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Abstract: Neuropsychiatric disorders are globally public-health concern, in which diagnosis might be based on
symptoms that often vary across individuals. Schizophrenia is one of the major neuropsychiatric disorders,
which may affect millions worldwide. Detection of predictive biomarkers is the most intensively developing
approach for the disease. However, the biochemical alterations have not been comprehensively distinguished
up to the present time. In addition, there is less confidence of finding a specific biomarker for neuropsychiatric
disorders including schizophrenia, but rather a specific characteristic behavioral pattern. Maternal immune
activation has been considered to be one of the important factors for the development of neuropsychiatric
disorders. Here, the mouse model of neuropsychiatric disorders has been built, in which poly-I:C, sodium
dextran sulfate (DSS) and k-carrageenan (CGN) were used for the maternal immune activation during the
pregnancy of individuals. Subsequently, we challenged to link some of biochemical changes of p62 and GLAST
in the offspring mice brain to the alteration of several pathological behaviors. Consequently, it has been shown
that autophagy might be involved in the development of neuropsychiatric disorders including schizophrenia.
To our knowledge, this is the first report of the significant correlation between pathological behavior and the
biochemical alterations in neuropsychiatric disorder model animals. The relative ease of conducting these
evaluation-tasks would make them useful for testing novel therapeutics designed to ameliorate the symptoms
of several psychiatric disorders.

Keywords: neuropsychiatric disorder; schizophrenia; behavioral test; poly I:C; sodium dextran
sulfate; p62; GLAST

1. Introduction

Neuropsychiatric disorders are globally public-health concern [1]. Schizophrenia is one of the
well-known neuropsychiatric disorders with the most severe disabilities that may affect
approximately 1% of the human population, which is also complicated by comorbid drug use
problems [2]. Schizophrenia is frequently characterized by negative, positive, and cognitive
symptoms [3]. Interestingly, Schizophrenia is 1.4 times more frequently diagnosed in males than
females [4]. Male patients show an earlier age of onset, decreased social functioning, and worsened
negative but reduced depressive symptoms as compared with females [5]. However, sex differences
in cellular and molecular mechanisms remain mostly undetermined. A leading theory about the
etiology of schizophrenia is the dopaminergic hypothesis, which suggests that this disorder might be
caused by dopamine imbalance, which is supported by the beneficial therapeutic effects of anti-
dopaminergic drugs [6]. The hypofunction hypothesis of N-methyl-d-aspartate (NMDA) receptor
may suggest a complementary elucidation of the etiology of schizophrenia [7]. Patients with
schizophrenia may show a reduced expression of NMDA receptor in the prefrontal cortex [8], which
seems to be also related to the imbalance of dopamine levels [9].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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It has been shown that maternal immune activation is a potential risk factor for schizophrenia
[10]. Therefore, maternal immune activation with the treatment of viral RNA imitator,
polyriboinosinic-polyribocytidilic acid (poly I:C), during prenatal development could provide as a
broadly employed animal model to make behavioral alterations reminiscent of schizophrenia
[11].Hence interestingly, behavioral neurological alterations in the Poly I:C model could be prevented
if some interventions are performed prior to the symptom manifestation [12,13]. For the disease
evaluation of schizophrenia, several behavioral examinations such as the modified forced swim test
might be regarded as appropriate tests for the animal model of schizophrenia, which may be thought
to imitate psychiatric symptoms [14]. Therefore, the Poly I:C rodent model may be a
neurodevelopmental paradigm of neuropsychiatric disorders based on prenatal exposure to a virus-
imitating element such as poly I:C, which might lead to a development of schizophrenia-like
behaviors in the offspring comparable to those designated in patients [15]. In addition, several
behavioral examinations given the impairments in neuropsychiatric disorders have recorded in the
offspring treated with polyl:C [16,17], suggesting that patients with a neuropsychiatric disorder
might exhibit alterations in multisensory integration [18]. Therefore, prenatal inflammation has been
also deliberated as a risk factor for neuropsychiatric disorders [19]. It may be of interest whether
intake of some drugs with anti-oxidative and anti-inflammatory properties could neutralize the later
development of neuropsychiatric disorder-related consequences. For example, N-acetylcysteine
(NAC) might be suggested as a supplement for high-risk pregnancies, as it may considerably improve
neonatal consequences [20]. Taken together, the polyl:C model animal might be useful for studying
the developmental factors that may alter multisensory integration in neuropsychiatric disorders [21].

