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Abstract: Neuropsychiatric disorders are worldwide public-health concern. Schizophrenia is one of
the well-known neuropsychiatric disorders, which may affect millions globally. Maternal immune
activation might be one of the key factor for the development of neuropsychiatric disorders.
Previously, a mouse model of neuropsychiatric disorders has originally been made, in which poly-
I:C, sodium dextran sulfate (DSS) and k-carrageenan (CGN) were used for the maternal immune
activation of mice. In the neuropsychiatric disorder mice, a significant link between biochemical
changes of p62 and/or GLAST in the mouse brain and the alteration of experimental behaviors.
Therefore, potential therapeutic study has been achieved for the development of effective treatment
against neuropsychiatric disorders with using butyric acid, trehalose, piceid, and biochanin A. As a
result, some of the combination with these orally available molecules could be effective for the
improvement of behavioral alterations as well as biochemical changes of p62 and/or GLAST in the
mouse brain. Importantly, the correlation between behavioral score and p62/GLAST protein
expression has been again recognized. The significant correlation between pathological behavior
and the biochemical alterations would contribute to develop further innovative therapeutics for
vaious psychiatric disorders.

Keywords: neuropsychiatric disorder; schizophrenia; behavioral test; autophagy; p62; GLAST;
animal model

1. Introduction

Neuropsychiatric disorders are worldwide public-health anxiety [1]. Schizophrenia is one of the
well-known neuropsychiatric disorders with the severe disabilities that may influence around 1% of
worldwide people [2]. Schizophrenia is often clinically characterized by negative, positive, and
cognitive symptoms [3]. Remarkably, schizophrenia is 1.4 times more often diagnosed in males than
females [4]. Male patients may exhibit an earlier age of onset and exacerbated negative depressive
symptoms as compared with same aged females [5]. These sex differences in biomolecular
mechanisms remain mainly unidentified. A principal biomedical theory for the etiology of
schizophrenia may be the dopaminergic hypothesis, which suggests that this neuropsychiatric
disorder might be triggered by dopamine imbalance [6]. This hypothesis is further reinforced by the
therapeutic effects of anti-dopaminergic drugs. The hypofunction hypothesis of N-methyl-d-
aspartate (NMDA) receptor may also suggest a complementary explanation of the molecular
pathogenesis of schizophrenia [7]. Patients with schizophrenia may exhibit a decreased expression
of NMDA receptor in the region of prefrontal cortex, which might be related to the imbalance of
dopamine levels [8,9].

It has been revealed that maternal immune activation is a latent risk factor for schizophrenia
[10]. Therefore, maternal immune activation with the treatment of viral RNA imitator,
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polyriboinosinic-polyribocytidilic acid (poly I:C), during prenatal development could contribute to
the development of behavioral alteration in animal models reminiscent of human schizophrenia [11].
Interestingly, behavioral neurological alterations in the poly I:C model could be avoided if some
interventions are performed prior to the symptom appearance [12,13]. Several behavioral tests have
been regarded as appropriate examination of animal model of schizophrenia for the disease
evaluation [14]. Consequently, the poly I:C rodent model have been a neurodevelopmental paradigm
of neuropsychiatric disorders, which may lead to a development of schizophrenia-like behaviors in
model animals [15]. In addition, some behavioral examinations have recorded in the impairments of
neuropsychiatric disorders [16,17], suggesting that patients with a neuropsychiatric disorder could
exhibit changes in multisensory integration [18]. Prenatal inflammation has been considered as a risk
factor for neuropsychiatric disorders [19]. Therefore, it may be of interest whether intake of some
anti-oxidative and/or anti-inflammatory molecules could counteract the development of
neuropsychiatric disorder-related consequences. For example, N-acetylcysteine (NAC) have been
suggested as a supplement for high-risk pregnancies, as it may noticeably amend newborn
consequences [20]. Taken together, the poly I:C model animal might be beneficial for studying the
developmental factors of 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, and
in brain samples from a mouse model of schizophrenia [23,24]. Therefore, controlling the p62 protein
level could provide a potential target for therapeutic intervention at least against several symptoms
of schizophrenia [22]. Interestingly, Di-(2-ethylhexyl) phthalate (DEHP) may concurrently enhance
the number of autophagosomes and the amount of autophagy marker p62, which is known to impair
tissue/organ functions [25]. The DEHP has the ability to traverse the blood-brain barriers (BBB),
which could intensify the proliferation of astrocytes [26]. It has been also implied that the
dysregulation of glutamate aspartate transporter (GLAST) may play a noteworthy role in the
neuropathogenesis of various neurological disorders including autism, epilepsy, and/or
schizophrenia [27]. It has been revealed that GLAST knockout (KO) mice could display exaggerated
locomotor activity in response to the administration of NMDA antagonist [28,29]. In addition,
enlarged incidence of a rare genetic variant in a human gene encoding the GLAST has been identified
in schizophrenia patients [28,29]. Remarkably, GLAST KO could exhibit phenotypic abnormalities
thought to positive symptoms of schizophrenia [30]. Abnormalities in regulatory components of the
glutamate system might be significant risk factors for the development of schizophrenia.

