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Abstract

Autism spectrum disorders (ASD) is a multifactorial neurodevelopmental disorder
characterized by two core symptoms which are impairments in social interaction and
communication, repetitive and restricted behaviors. Dopamine (DA) and histamine
(HA) are two neurotransmitters that are proposed to be involved in several brain
disorders including schizophrenia, depression, anxiety, and narcolepsy, all of those
disorders are comorbid with ASD. Thus, the palliative effects of the novel multiple-
active histamine H3 receptor (H3R) antagonist and dopamine D2/D3 receptor
(D2/D3R) antagonist ST-713 with its high H3R antagonist affinity and balanced
inhibitory effects on both dopaminergic receptor subtypes D2R and D3R on ASD-like
behaviors in male BTBR T+tf/J mice model of ASD were evaluated. Chronic systemic
administration of ST-713 (2.5, 5, and 10 mg/kg, i.p.) dose-dependently mitigated
social deficits of BTBR mice and significantly reduced the repetitive/compulsive
behaviors of tested BTBR mice. Additionally, ST-713 modulated disturbed anxiety
levels but failed to balance hyperactivity parameters. Moreover, the ST-713-provided
effects on social parameters were entirely reversed by co-administration of the H3R
agonist (R)-a-methylhistamine or the anticholinergic drug scopolamine (SCO, 0.3
mg/kg, i.p.). Furthermore, ST-713 (5 mg/kg) attenuated the increased levels of
hippocampal and cerebellar protein expressions of Tumor necrosis factor (TNF-a),
Interleukins-1p (IL-1pB), and IL-6 in treated BTBR mice brains (all P < 0.01). The
obtained in vivo results demonstrate the effectiveness of a potent multiple-active H3R
and D2R/D3R antagonist/inverse agonist against ASD-like phenotype, signifying the
potential role of such multiple-active compounds for the therapeutic management of

neuropsychiatric disorders, such as ASD.

Keywords: Autistic spectrum disorder, BTBR mice, histamine H3 receptor antagonist,
dopamine D2/D3 receptor antagonist, social deficits, stereotyped repetitive behavior,

anxiety, neuroinflammation.
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Title and Abstract (in Arabic)
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Chapter 1: Introduction

1.1 Autism Spectrum Disorder

Autism spectrum disorder (ASD) is a multifactorial neurodevelopmental disorder
characterized by two core symptoms which are impairments in social interaction,
communication, Repetitive and restricted behavior (Guze, 1995). A lot of studies
detailed that one in every 160 children have ASD around the world, it may start clearly
in first five years of age and after that proceeded to adulthood (Elsabbagh et al., 2012).
Individuals with ASD display unusual behaviors in learning, paying consideration, and
reacting to different sensations. The etiology of ASD is still unclear. However, ASD
is classified as a multisymptomatic disorder produced in a heterogeneous group of
patients that share similar behavioral patterns (Delorme et al., 2013). Therefore, there
is no standard treatment for all symptoms of ASD, and several research groups have
put their immense efforts in developing potential therapeutic compounds, with
beneficial pharmacological effects for multifactorial disorders, e.g., ASD (Frantz et
al., 2018; Hara et al., 2016; Penagarikano et al., 2015). Risperidone (Risperdal®) and
Aripiprazole (Abilify®) are the only two FDA approved drugs for ASD, and both are
antipsychotics drugs that manage irritability and have no clinical effects on sociability
impairment, one of the ASD core features (Eissa, Al-Hougani, et al., 2018; Eissa,
Azimullah, et al., 2020). Several brain neurotransmitters, e.g., acetylcholine (ACh), 5-
hydroxytryptamine (5-HT), dopamine (DA), gamma-aminobutyric acid (GABA),
glutamate (Glu), and histamine (HA) play key role in the development of brain,
memory, motor activity and behavior regulations (Choudhury et al., 2012). Brain
histamine (HA) was found to produce its effects by binding to four known histamine