At molecular levels in brain, it has been shown that autophagic dysregulation of p62 might
potentially lead to cognitive impairment across brain conditions [22]. In addition, the p62 protein
expression may be upregulated in cultured neurons isolated from materials with schizophrenia [23],
and in brain samples from a mouse model of schizophrenia [24]. Therefore, controlling the p62
protein levels may provide a potential target for therapeutic intervention against symptoms of
schizophrenia [22]. Interestingly, Di-(2-ethylhexyl) phthalate (DEHP) could simultaneously increase
the number of autophagosomes and the levels of autophagy marker p62, which is known to impair
testicular functions and reproduction [25]. DEHP has the ability to cross the blood-placenta and
blood-brain barriers, which could increase the proliferation of astrocytes [26]. Abnormalities in
regulatory components of the glutamate system could be also important risk factors for
schizophrenia. It has been suggested that the dysregulation of glutamate aspartate transporter
(GLAST) may also play a significant role in the neuropathogenesis of various neurological disorders
including epilepsy, autism and schizophrenia [27]. Increased incidence of a rare genetic variant in the
human gene encoding GLAST has been also detected in schizophrenics [28]. In addition, it has been
shown that GLAST knockout (KO) mice may display exaggerated locomotor activity in response to
the administration of NMDA antagonist [29]. GLAST KO could exhibit phenotypic abnormalities
thought to positive symptoms of schizophrenia [30].

Detection of predictive biomarkers is the most intensively developing approach for the disease.
Although there is a need for an accurate clinical examination for the diagnosis of neuropsychiatric
disorders including schizophrenia at an early stage, the biochemical changes have not been
comprehensively characterized up to the present time. In addition, there is less confidence of finding
a specific marker for neuropsychiatric disorders including schizophrenia, but rather a specific
characteristic behavioral pattern. In the present study, therefore, we challenged to link some of
neurobiochemical changes of p62 and GLAST in the poly I:C induced mice model underlying
neuropsychiatric disorders to the alteration of several behaviors with the disorder. From results of
numerous preliminary experiments with various behavioral examinations and/or diverse scorings,
we have selected and utilized the shown original behavioral examinations and Western blotting
techniques to investigate the levels of probable relevant behaviors and protein levels observed in
those animals for the recognizable relationships.
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2. Materials and Methods

2.1. Mice

Male and Female ICR mice (4-week-old) were purchased from Charles River Laboratories Japan,
Inc. (Kanagawa, Japan). At the age of 6 weeks after acclimation, female ICR mice were mated with
male ICR mice, and the day when the vaginal plug was confirmed was defined as the first day of
pregnancy (GD1). The mother mice received DSS + CGN water which was dissolved in 0.5% (w/v)
Sodium Dextran Sulfate 5000 (DSS) and 0.2% (w/v) k-Carrageenan (CGN) in GD 8 to 11. And 5 mg/kg
B.W. Poly I: C was administered intraperitoneally on GD10. The day mice were born was defined as
PD1, and on day 22 (PD22), mice were separated from their mothers and grouped in net cages
separately for males and females. From PD 125, mice were given 2 mg/L. DEHP, and three types of
behavioral tests: a descent step test, a modified three chambers test, and a light/dark room test were
done eight times. After the behavioral tests, some of the mice were dissected, and collected liver,
kidney, and brain.

The mice were housed in an environmentally controlled room, at approximately 20°C and 60%
humidity with a 12-h light/dark cycle (lights on at 07:00 and off at 19:00). The care and treatment of
the experimental animals conformed with the guidelines for the ethical treatment of laboratory
animals established by Nara Women'’s University (Nara, Japan) (Approval No. 19-02).