Neuropsychiatric disorders are going to be a leading health concern in the near future,
emphasizing an exceptional need for the development of novel effective therapeutics to treat them
aimed at good quality of life (QOL). For example, the mainstream of studies concentrate on
resveratrol with limited findings exploring other stilbenes such as pterostilbene, piceatannol,
polydatin, tetrahydroxystilbene glucoside or synthetic resveratrol derivatives [31]. In addition,
biochanin A treatment may improve learning and memory abilities and can alleviate Alzheimer's
disease symptoms in a postmenopausal model of Alzheimer's disease [32]. A possible mechanism is
suggested that biochanin A could rescue the imbalance of mitochondrial dynamics and abnormal
mitophagy [32]. Interestingly, the modulation of autophagy/mitophagy with the alteration of the
related signaling pathway may offer a novel approach to alleviating cognitive dysfunction [33]. In
this meaning, trehalose and/or sodium butyrate may also be involved in the modulation of
autophagy, which could also possess the potential of improvement [34]. In the present study,
therefore, we challenged to confirm the link of neurobiochemical changes of p62 and GLAST in the
poly L:C treated mice model underlying neuropsychiatric disorders to the alteration of several
behaviors with the disorder, and also tested to evaluate the therapeutic potential of several candidate
molecules. For this purpose, it has been struggled to look for the specific behavioral test which could
represent the status of neuropsychiatric disorder levels. From our results of numerous preliminary
experiments with various behavioral examinations and/or diverse scorings, we have utilized the
original behavioral examinations presented previously. Here, a result of the study has demonstrated
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that there is a significant relationship between the test score and the biochemical GLAST protein
expression level, and that treatment with the combination of butyrate, trehalose, piceid, and
biochanin A could improve the pathology of a neuropsychiatric disorder in mice.

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 vaginal plugs were checked was described as the first day of the
each pregnancy (GD1). Mother mice took 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 In addition, 5
mg/kg B.W. poly I: C was administered intraperitoneally on GDThe day mice were born was defined
as PD1, and on day 22 (PD22), then mice were divided from their mothers and grouped in net cages
distinctly for males and females. From PD 125, mice were provided 2 mg/L DEHP orally, and three
types of behavioral tests: a descent step test, a modified three chambers test, and a light/dark room
test were performed eight times. After the behavioral tests, some of the mice were dissected, and
collected liver, kidney, and brain samples for western analysis. All mice were kept in an
environmentally controlled room, at nearly 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
along 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 bought from Fujifilm Wako
Pure Chemical Corporation (Osaka, Japan). k-Carrageenan (CGN) was bought from Tokyo Chemical
Industry Co., LTD. (Tokyo, Japan). Poly I: C was dissolved in saline. DEHP, DSS, and CGN were
diluted with sterile water to drink for mice. Butyric acid, trehalose, biochanin A, and piceid were
bought from Fujifilm Wako Pure Chemicals Corporation (Osaka, Japan). They were also dissolved in
sterile water. The other reagents used in this study were also bought from FUJIFILM Wako Pure
Chemical Co. (Osaka, Japan).

2.3. Behavioral Tests

The score of behavioral tests were conducted as shown previously [35].

[1] Descent step test

A box (23 cm x 31 cm x 8.3 cm) was located in the center of a big 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 during or within one minute.

[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 light room (30
cm x 13 ¢cm), and chambers were set as (I), (II), and (III) in order of nearness. The size of the dark
entrance was 4 cm x 2.5 cm. The score was determined where the test mouse was placing 25 seconds
after the start.

[3] Light and dark room test

A dark space (27.5 cm x 21 cm) and a light space (30 cm x 31 cm) were both set up in a box within
a field of a big plastic case, and the boundary between the light space and the dark space was operated
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 total time spent in the light space was measured.

2.4. Western Blotting

d0i:10.20944/preprints202410.0077.v1
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To extract protein for western analyses, 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 Img/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) for 1h and peroxidase-conjugated goat anti-rabbit secondary antibodies (Cell
Signaling) for 1h. Proteins were detected by ImageQuant LAS500 (GE Healthcare Japan Com., Tokyo,
Japan). Each detected bands were 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 also
calculated using Image]J software.

2.5. Statistical Analyses

All data are principally expressed as the mean + standard error (SE), which 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

Consistent with the previous preprint report, we observed that acute poly I:C administered at
PD10 plus DSS/CGN supply could elicit significant alteration of behaviors within our original tests
for adult offspring mice [35]. In addition, certain behavioral test scores could indicate an exact
pathological condition with biochemical alterations in the brain of disorder animals. This concept
might boost the development of a good treatment without any burden to animals/patients against
neuropsychiatric disorders that would significantly exhibit some biochemical alteration in the brain
[35]. To accelerate the development of neuropathological disorder in the offspring, some
modifications have been employed in addition to the basic poly I:C method for making model mice
with schizophrenia-like behaviors [35]. Three behavioral tests had originally been designed for the
study with several modifications from literatures [35]. The psychological behavior index (PBI) score
was calculated with a sum of three behavioral tests scores for each of individual pups. Behavioral
tests were conducted 10 times during the whole experiment period (2times before treatment and 8
times after the start of treatment) for an individual mouse. The average scores were employed for the
analyses. Note that zero or low values of the PBI score were found in untreated and/or standard
offspring (n>10). However, note that it was impossible to make all the mice to retain psychiatric
behavior (data not shown, personal communication).