receptor (HR) subtypes having a place in the family of G-protein-coupled receptors
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and designated H1 to H4 receptors (HIR-H4R). As mentioned above, at first, the
histamine H3 receptor (H3R) described in 1983 was found by negative way to control
HA synthesis and release, acting as presynaptic auto-receptors (Paval, 2017). In
addition, H3Rs functioning as hetero-receptors can also modulate the release of several
other brain neurotransmitters like ACh, 5-HT, DA, GABA, and Glu in various brain
regions (Croen et al., 2015; Joshi et al., 2013; Lord et al., 2001; Russell et al., 2013).
H3Rs are positioned at numerous neurotransmitters crossroads, signifying the
importance of targeting H3Rs in number of CNS disorders such as: epilepsy, sleep
disorders (narcolepsy), learning and memory and attention-deficit hyperactivity
disorder (ADHD), all of which are commonly associated with ASD (Eissa, Al-
Hougqani, et al., 2018). Moreover, several H3R antagonists were examined for their
possible therapeutic utility in neuropsychiatric disorders, and few H3R antagonists
were found to mitigate impaired ASD-like features in numerous animal models (Eissa,
Azimullah, et al., 2020; Griebel et al., 2012). The brain histaminergic system controls
several essential physiological functions e.g., energy and endocrine homeostasis,
sensory and motor functions, cognition, and attention, and as such, are all severely
affected in neuropsychiatric disorders including ASD (Cangioli et al., 2002; Gemkow
et al.,, 2009; Griebel et al.,, 2012). Preclinical evidence suggested indirectly that
disturbances of brain histaminergic neurotransmission system may be involved in
schizophrenia (SCH), proposing that potent and selective H3R antagonists or inverse
agonists may potentially lead to therapeutic improvements of cognitive symptoms
associated with SCH and ASD (Sadek et al., 2016; Von Coburg et al., 2009; Witkin &
Nelson, 2004). The hallmark symptoms of ASD are (i) abnormal reciprocal social
interactions (ii) The quality of the communication impaired (iii) stereotyped patterns

of behavior, interest and restricted repetitive activities (Losh & Piven, 2007; Volkmar
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et al., 2004). One of the different species used in preclinical experiments for discovery
of new potential drugs in ASD are the BTBR mice. BTBR mice exhibit all the
hallmark-like symptoms of ASD, thus it has been recommended for ASD studies
(Silverman et al., 2010). Dopamine (DA) and dopaminergic system (DS) dysfunction
play an important role within the phenotypic results of ASD-related behavioral
deficits, in both people and animal models (Eissa, Azimullah, et al., 2020) . Also, there
1s a comprehensive clinical use of numerous antipsychotics that mostly target the D2
receptors (D2Rs) in SCH which shares similarities in several features with ASD
(Seeman, 2010). The brain DA is involved in provocation of social interaction in
individuals who have low drive for communications (Guze, 1995), and dysfunction
of brain dopaminergic system was found to affect ASD-like parameters in preclinical
experiments in rodents. Interestingly, BTBR mice that recapitulates ASD-like
phenotypes, were found to exhibit significant reductions in both pre- and postsynaptic
dopamine D2Rs and adenosine A2ARs function. DA is the neurotransmitter
predominately associated with reward processing (Schultz, 2007) . Furthermore,
several previous genetic studies have reported that mutations of DA-associated genes,
e.g., DA transporter (Hamilton et al., 2013), DA receptors (Reiersen & Todorov, 2011;
Staal et al., 2012). and/or enzymes of DA synthesis (Masoud et al., 2015) are
connected to ASD. Moreover, accumulated observations showed that mice with
increased dopaminergic neurotransmission exhibited significant deficits in ASD-like
features, e.g., sociability and repetitive behaviors, while these behavioral changes were
switched following administration of several antagonists targeting DIRs (Lee et al.,
2018). Interestingly, DIR agonists induced typical autistic-like features in normal
mice or the genetic knockout (KO) of D2Rs (Lee et al., 2018). Moreover, the siRNA-

mediated inhibition of D2Rs in the dorsal striatum was shown to replicate ASD-like
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phenotypes in D2R KO mice (Lee et al., 2018). BTBR genetic background
characterized through multiple genetic and epigenetic aberrations and verified many
candidate genes involved in the development of ASD like profile of BTBR (Baan et

al., 2016; Meyza & Blanchard, 2017).