2.2. Materials

Poly I: C, DEHP, and Dextran sulfate sodium (DSS, MW5000) were purchased from Fujifilm
Wako Pure Chemical Corporation (Osaka, Japan). k-Carrageenan (CGN) was obtained from Tokyo
Chemical Industry Co., LTD. (Tokyo, Japan). Poly I: C was dissolved in saline. DEHP, DSS, and CGN
were diluted with sterile water for mice to drink.

2.3. Behavioral Tests
The score of behavioral tests is shown in Table 1.
(1) Descent step test

A box (23 cm x 31 cm x 8.3 cm) was placed in the center of a plastic case (30 cm x 52 cm x 17 ¢cm),
and each mouse was placed on the box. After that, we measured whether or not the mouse descended
from the box within one minute (Figure 2A).

(2) Modified three chambers test

The field of the plastic case was divided into three compartments with boxes, and the central
compartment was dark (27.5 cm x 21 cm). At first, each mouse was placed in a narrow bright place
(30 cm % 13 cm), and chambers were set as (I), (II), and (III) in order of proximity. The size of the dark
entrance was 4 cm x 2.5 cm. The score was determined by which position you were in 25 seconds
after the start (Figure 2B).

(3) Light/dark room test

A dark space (27.5 cm x 21 cm) and a light space (30 cm x 31 cm) were set up in a box in a field
of a plastic case, and the boundary between the light space and the dark space was used as the starting
point. The size of the dark entrance was 4 cm x 2.5 cm. Mice were allowed to explore freely for 2
minutes, and the time spent in the light was measured (Figure 2C).

Table 1. Behavioral tests score.

Behavioral test Score

Non-descent 0
descent 1
Modified three chambers test In (IIT) room 1

Descent step test

do0i:10.20944/preprints202307.1075.v1
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In (I) room

In (II) room
Time in light area =60 (sec)
Time in light area 40-59 (sec)
Time in light area 20-39 (sec)
Time in light area 0-19 (sec)

Light/Dark room test

W N~ O BN

2.4. Western Blotting

To extract protein, the whole brain was homogenized with RIPA buffer. The homogenates were
centrifuged to obtain supernatants (Tabletop micro-cooled centrifuge Model3500). The supernatants
were mixed with sample buffer and adjusted 1mg/mL protein concentration. We used SDS-PAGE to
separate proteins and transfer them to membranes (Immobilon-P, Merck KGaA, Darmstadt,
Germany). These were blocked with 3% skim milk and then reacted with primary antibodies
SQSTM1/p62 polyclonal antibody (Cosmobio) or GLAST polyclonal antibody (Cosmobio) at 1h and
peroxidase-conjugated goat anti-rabbit secondary antibodies (Cell Signaling) at 1h. Proteins were
detected by ImageQuant LAS500 (GE Healthcare Japan Com., Tokyo, Japan). Each detected band was
quantified by Image], and the relative ratio of protein expression was analyzed using GAPDH
(Glyceraldehyde 3-phosphate dehydrogenase, FUJIFILM Wako Pure Chemicals Co.) as an internal
control protein. The intensities of the detected bands were calculated using Image]J software.

2.5. Statistical Analyses

Animal data are expressed as the mean + standard error (SE). All data were analyzed by
Pearson’s correlation analysis. P < 0.05 was considered a statistically significant difference. All
statistical analyses were performed using GraphPad Prism version 5.0 (GraphPad Software, Inc., San
Diego, CA, USA).