In preliminarily accomplished experiments, some behavioral tests suggested that butyric acid,
trehalose, piceid, and biochanin-A could slightly improve the behavioral score of this psychiatry
related disorder model mice (data not shown). In line with this, it has been shown that schizophrenia
may be characterized by the reduction of butyrate-producing genera [36]. Therefore, we employed
our neuropsychiatric model mice whether these molecules could contribute to the improvement of
the behavioral symptoms. Anticipating favorable additional effects, in addition, we used two
patterns of combination with butyrate and other molecule for the treatment of psychiatry related
disorder model mice. Overview of this treatment study design is shown at Figure 1. In the present
study-situation, there was no significant difference in water intake (Figure 2A), food intake (Figure
2B), body weight gain (Figure 2C), and brain weight (Figure 2D) among three groups (5Z, SZ/BTP,
SZ/BTB). No mice spontaneously died during the entire experiment. After documented PBI scores,
all mice were sacrificed and examined for protein expressions on their whole brain. The protein
expression levels of p62, GLAST, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in each
mouse brain were shown (Figure 3A, 3C). The p62 and GLAST protein expression of the SZ group
were higher than those of SZ/BTP and SZ/BTB groups (Figure 3B, 3D). The SZ/BTB group showed
similar levels of GLAST protein expression to the SZ/BTP group (Figure 3A, 3B), which was almost
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similar level to that of untreated normal mouse (data not shown, personal communication). However,
the lower protein expression of p62 in SZ/BTB group rather than that of SZ/BTP group (Figure 3C,
3D). Efficacy outcome was assessed in terms of the PBI score reduction. Becase, low score shows the
healthy condition of mice. The most efficient combination was exhibited by SZ/BTB group (Figure
4A). Afterward, we further examined the relationship between the behavioral test score and the
p62/GLAST protein expression levels in this therapy experiments. Importantly, the correlation
between PBI score and GLAST protein expression (P: 0.003) has been again identified (Figure 4B).
However, the correlation between PBI score and p62 protein expression (P: 0.06) was not significant
in this study (Figure 4C). The results presented here may again suggest that a behavioral test score
might be associated to the protein expression levels of GLAST in the brain of mice with probable
neuropsychiatric disorders.

SZ
BTP water
SZ/8TP ( 60 ppm Butyric Acid, 0.06% Trehalose, 5 ppm Piceid)
BTB water
SZ/BTB ( 60 ppm Butyric Acid, 0.06% Trehalose, 50 ppm BiochaninA)
. | 1 o
Behavioral | | »
tests <. o F o 5 £ 2 o o o
U1 | ] | | U1
Day -7 1 57

Figure 1. Study design: Psychiatric disorder model mice which were previously made were divided
into three groups of SZ(water), SZ/BTP (60 ppm Butyric Acid, 0.06% Trehalose, 5 ppm Piceid), SZ/BTB
(60 ppm Butyric Acid, 0.06% Trehalose, 50 ppm BiochaninA), and kept with the indicated freely
available drinkable water (n = 10/group). All mice were conducted for behavioral tests on the

arrowhead days and were sacrificed at day 57.
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Figure 2. Water intake, food intake, body weight gain, and the brain weight in mice: (A) Water
intake were quantified once a week throughout the experiment. SZ group (white), SZ/BTP group
(right upper diagonal), SZ/BTB group (mesh pattern). Values are expressed as the mean + SE, n =
10/group. The data were tested by one-way ANOVA. (B) Food intake were quantified once a week
throughout the experiment. SZ group (white), SZ/BTP group (right upper diagonal), SZ/BTB group
(mesh pattern). Values are expressed as the mean + SE, n = 10/group. The data were tested by one-
way ANOVA. (C) Body weights were measured once a week throughout the experiment. Values are
expressed as the mean + SE, n = 10/group. SZ group (black circle), SZ/BTP group (white squared), and
SZ/BTB group (white triangle). The data were tested by one-way ANOVA. (D) The brain weight was
quantified after the sacrifice of the mouse. SZ/TB group (gray), SZ/PB group (right upper diagonal),
SZ/MB group (mesh pattern). Values are expressed as the mean + SE. The data were tested by one-
way ANOVA.
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Figure 3. The mRNA expression in the brain: (A) The mRNA expression of SOD1 was measured and
normalized to B-actin by RT-PCR. SZ group (white), SZ/BTP group (right upper diagonal), SZ/BTB
group (mesh pattern). Values are expressed as the mean + SE, n =2 or 3/group. The data were tested
by one-way ANOVA. (*p <0.05) (B) The mRNA expression of GLAST was measured and normalized
to p-actin by RT-PCR. SZ group (white), SZ/BTP group (right upper diagonal), SZ/BTB group (mesh
pattern). Values are expressed as the mean + SE, n = 2 or 3/group. The data were tested by one-way
ANOVA. (C) The mRNA expression of p62 was measured and normalized to B-actin by RT-PCR. SZ
group (white), SZ/BTP group (right upper diagonal), SZ/BTB group (mesh pattern). Values are
expressed as the mean + SE, n =2 or 3/group. The data were tested by one-way ANOVA.
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Figure 4. The protein expression of p62 and GLAST in the brain: (A) The image of GLAST and
GAPDH expression by Western blot analysis. (B) The protein expression of GALST (98kDa) was
quantified and normalized to that of GAPDH by Western blot. SZ group (white), SZ/BTP group (right
upper diagonal), SZ/BTB group (mesh pattern). Values are expressed as the mean + SE, n = 4 or
5/group. The data were tested by one-way ANOVA. (C) The image of p62 and GAPDH expression by
Western blot. (D) The protein expression of p62 (60kDa) was quantified and normalized to that of
GAPDH by Western blot. SZ group (white), SZ/BTP group (right upper diagonal), SZ/BTB group
(mesh pattern). Values are expressed as the mean + SE, n =4 or 5/group. The data were tested by one-
way ANOVA.
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Figure 5. Improvement of the PBI score by the treatment and the correlation between the test score
and the protein expression of p62/GLAST: (A) Alteration of the PBI score (Score change) was
calculated by the following equation, Score change = (average of three times of PBI score before the
treatment) — (average of at least five times of PBI score after the treatment). Value of the score change
are expressed as the mean + SE. SZ group (white), SZ/BTP group (right upper diagonal), SZ/BTB
group (mesh pattern). (B) Significant correlation between the mean behavioral test score and GLAST
protein expression. r=0.76, P=0.003, y=0.242x + 0.535. (C) Positive correlation between the mean
behavioral test score and p62 protein expression. 1=0.36, P=0.23, y=0.0376x + 0.1384.

