that the NMDA affects
the behavior of the injected mice in a dose-dependent man-
ner. Based on these results, the higher dose (5 mg/kg) could
be the optimum condition to induce and validate the possibility
of using hyperactivation of glutamatergic neurotransmission
through NMDA injection as an easy and versatile pharmaco-
logical model of ASD.

The higher male prevalence (4:1) in ASD remains a current
issue in need of explanations (Maenner et al., 2020). Many
theories have been introduced to explain these differences
and a few of those notable ones include the empathizing-sys-
temizing theory (Baron-Cohen, 2009) and the female protec-
tive theory (Jacquemont et al., 2014). Several animal models
also show somewhat mild autistic-like symptoms in females
as compared to their male counterparts (Baron-Cohen et al.,
2005; Cox and Rissman, 2011; Kim et al., 2016). The sex dif-
ferences in the current study could be related to many factors
such as physical, genetic, and hormonal differences through-
out development. Therefore, the response of each sex against
the NMDA during the early period of development might be
dependent on the complex interplay of factors that resulted in
sexual dimorphism in the behavioral levels. Although we did
not explore further the mechanism of these differences such
as the critical period of NMDA introduction, changes in NMDA
receptor expression during the developmental period, dose
and frequency of NMDA treatment, we believe that it is worthy
to delve into moving forward to help uncover some mecha-
nistic links between the unequal prevalence, degree and/or
variety of symptoms (behavioral domains) of the female popu-
lation.

Previous reports have associated hyperactivity with ASD
and it has been suggested that there is comorbidity between
ASD and attention-deficit hyperactivity disorder (Leyfer et
al., 2006; Meidenbauer et al., 2011). Results in the open
field test revealed an increase in the distance moved of the
NMDA-induced male mice but not the female mice (Fig. 4A,
4B). This is also true in the measurement of the motor co-
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ordination of mice through the rotarod test (Fig. 5) where
only the male mice showed a decrease in the latency to fall
which indicates a decrease in motor coordination. Similar re-
sults have been reported on other types of ASD animal mod-
els. In genetic shank3(e4-9) homozygous mutant mice, male
mice display more severe impairments than females in motor
coordination as well as abnormal social behaviors (Wang et
al., 2011). Also it was reported that only male mice from the
polyinosinic:polycytidylic acid (Poly I:C) MIA animal model of
ASD showed reduced social interactions as well as motor de-
velopment and coordination deficits (Haida et al., 2019). These
reports suggest that females are better protected against de-
velopmental insults leading to ASD-like symptoms in mice.
This gender difference in motor coordination as well as ASD-
like symptoms could possibly be explained by the hormonal
influences of estrogen on female mice. Estrogen is a hormone
that plays a role in regulating emotions, learning and memory
and other body functions such as motor coordination (Kalk-
brenner and Standley, 2003; Brann et al., 2007; Varshney et
al., 2021). Itis also widely known for its neuroprotective effects
in several neurological disorders and evidence have emerged
supporting this throughout the years (Liu and Zhao, 2013).
Experimental studies revealed that estrogen and progestin
administration improved the outcome after traumatic brain in-
jury and ischemia (Roof and Hall, 2000). An NMDA-induced
seizures study on mice revealed that there was a consider-
able neuronal loss due to decreased endogenous estrogen
following NMDA-induced seizure and estrogen was indicated
to have a neuroprotective effect on female mice (Kalkbrenner
and Standley, 2003). Another study on revealed that excitotox-
icity in the basal forebrain cholinergic neurons was prevented
by estrogen after NMDA infusions (Horvath et al., 2002). This
neuroprotective action has been attributed to its antioxidant
abilities (Xia et al., 2009) and capability to suppress neuronal
hyperexcitability (Roof and Hall, 2000). Interestingly, it was
reported that higher glutamate binding is observed in males
compared to the female counterparts and this observation is
more sensitive during the perinatal period (postnatal day 3 to
10) than in adulthood (McCarthy et al., 1997). Thus, this early
period of neuroprotective action (or lesser vulnerability) to fe-
male mice observed in the motor coordination of the NMDA-
injected mice, possibly via higher level of estrogen, could also
be at play here in this study. Anxiety behavior has also been
reported to be associated with autism in previous reports (Kim
et al., 2000; Ozsivadjian and Knott, 2011). Anxiety behavior
was initially assessed in the open field test by my measuring
the time spent in the center of the arena. Anxious mice tend
to take more time staying in the side of the arena. We found
a decreasing tendency to stay in the center in mice treated
with NMDA. To confirm this, an elevated plus-maze test was
conducted. Mice that are anxious stay inside the covered arm
of the EPM apparatus more than their time spent in the open
arms. However, there were no implications of anxiety behavior
found in both male and female subject mice.

Systemic administration of NMDA in mice shows increased
tolerance along with increasing age with younger mice show-
ing increased nociceptive and repetitive behaviors, suggest-
ing that younger and developing mice are more sensitive to
the effects of a similar dosage of NMDA than older mice (Kim
et al., 2019b). One plausible explanation is the penetration of
NMDA through the blood-brain barrier (BBB). NMDA is known
to have poor penetration in the BBB especially in adult mice
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(PND 60), but younger and developing mice (PND 12 and
PND 18) show increased response to NMDA, to which their
BBB did not yet fully mature (Kabova et al., 1999). Thus, phar-
macological induction of excitatory neurotransmission during
the early stage of life more likely will cause a long-term impair-
ment in behavior.

Seizure disorders and ASD are often associated to co-occur
(Jeste and Tuchman, 2015) suggesting that these disorders
have something in common in terms of their pathogenesis.
Animal models and human studies indicate that this epilepsy-
ASD comorbidity arises from hyperexcitability or E/l imbalance
in several brain regions (Bozzi et al., 2018). Animal models
made from inducing imbalance by injecting NMDA during the
early developmental stage may give rise to a deeper under-
standing of this comorbidity and help in the development of
future therapeutic strategies. In this study, experiments per-
formed were limited to behavioral experiments. Further experi-
ments on the cellular and molecular aspect, as well as other
behavioral experiments on different domains, would give addi-
tional information which would be helpful in the understanding
of NMDA receptors and the brain in general.
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