3. Results

Overview of the present study design is shown in Figure 1. To facilitate the development of
neuropathological condition in offspring, two modifications have been employed in addition to the
basic poly I:C method for creating mice with schizophrenia-like behaviors. First, per oral
administration of low molecular weight sodium dextran sulfate (DSS) and k-Carrageenan (CGN) was
added to the pregnant mice for augmenting the systemic inflammation levels [31]. Second, the
offspring was also forced to drink DEHP in water, which might be related to the augmented oxidative
stress and the cause of neurobehavioral disorders [32]. However, with the present method of
producing schizophrenia model mice, it was difficult to make all mice be psychiatric. The offspring
whose mothers were treated with poly I:C, but without DSS and/or DEHP, were expected to perform
similarly to control mice on the tests, which actually resulted in almost no difference (data not shown,
personal communication). And no method has been established to determine whether they are
affected by neuropathological disorders or not. Actually, behavioral tests revealed that some adult
male offspring mice frequently had the alteration of behaviors in this study. (Figure 2) The behavioral
tests used in the present study were created and modified from several literatures as references [33].
As shown at Table 1, the psychological behavior index (PBI) score was expressed with a sum scores
of the three behavioral examinations. The PBI scores were tracked and documented 8 times at the end
period in the trial. (Figure 1) The average scores during the period and the last score were shown in
Figure 3. Note that zero or very low value of the PBI score were found in several normal (untreated)
offspring (n>10) and their parents (data not shown, personal communication).
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Figure 1. Study design. Schematic representation of the Study design is shown. Female ICR mice
were mated with male ICR mice, and the day when the vaginal plug was confirmed was defined as
the first day of pregnancy (GD1). The mother mice received DSS + CGN water in GD 8 to 11. And 5
mg/kg B.W. Poly I: C was administered intraperitoneally on GD10. The day of mice were born was
defined as PD1, and on day 22 (PD22), the pup mice were separated from their mothers. From PD
125, pup mice were given 2 mg/L DEHP, and from PD 215, mice were conducted for eight times of
behavioral test (The day of behavioral tests shows a black and white arrow. White arrow shows the
time point of the last behavioral test). DSS; Dextran sodium sulfate, CGN; k-Carrageenan.
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Figure 2. Behavioral tests. [A] The image of the descent step test. The mouse placed on the box and
be measured whether or not the mice descended from the box within one minute. [B] The image of
the modified three chambers test. At first, the mouse was placed in (I), and we measured which
chamber the mouse was inside after 25 seconds. [C] The image of the light/dark room test. Mice were
allowed to explore freely for 2 minutes, and we measured the time spent in the light area.


https://doi.org/10.20944/preprints202307.1075.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 July 2023 do0i:10.20944/preprints202307.1075.v1

mMean
Last

PBIl score

O=2MNWhond®O~w©

Figure 3. The results of behavioral tests. The total behavioral tests score (PBI score) of each mouse.
The black bar shows the mean value of 8 times behavioral test scores during the trial. White-right
upper diagonal bar shows the last behavioral test score before dissection of mice.

After documented the last PBI scores, all mice were sacrificed and examined for protein
expressions in their whole brain. The protein expression levels of p62, GLAST, and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) in each mouse were shown in Figure 4A—C). There was a faint,
but not significant, relationship between p62 protein expression and GLAST protein expression
(R=0.484, P=0.111). (Figure 4D) Then, the correlation between PBI score and p62 protein expression
as well as the correlation between PBI score and GLAST protein expression have been also evaluated.
(Figure 5) As shown in Figure 6, there were significant correlations both between the last PBI score
and p62 protein expression, and between the last PBI score and GLAST protein expression. (Figure
6A,B) The correlation between the last PBI score and p62 protein expression (R=0.82, P=0.001) was
more significant rather than the correlation between the last PBI score and GLAST protein expression
(R=0.58, P=0.047). (Figure 6A,B) Interestingly, the correlation between the last PBI score and p62
protein expression (R=0.82, P=0.001) was more significant rather than the correlation between mean
PBI score and p62 protein expression (R=0.63, P=0.028). (Figure 6A,C) In contrast, the correlation
between the mean score and GLAST protein expression (R=0.60, P=0.039) was almost similar, but a
little bit more significant, compared to the correlation between the last PBI score and GLAST protein
expression (R=0.58, P=0.047). (Figure 6B,D).
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Figure 4. The protein expression of the brain. [A] The representative image of p62, GLAST, and
GAPDH expression in the brain of individual mouse. [B] The protein expression of p62 was measured