4. Discussion

Mouse model of neuropsychiatric disorders have been prepared after exposure to maternal
immune activation with poly I:C and DSS/CGN treatments [35]. In this regards, we believe that
neuropsychiatric disorders may be characterized in immune related diseases [37], whose
pathogenesis might be possibly grounded on the engram memory system [38-40]. The behavioral
study have revealed an array of long-term alterations of behavior in the offspring. It has been
reported that autophagy related materials such as metformin, butyrate, trehalose, and piceid may be
beneficial for the treatment of schizophrenia [41-43]. As the efficient combination for the
improvement of behaviors was exhibited by SZ/BTB and/or SZ/BTB groups, modification of
autophagy might be one of the efficient therapy against neuropsychiatric disorders. Autophagy is a
membrane trafficking mechanism responsible for degrading damaged lipids, proteins, and/or
organelles such as mitochondria [44]. It has been shown that neuronal autophagy is related to the
cognitive progressions via the regulation of synaptic components [45]. In addition, the PI3K/AKT
signaling pathway might be involved in the autophagy [46], which might be involved in the
development of schizophrenia [47]. In neurons derived from schizophrenia patients, the sensitivity
to PI3K/AKT/GSK3 signaling might be changed [48], which may also be involved in the development
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of schizophrenia [49]. Furthermore, the AKT activity has been shown to decrease in certain brain
regions of patients with major depressive disorder and/or schizophrenia [50]. Interestingly,
pregnenolone has been suggested to regulate schizophrenia-like behaviors via the modulation of
AKT signaling [51]. As for the therapeutic studies presented here, some effective molecules for the
improvement of psychiatric behavior might be butyrate, trehalose, piceid, and biochanin-A. These
molecules have been reported conceivably to be involved in the modulation of autophagy [41-43]. In
line with this, the intracellular autophagic activity could regulate the protein level of p62 [52]. It has
been proposed that elevated p62 levels may have functional consequences on the neurotransmission,
which might explain the behavioral changes relevant to schizophrenia [53]. Fortunately, it has been
shown that protein expression levels of p62 seem to be slightly correlated, but not significantly, with
the score of our behavioral tests (Figure 4C).

One explanation is that this combination treatment may not be sufficient for the adjustment of
autophagy in the brain. Previous studies have elucidated the induction of autophagy by ionizing
radiation [54]. Therefore, it would be probable innovatively to treat schizophrenia patients by
appropriate whole-brain irradiation-therapy.

Optimizing radiation dose, dose rate, and combined treatment tactics might enhance the effect
of this irradiation-therapy.

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 Incidence of a genetic variant may be increased in the
human gene encoding GLAST within schizophrenia patients [95]. Interestingly, some genetic
variants may impair metabolic functions of astrocytes and might lead to cognitive dysfunction [56].
In addition, it has been revealed that the GLAST knockout (KO) mice could exhibit exaggerated
locomotor activity [57], 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 [58]. Fortunately, expression levels of GLAST protein seem to be significantly
correlated with the score of our behavioral tests (Figure 4B). The larger sample size of experiments
might lead to more significant outcomes. These data provide the first demonstration of the
relationship between behavioral score and the biochemical alterations of p62 and/or GLAST
expression.

The symptom of neuropsychiatric disorders may be complicated. Although our results are
limited to individual model animals, there are currently no animal model which entirely represent a
human psychiatric disorder. Hence, the validity of the behavioral score should be re-evaluated with
the each model animal and/or with the treatment of different inhibitors. Reaction to the
administration of several antipsychotic drugs may be also compulsory. In addition, histopathological
examination may be helpful for the elucidation of functional roles for the communication with
separate brain areas. As for the precise function in brain, the elucidation of the communication
between neurons and glial cells is also important. Forthcoming studies using an increased number of
animals to address the above concerns would be informative. As the results of this study have been
attained by using a mouse model, however, the generalization of our findings to humans should be
cautiously assessed.