Neuroinflammation is one of the significant observations in ASD (Eissa, Al-Houqani,
et al., 2018; Eissa, Azimullah, et al., 2020), and BTBR mice were found to display
immune cell-mediated inflammation that are also observed in children diagnosed with
ASD (Eissa, Sadeq, et al., 2020) . Also, reports from several studies evidenced that
autistic child suffered from neuroinflammatory processes in the brain due to
abnormally elevated microglial activation (Pardo et al., 2005; Vargas et al., 2005;
Zimmerman et al., 2005) , signifying the role of the microglial pathway in ASD.
Accordingly, activation of microglia results in the production of reactive oxygen
species (ROS) and several proinflammatory cytokines, leading to mitochondrial
dysfunction and higher oxidative stress levels in the brain (Al-Haddad et al., 2019;
Lull & Block, 2010). Surplus production of ROS and oxidative stress are the primary
factors for neurodevelopmental disorders, due to the secretion of inflammatory
cytokines like IL-6 and -8, INF-y and NFkB by microglial cells (Vargas et al., 2005).
Interests, in vitro reports, have appeared both pro-and anti-inflammatory influence of
histamine on microglial function (Biber et al., 2007). For illustration, histamine can
decrease proinflammatory cytokine production such as IL-1b, TNF-a, and IL-6 in
response to mediators such as LPS as well modulate overall microglial motility
(Ferreira et al., 2012). This may show an anti-inflammatory function of histamine on
the microglia. However, in contrast to this, microglial secretion of the pro-
inflammatory cytokines, TNF-a and IL-6 is activated by histaminergic stimulation of

the H1 and H4 receptors (Dong et al., 2014). Moreover, it has been determined that



there is extensive communication between the immune system and the central nervous
system (CNS). Proinflammatory cytokines play a key role in this communication.
There is an emerging realization that glia and microglia, in particular, (which are the
brain’s resident macrophages), are an important source of inflammatory mediators and
may have fundamental roles in CNS disorders. Microglia respond also to
proinflammatory signals released from other non-neuronal cells, principally those of
immune origin, such as mast cells. Mast cells reside in the CNS and are capable of
migrating across the blood-brain barrier (BBB) in situations where the barrier is
compromised as a result of CNS pathology. Mast cells are both sensors and effectors
in communication among nervous, vascular, and immune systems. In the brain, they
reside on the brain side of the BBB, and interact with astrocytes, microglia, and blood
vessels via their neuroactive stored and newly synthesized chemicals. They are first
responders, acting as catalysts and recruiters to initiate, amplify, and prolong other
immune and nervous responses upon activation. Mast cells both promote deleterious
outcomes in brain function and contribute to normative behavioral functioning,
particularly cognition and emotion. Mast cells may play a key role in treating systemic
inflammation or blockade of signaling pathways from the periphery to the There is an
emerging realization that glia and microglia, in particular, (which are the brain’s
resident macrophages), are an important source of inflammatory mediators and may
have fundamental roles in CNS disorders. Microglia respond also to proinflammatory
signals released from other non-neuronal cells, principally those of immune origin,
such as mast cells. Mast cells reside in the CNS and are capable of migrating across
the blood-brain barrier (BBB) in situations where the barrier is compromised as a result
of CNS pathology. Mast cells are both sensors and effectors in communication among

nervous, vascular, and immune systems. In the brain, they reside on the brain side of
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the BBB, and interact with astrocytes, microglia, and blood vessels via their
neuroactive stored and newly synthesized chemicals. They are first responders, acting
as catalysts and recruiters to initiate, amplify, and prolong other immune and nervous
responses upon activation. Mast cells both promote deleterious outcomes in brain
function and contribute to normative behavioral functioning, particularly cognition
and emotion. Mast cells may play a key role in treating systemic inflammation or
blockade of signaling pathways from the periphery to the brain. Moreover, histamine
has a dual roles one of them in a physiological context that will cause the inflammation
by triggering the microglia to produce proinflammatory cytokines IL-1b, TNF-a, and
IL-6 and another role that related to the inflammatory context in which we had chronic
inflammation as in Autism so the release of histamine will regulate the
proinflammatory cytokines secretions (Eissa, Sadeq, et al., 2020). Overall, these
findings highlight the role of histamine and how it’s affecting the secretion of
proinflammatory cytokines such as IL-1b, TNF-a, and IL-6. Also, activation of
transcription factor, NF-kB may was found to trigger the up-regulations of the
expressions of iNOS and COX-2 mediated by lipopolysaccharides (LPS) (Kim et al.,
2013). Moreover, several previous studies indicated an imbalance in enzymatic and
non-enzymatic antioxidants, e.g., consistent diminished levels of glutathione in the
brain and blood of patients with ASD (Nadeem et al., 2019). Considerably, a recent
study showed that oxidant-antioxidant balance plays an important part within the
severity of ASD-like repetitive behaviors in BTBR mice, illustrating that BTBR mice
as an essential model in an investigation of antioxidant intervention procedures that
have translational value (Nadeem et al., 2019). Earlier studies from our laboratory
proved that H3 antagonists were capable of ameliorating the ASD-like behaviors in