and normalized to GAPDH

by Western blot. [C] The protein expression of GLAST was measured and

normalized to GAPDH by Western blot. GLAST; a glutamate transporter protein [D] Positive
correlation between the p62 and GLAST protein expression. r=0.484, P=0.111, y=0.8487x + 0.273.
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Figure 5. Overview of the correlation analyses. The image of the relation of behavioral tests, p62, and
GLAST. The correlation of behavioral tests and the p62 expression shows in Figure 6B,D. The
correlation of behavioral tests and the GLAST expression shows in Figure 6A,C. The correlation
between p62 and GLAST expression shows in Figure 4D.
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Figure 6. The correlation between behavioral tests score and the protein expression of p62 and
GLAST. [A] Positive correlation between the last behavioral test score and p62 protein expression.
r=0.82, P=0.001, y=0.1399x + 0.4459 [B] Positive correlation between the last behavioral test score and
GLAST protein expression. r=0.58, P=0.047, y=0.1742x + 0.5219 [C] Positive correlation between the
mean behavioral test score and p62 protein expression. r=0.63, P=0.028, y=0.2028x + 0.2569 [D] Positive
correlation between the mean behavioral test score and GLAST protein expression. r=0.60, P=0.039,

y=0.3381x + 0.0689.

4. Discussion

One of the goal in this study was effectively to produce mouse model of neuropsychiatric
disorders after exposure to maternal immune activation via the viral nucleic acid imitators including
the poly I:C. Almost consistent with earlier reports, we observed that acute poly I:C administered at
PD10 plus DSS/CGN supply could elicit significant alteration of behaviors in our original tests for
adult offspring animals. The behavioral experiments revealed an array of long-term changes in the
offspring following poly I.C, DSS/CGN, and DEHP treatments. Some studies have also proved object
recognition deficits in mice prenatally exposed to the similar poly I:C and lipopolysaccharide (LPS)
treatment [34,35]. Effects of these poly I:C treatments on the alteration of behaviors observed in the
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present study had a tendency to increase difference to male mice, and female mice showed reduced
discrimination compared to the males in these behavioral tests (unpublished data, personal
communication). However, no differences were observed in the other data set. Some discrepancies
in details between the present results and those of others may reflect some differences in the tests
and/or specific prenatal treatment. Interestingly, sex differences in the effects of prenatal infection for
cognition have been also described for fear conditioning in rodents [36,37]. In addition, previous
reports suggest that phase of the estrous cycle of female rodent animals may influence object location
recognition with upper levels of estrogen and/or progesterone activity [38].

In neurons derived from schizophrenia patients, the sensitivity to PI3K/AKT/GSK3 signaling
might be changed [39], which may be involved in the development of schizophrenia [40]. In addition,
the AKT activity has been shown to decrease in certain brain regions of patients with major
depressive disorder and/or schizophrenia [41]. Interestingly, anti-inflammatory pregnenolone has
been indicated to control schizophrenia-like behaviors via the modulation of AKT signaling [42]. It
has been shown that the PI3K/AKT signaling pathway might be involved in autophagy [43],
therefore, in which autophagy might be also involved in the development of schizophrenia [44].
Autophagy is a membrane trafficking machinery responsible for degrading damaged proteins, lipids,
and/or organelles in the lysosome [45]. Remarkably, neuronal autophagy may be related to the
cognitive processes via the regulation of synaptic components [23,46]. In addition, the intracellular
autophagic activity could control the p62 protein levels [47]. It has been proposed that elevated p62
levels may have functional consequences on the neurotransmission, which might explain the
behavioral changes relevant to schizophrenia [23,48]. Fortunately, it has been shown that protein
expression levels of p62 seem to be significantly correlated with the score of our behavioral tests.
Aberrations in regulatory components of the glutamatergic system could be also important risk
factors for schizophrenia, which might be regulated by a family of glutamate transporters including
GLAST or excitatory amino-acid transporter 1. Incidence of a genetic variant may be increased in the
human gene encoding GLAST within schizophrenia patients [28,49]. Interestingly, some genetic
variants may impair metabolic functions of astrocytes and might lead to cognitive dysfunction [49].
In addition, it has been revealed that the GLAST knockout (KO) mice could exhibit exaggerated
locomotor activity [28,50], which may be a model for positive symptoms of schizophrenia. Therefore,
roles of GLAST protein might be involved in the certain behavior relevant to the symptoms of
schizophrenia [30,49,51]. Fortunately again, expression levels of GLAST protein seem to be also
correlated with the score of our behavioral tests. These data provide the first demonstration of the
correlations between behavioral score and the biochemical alterations of p62 and/or GLAST
expression as a result of prenatal immune challenge, which may support the hypothesis that prenatal
infection disrupts processing within prefrontal cortex consistent with findings regarding the
pathophysiology of neuropsychiatric disorders including schizophrenia and/or autism [52,53].