5. Conclusions

Taken together, the mouse model of neuropsychiatric disorders has been confirmed, in which
poly-I:.C, DSS, CGN and DEHP were used for maternal individual during the pregnancy. Treatment
with the combination of BTP or BTB has efficiently improved the behavioral test scores as well as the
GLAST protein expression in the brain. Modification of autophagy in the brain cells might be one of
the probable therapeutic mechanism against neuropsychiatric disorders. The significant correlations
between the behavioral test score and the protein expression levels of GLAST in the whole brain of
offspring mice have been again identified. These findings suggests that certain behavioral tests could
be effective for determining some of the brain neuropathological disorder as well as for the
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development of treatment tactics against neuropsychiatric disorders. However, it requires further
investigation to fully understand the molecular mechanisms involved.

Institutional Review Board Statement: Not applicable.

Competing interests statement: The authors declare that they have no competing financial interests.
Data Availability Statement: Not applicable.

Funding: This research received no external funding.

Informed Consent Statement: Not applicable. As for ethics, the care and treatment of the experimental animals
conformed along with the guidelines for the ethical treatment of laboratory animals established by Nara
Women'’s University (Nara, Japan) (Approval No. 19-02).

Sample Availability: All compounds used in this study are commercially available.

Author Contributions: Conceptualization, MN and SM; original draft preparation and editing, MN and SM;
visualization, MN and SM; experiment execution, MN, AF, SY, and SM; supervision, SM. Each author (MN, SY,
AF and SM) has participated sufficiently in this work of drafting the article and/or revising the article for the
important rational content. Then, all authors gave final approval of the version to be submitted. Finally, all
authors have read and agreed to the published version of the manuscript.

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

NMDA: N-methyl-d-aspartate

PBI: psychological behavior index

poly L:C: polyriboinosinic-polyribocytidilic acid
QOL: quality of life

References

1.  Singh, M.; Agarwal, V.; Jindal, D.; Pancham, P.; Agarwal, S.; Mani, S.; Tiwari, RK,; Das, K.; Alghamdi, BS.;
Abujamel, TS.; et al. Recent Updates on Corticosteroid-Induced Neuropsychiatric Disorders and
Theranostic Advancements through Gene Editing Tools. Diagnostics (Basel). 2023.; 13.; 337.

2. Khokhar, JY.,; Dwiel, LL.; Henricks, AM.; Doucette, WT.; Green, Al The link between schizophrenia and

substance use disorder: A unifying hypothesis. Schizophr Res. 2018.; 194.; 78-85.

Owen, MJ.; Sawa, A.; Mortensen, PB. Schizophrenia. Lancet. 2016.; 388.; 86-97.

Picchioni, MM.; Murray, RM. Schizophrenia. BM]J. 2007.; 335.; 91-95.

Abel, KM.; Drake, R.; Goldstein, JM. Sex differences in schizophrenia. Int Rev Psychiatry. 2010.; 22.; 417-428.

Ban, TA. Fifty years chlorpromazine: a historical perspective. Neuropsychiatr Dis Treat. 2007.; 3.; 495-500.

Adler, CM.; Goldberg, TE.; Malhotra, AK.; Pickar, D.; Breier, A. Effects of ketamine on thought disorder,

working memory, and semantic memory in healthy volunteers. Biol Psychiatry. 1998.; 43.; 811-816.

8. Weickert, CS.; Fung, SJ.; Catts, VS.; Schofield, PR.; Allen, KM.; Moore, LT.; Newell, KA; Pellen, D.; Huang,
XF.; Catts, SV.; et al. Molecular evidence of N-methyl-D-aspartate receptor hypofunction in schizophrenia.
Mol Psychiatry. 2013.; 18.; 1185-1192.

NGO


https://doi.org/10.20944/preprints202410.0077.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 October 2024 d0i:10.20944/preprints202410.0077.v1

12

9. Del, Arco, A.; Segovia, G.; Mora, F. Blockade of NMDA receptors in the prefrontal cortex increases
dopamine and acetylcholine release in the nucleus accumbens and motor activity. Psychopharmacology
(Berl). 2008.; 201.; 325-338.

10. Hanson, KL.; Grant, SE.; Funk, LH.; Schumann, CM.; Bauman, MD. Impact of Maternal Immune Activation
on Nonhuman Primate Prefrontal Cortex Development: Insights for Schizophrenia. Biol Psychiatry. 2022.;
92.; 460-469.

11. Connor, CM.; Dincer, A.; Straubhaar, J.; Galler, JR.; Houston, IB.; Akbarian, S. Maternal immune activation
alters behavior in adult offspring, with subtle changes in the cortical transcriptome and epigenome.
Schizophr Res. 2012.; 140.; 175-184.

12. Garcia-Partida, JA.; Torres-Sanchez, S.; MacDowell, K.; Fernandez-Ponce, MT.; Casas, L.; Mantell, C.; Soto-
Montenegro, ML.; Romero-Miguel, D.; Lamanna-Rama, N.; Leza, JC.; et al. The effects of mango leaf extract
during adolescence and adulthood in a rat model of schizophrenia. Front Pharmacol. 2022.; 13.; 886514.

13. Romero-Miguel, D.; Casquero-Veiga, M.; MacDowell, KS.; Torres-Sanchez, S.; Garcia-Partida, JA,;
Lamanna-Rama, N.; Romero-Miranda, A.; Berrocoso, E.; Leza, JC.; Desco, M.; et al. A Characterization of
the Effects of Minocycline Treatment During Adolescence on Structural, Metabolic, and Oxidative Stress
Parameters in a Maternal Immune Stimulation Model of Neurodevelopmental Brain Disorders. Int |
Neuropsychopharmacol. 2021.; 24.; 734-748.

14. Tanaka, M.; Bohar, Z.; Martos, D.; Telegdy, G.; Vécsei, L. Antidepressant-like effects of kynurenic acid in a
modified forced swim test. Pharmacol Rep. 2020.; 72.; 449-455.

15. Hadar, R.; Soto-Montenegro, ML.; Gotz, T.; Wieske, F.; Sohr, R.; Desco, M.; Hamani, C.; Weiner, I.; Pascau,
J.; Winter, C. Using a maternal immune stimulation model of schizophrenia to study behavioral and
neurobiological alterations over the developmental course. Schizophr Res. 2015.; 166.; 238-247.

16. Howland, ]JG.; Cazakoff, BN.; Zhang, Y. Altered object-in-place recognition memory, prepulse inhibition,
and locomotor activity in the offspring of rats exposed to a viral mimetic during pregnancy. Neuroscience.
2012.; 201.; 184-198.

17. Missig, G.; Mokler, EL.; Robbins, JO.; Alexander, AJ.; McDougle, CJ.; Carlezon, WA, Jr. Perinatal Immune
Activation Produces Persistent Sleep Alterations and Epileptiform Activity in Male Mice.
Neuropsychopharmacology. 2018.; 43.;482-491.

18.  Grohn, C; Norgren, E.; Eriksson, L. A systematic review of the neural correlates of multisensory integration
in schizophrenia. Schizophr Res Cogn. 2021.; 27.; 100219.

19. Otero, AM.; Antonson, AM. At the crux of maternal immune activation: Viruses, microglia, microbes, and
IL-17A. Immunol Rev. 2022.; 311.; 205-223.

20. Mokhtari, V.; Afsharian, P.; Shahhoseini, M.; Kalantar, SM.; Moini, A. A Review on Various Uses of N-
Acetyl Cysteine. Cell J. 2017.; 19.; 11-17.

21. Stekelenburg, J].; Maes, JP.; Van, Gool, AR.; Sitskoorn, M.; Vroomen, J. Deficient multisensory integration
in schizophrenia: an event-related potential study. Schizophr Res. 2013.; 147.; 253-261.

22. Tomoda, T.; Sumitomo, A.; Shukla, R.; Hirota-Tsuyada, Y.; Miyachi, H.; Oh, H.; French, L.; Sibille, E. BDNF
controls GABAAR trafficking and related cognitive processes via autophagic regulation of
pNeuropsychopharmacology. 2022.; 47.; 553-563.

23.  Sumitomo, A.; Yukitake, H.; Hirai, K.; Horike, K.; Ueta, K.; Chung, Y.; Warabi, E.; Yanagawa, T.; Kitaoka,
S.; Furuyashiki, T.; et al. UIk2 controls cortical excitatory-inhibitory balance via autophagic regulation of
p62 and GABAA receptor trafficking in pyramidal neurons. Hum Mol Genet. 2018.; 27.; 3165-3176.

24. Sumitomo, A.; Horike, K.; Hirai, K.; Butcher, N.; Boot, E.; Sakurai, T.; Nucifora, FC, Jr.; Bassett, AS.; Sawa,
A.; Tomoda, T. A mouse model of 22q11.2 deletions: Molecular and behavioral signatures of Parkinson's
disease and schizophrenia. Sci Adv. 2018.; 4.; eaar6637.

25. Yi, WEL; Xiang-Liang, T.; Yu, Z; Bin, L.; Lian-Ju, S.; Chun-Lan, L.; Tao, LIN.; Da-Wei, HE.; Sheng-de, WU.;
Guang-Hui, WEL DEHP exposure destroys blood-testis barrier (BTB) integrity of immature testes through
excessive ROS-mediated autophagy. Genes Dis. 2018.; 5.; 263-274.

26. 26. Wojtowicz, AK,; Sitarz-Glownia, AM.; Wnuk, A.; Kajta, M.; Szychowski, KA. Involvement of the
peroxisome proliferator-activated receptor gamma (Ppary) and matrix metalloproteinases-2 and -9 (Mmp-
2 and -9) in the mechanism of action of di(2-ethylhexyl)phthalate (DEHP) in cultured mouse brain
astrocytes and neurons. Toxicol In Vitro. 2023.; 92.; 105639.


https://doi.org/10.20944/preprints202410.0077.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 October 2024 d0i:10.20944/preprints202410.0077.v1

13

27. Pajarillo, E.; Rizor, A.; Lee, ].; Aschner, M.; Lee, E. The role of astrocytic glutamate transporters GLT-1 and
GLAST in neurological disorders: Potential targets for neurotherapeutics. Neuropharmacology. 2019.; 161.;
107559.