Over again, the present experiments demonstrate that prenatal immune challenge results in
behavioral alterations in mice similar to those reported in patients with neurodevelopmental
psychiatric disorders such as schizophrenia. Additionally, the most common pharmacological
strategy to elicit schizophrenia-like behaviors might be based on the inhibition of N-methyl-D-
aspartate (NMDA) receptor [54]. A non-competitive NMDA receptor antagonist could mimic the
hypofunction of the NMDA receptor, which might lead to behavioral effects reminiscent of the
schizophrenia [55]. The predictive rationality of that model has been well known by the effective
administration of atypical antipsychotic drugs. No other drugs such as antidepressants could inverse
the behavioral changes of that model. Whatever the neuropsychiatric disorder is, the approach
presented here would make it easy and/or cost effective to determine whether some preventive
materials including the use of antipsychotics, hormonal agents, and/or anti-inflammatory drugs
should be applied to the adolescent poly I:C animals presented here [56,57]. Continuous and alive
evaluation might be possible for the evaluation of therapeutic intervention to the model animal of
neuropsychiatric disorders.

The clinical symptom of neuropathological disorders might be intricate. Our results are limited
to an individual model animal, in which the phenotype may be partially present in the poly I.C
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treated mice offspring. Even though the poly I:C model being well-validated, there are presently no
animal model which completely mimic a human neuropathological disorder. Therefore, the validity
of the behavioral score should be re-evaluated with the model mice with the treatment of NMDA
receptor inhibitors. Response to the administration of atypical antipsychotic drugs might be also
mandatory. The communication between neurons and glial cells is also important for the appropriate
function in brain. Therefore, histopathological study might be helpful for the elucidation of roles with
the communication in distinct brain areas. In addition, the larger sample size of experiments might
lead to more significant outcomes. As the results of this study have been attained by using a mouse
model, the generalization of our findings to humans should be cautiously assessed. Studies on the
mechanism of action related to the prevention of schizophrenia-like outcomes in the offspring are
also necessary. In this regards, we presume that neuropsychiatric disorders might be categorized in
immune related diseases [58], whose pathogenesis may be based on the engram memory system [59—
61]. Forthcoming studies using a larger number of animals to address the above concerns and/or
concepts would be informative. In addition, further research will be required to identify the
distinctions and commonalities between the neuropathological mechanisms underlying the
behavioral outcomes of prenatal immune activation.

5. Conclusions

Taken together, the mouse model of neuropsychiatric disorders has been built, in which poly-
I:C, DSS, and CGN were used for maternal individual during the pregnancy. In addition, the
significant correlations between the behavioral test score and the protein expression levels of p62 and
GLAST in the whole brain of offspring mice have been detected. For the evaluation of
neuropsychiatric disorder-like behaviors, original three behavioral tests have been devised. In
conclusion, autophagy regulation might be involved in the occurrence and/or the development of
these neuropsychiatric disorders. These findings suggests that certain behavioral tests could be
effective for determining some of the brain neuropathological disorder. However, it needs for further
investigation to fully comprehend the molecular mechanisms involved.
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Abbreviations

CGN carrageenan

CNS central nervous system

DEHP 2-ethylhexyl phthalate

DSS sodium dextran sulfate

FMT fecal microbiota transplantation
GAPDH glyceraldehyde 3-phosphate dehydrogenase
GLAST glutamate aspartate transporter
KO knockout

LPS lipopolysaccharide

mRNA messenger RNA

NAC N-acetylcysteine
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NMDA N-methyl-d-aspartate
PBI psychological behavior index
poly I.C polyriboinosinic-polyribocytidilic acid
QOL quality of life
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