28.  Walsh, T.; McClellan, JM.; McCarthy, SE.; Addington, AM.; Pierce, SB.; Cooper, GM.; Nord, AS.; Kusenda,
M.; Malhotra, D.; Bhandari, A.; et al. Rare structural variants disrupt multiple genes in neurodevelopmental
pathways in schizophrenia. Science. 2008.; 320.; 539-543.

29. Karlsson, RM.; Tanaka, K.; Heilig, M.; Holmes, A. Loss of glial glutamate and aspartate transporter
(excitatory amino acid transporter 1) causes locomotor hyperactivity and exaggerated responses to
psychotomimetics: rescue by haloperidol and metabotropic glutamate 2/3 agonist. Biol Psychiatry. 2008.;
64.; 810-814.

30. Karlsson, RM.; Tanaka, K.; Saksida, LM.; Bussey, T].; Heilig, M.; Holmes, A. Assessment of glutamate
transporter GLAST (EAAT1)-deficient mice for phenotypes relevant to the negative and executive/cognitive
symptoms of schizophrenia. Neuropsychopharmacology. 2009.; 34.; 1578-1589.

31. Socata, K.; Zmudzka, E.; Lustyk, K.; Zagaja, M.; Brighenti, V.; Costa, AM.; Andres-Mach, M.; Pytka K;
Martinelli, I.; Mandrioli, J.; et al. Therapeutic potential of stilbenes in neuropsychiatric and neurological

disorders: A comprehensive review of preclinical and clinical evidence. Phytother Res. 2024.; 38.; 1400-1461.

32. Hou, Y.; Zhao, W.; Yu, H.; Zhang, F.; Zhang, HT.; Zhou, Y. Biochanin A alleviates cognitive impairment
and hippocampal mitochondrial damage in ovariectomized APP/PS1 mice. Phytomedicine. 2022.; 100.;
154056.

33. Nakashima, M.; Suga, N.; Yoshikawa, S.; Matsuda, S. Caveolae with GLP-1 and NMDA Receptors as
Crossfire Points for the Innovative Treatment of Cognitive Dysfunction Associated with
Neurodegenerative Diseases. Molecules. 2024.; 29.; 3922.

34. Kakoty, V,; K, C, S;; Dubey, SK.; Yang, CH.; Taliyan, R. Neuroprotective Effects of Trehalose and Sodium
Butyrate on Preformed Fibrillar Form of alpha-Synuclein-Induced Rat Model of Parkinson's Disease. ACS
Chem Neurosci. 2021.; 12.; 2643-2660.

35. Ikeda, Y.; Yoshikawa, S.; Taniguchi, K.; Suga, N.; Matsuda, S. A Behavioral Test Score Could Be Linked to
the Protein Expression Value of p62 and GLAST in the Brain of Mice with Neuropsychiatric Disorders-
Related Behaviors. Preprints. 2023.; 2023071075. https://doi.org/10.20944/preprints202307.1075.v1

36. Li, Z,; Tao, X,; Wang, D.; Pu, J.; Liu, Y.; Gui, S.; Zhong, X; Yang, D.; Zhou, H.; Tao, W.; et al. Alterations of
the gut microbiota in patients with schizophrenia. Front Psychiatry. 2024.; 15.; 1366311.

37. Tsuji, A.; Ikeda, Y.; Yoshikawa, S.; Taniguchi, K.; Sawamura, H.; Morikawa, S.; Nakashima, M.; Asai, T,;
Matsuda, S. The Tryptophan and Kynurenine Pathway Involved in the Development of Inmune-Related
Diseases. Int. J. Mol. Sci. 2023.; 24.; 5742.

38. Yoshikawa, S.; Taniguchi, K.; Sawamura, H.; Ikeda, Y.; Tsuji, A.; Matsuda, S. A New Concept of Associations

between Gut Microbiota, Immunity and Central Nervous System for the Innovative Treatment of
Neurodegenerative Disorders. Metabolites. 2022.; 12.; 1052.

39. Asai, T.; Yoshikawa, S.; Ikeda, Y.; Taniguchi, K.; Sawamura, H.; Tsuji, A.; Matsuda, S. Encouraging Tactics
with Genetically Modified Probiotics to Improve Immunity for the Prevention of Inmune-Related Diseases
including Cardio-Metabolic Disorders. Biomolecules. 2022.; 13.; 10.

40. Yoshikawa, S.; Taniguchi, K.; Sawamura, H.; Ikeda, Y.; Tsuji, A.; Matsuda, S. Encouraging probiotics for the
prevention and treatment of immune-related adverse events in novel immunotherapies against malignant
glioma. Explor. Target. Antitumor Ther. 2022.; 3.; 817-827.

41. Shao, T.; Huang, J.; Zhao, Y.; Wang, W.; Tian, X,; Hei, G.; Kang, D.; Gao, Y.; Liu, F.; Zhao, J.; et al. Metformin
improves cognitive impairment in patients with schizophrenia: associated with enhanced functional
connectivity of dorsolateral prefrontal cortex. Transl Psychiatry. 2023.; 13.; 315.

42. Oxenkrug, G.; Forester, B. Anthranilic Acid, a GPR109A Agonist, and Schizophrenia. Int | Tryptophan Res.
2024; 17; 11786469241239125.

43. Ranjan, A.; Kaushik, I; Srivastava, SK. Pimozide Suppresses the Growth of Brain Tumors by Targeting
STAT3-Mediated Autophagy. Cells.; 2020.; 9.; 2141.

44. Mizushima, N.; Yoshimori, T.; Ohsumi, Y. The role of Atg proteins in autophagosome formation. Annu Rev
Cell Dev Biol. 2011.; 27.; 107-132.

45.  Sumitomo, A.; Tomoda, T. Autophagy in neuronal physiology and disease. Curr Opin Pharmacol. 2021.; 60.;
133-140.


https://doi.org/10.20944/preprints202410.0077.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 October 2024 d0i:10.20944/preprints202410.0077.v1

14

46. Qu, L.; Liu, Y.; Deng, J.; Ma, X; Fan, D. Ginsenoside Rk3 is a novel PI3K/AKT-targeting therapeutics agent
that regulates autophagy and apoptosis in hepatocellular carcinoma. | Pharm Anal. 2023.; 13.; 463-482.

47. Kang, WS,; Lee, SM.; Hwang, D.; Park, HJ.; Kim, JW. Association between Unc-51-like autophagy activating
kinase 2 gene polymorphisms and schizophrenia in the Korean population. Medicine (Baltimore). 2022.; 101.;
e28745.

48. Stertz, L.; Di, Re, J.; Pei, G.; Fries, GR.; Mendez, E.; Li, S.; Smith-Callahan, L.; Raventos, H.; Tipo, J.;
Cherukuru, R.; et al. Convergent genomic and pharmacological evidence of PI3K/GSK3 signaling
alterations in neurons from schizophrenia patients. Neuropsychopharmacology. 2021.; 46.; 673-682.

49. Emamian, ES.; Hall, D.; Birnbaum, M]J.; Karayiorgou, M.; Gogos, JA. Convergent evidence for impaired
AKT1-GSK3beta signaling in schizophrenia. Nat Genet. 2004.; 36.; 131-137.

50. Emamian, ES. AKT/GSK3 signaling pathway and schizophrenia. Front Mol Neurosci. 2012.; 5.; 33.

51. Karege, F.; Perroud, N.; Burkhardt, S.; Schwald, M.; Ballmann, E.; La, Harpe, R.; Malafosse, A. Alteration in
kinase activity but not in protein levels of protein kinase B and glycogen synthase kinase-3beta in ventral
prefrontal cortex of depressed suicide victims. Biol Psychiatry. 2007.; 61.; 240-245.

52. Lippai, M.; Léw, P. The role of the selective adaptor p62 and ubiquitin-like proteins in autophagy. Biomed
Res Int. 2014.; 2014.; 832704.

53. Lech, MA.; Leskiewicz, M.; Kaminska, K.; Rogoz, Z.; Lorenc-Koci, E. Glutathione Deficiency during Early
Postnatal Development Causes Schizophrenia-Like Symptoms and a Reduction in BDNF Levels in the
Cortex and Hippocampus of Adult Sprague-Dawley Rats. Int ] Mol Sci. 2021.; 22.; 6171.

54. Ning, J.; Chen, L.; Zeng, Y.; Xiao, G.; Tian, W.; Wu, Q.; Tang, J.; He, S.; Tanzhu, G.; Zhou, R. The scheme
and regulative mechanism of pyroptosis, ferroptosis, and necroptosis in radiation injury. Int | Biol Sci. 2024.;
20.;1871-1883.

55.  Shevelkin, AV.; Terrillion, CE.; Hasegawa, Y.; Mychko, OA.; Jouroukhin, Y.; Sawa, A.; Kamiya, A.; Pletnikov,
MV. Astrocyte DISC1 contributes to cognitive function in a brain region-dependent manner. Hum Mol
Genet. 2020.; 29.; 2936-2950.

56. Karlsson, RM.; Adermark, L.; Molander, A ; Perreau-Lenz, S.; Singley, E.; Solomon, M.; Holmes, A.; Tanaka,

K.; Lovinger, DM.; Spanagel, R.; et al. Reduced alcohol intake and reward associated with impaired
endocannabinoid signaling in mice with a deletion of the glutamate transporter GLAST. Neuropharmacology.
2012.; 63.; 181-189.

57. Uchida, M.; Hida, H.; Mori, K.; Yoshimi, A.; Kitagaki, S.; Yamada, K.; Hiraoka, Y.; Aida, T.; Tanaka, K,;
Ozaki, N.; et al. Functional roles of the glial glutamate transporter (GLAST) in emotional and cognitive
abnormalities of mice after repeated phencyclidine administration. Eur Neuropsychopharmacol. 2019.; 29.;
914-924.

58. Lewis, DA.; Gonzalez-Burgos, G. Neuroplasticity of neocortical circuits in schizophrenia.
Neuropsychopharmacology. 2008.; 33.; 141-165.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202410.0077.v1