various animals’ strains (Eissa, Al-Hougani, et al., 2018; Eissa, Azimullah, et al.,
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2020). Given the afore-mentioned roles of brain HA and DA, we aimed to evaluate
the effects of ST-713, a multiple-active histamine H3R and dopamine D2/D3 receptor
antagonist, on the improvements of ASD-like behaviors in BTBR mice. Also, the
effects of ST-713 on protein expressions of several cytokine pattern and modulated

levels of HA and DA in specific brain regions of treated BTBR mice were assessed.

1.2 Histamine as a Central Neurotransmitter
A Histamine (2-[4-imidazolyl] ethylamine) (Figure 1) was found by Sir Henry

Hallet Dale and Sir Patrick Playfair Laidlaw in 1910 (Yoshikawa et al., 2019).

N
7\
A,

Figure 1: Chemical structure of histamine. Chemical name: 2-(1H-imidazol-4-yl)
ethanamine

The brain histaminergic system was found to show an essential role in
cognition, sleep, and other neuropsychiatric disorders including schizophrenia (SCH),
Hypo — or hyper sensory problems and Tourette disorder that share comorbidity with
ASD (Wright et al., 2017). Moreover, the action of neuronal histidine decarboxylase
(HDC) histamine a synthesizing enzyme, which was familiar to be available in nerve
endings, was reduced in many brain areas after lesions of the lateral hypothalamus
(Garbarg et al.,, 1976). Increasingly, change in gene expression was found for a
histamine-N-methyltransferase enzyme (HNMT) that's able for the metabolism of
central histamine (HA) and for histamine receptor (HR) subtypes H1-, H2-, and H3R
(Wright et al., 2017). The breakthrough within the field of neuronal histamine was the
production of antibodies against HDC and histamine that were utilized to draw the first

map of neuronal histamine pathways utilizing histochemical methods (Watanabe et al.,



1983). The storage area of brain histamine was classified for 2 regions, one in the
synaptic vesicles of neuronal endplates and one within the mast cells (Verdiere et al.,
1975). Additionally, an important role for the brain, HA has been anticipated, and a
range of H3R ligands have been created until now for dual-targeting of both
histaminergic and dopaminergic neurotransmissions (Bishara, 2010). In this manner,
the essential role of central histamine that impacts behavior in CNS disorder explains
why the histaminergic system should be a pharmacological target for therapeutic goals
(Haas et al., 2008; Tiligada et al., 2011). Notably, brain H3Rs act as auto-receptors or
hetero-receptors that control the biosynthesis and release of HA and a variety of other
brain neurotransmitters, e.g. ACh, DA, NA, and 5-HT, therefore positioned at
neurotransmitter crossroads influentially involved in numerous cognitive and

homeostatic processes (Figure 2; Paval, 2017).
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Figure 2: Histamine H3 receptor functioning as auto- and heterorecptor in modulation
several behavioral effects



1.3 Dopamine

Disruption of the dopaminergic system has been noted to affect striatal dopaminergic
neurotransmission and DA-dependent behaviors that are involved in different
neuropsychiatric disorders and latest in ASD (DiCarlo et al., 2019). Autism is deeply
linked to a mutation within the dopamine transporter (DAT) gene SLC6A3, which is
a very important code for a protein that assists to the regulation of DA levels within
the brain (Hamilton et al., 2013). DAT knockout mice (hyperdopaminergic mutant
mice) appeared more prominent invariance in complex fixed action patterns, proposing
an association between abnormal DA levels and repetitive (Berridge et al., 2005). As
mentioned above, the siRNA-mediated inhibition of D2Rs in the dorsal striatum was
shown to replicate ASD-like phenotypes in D2R KO mice (Lee et al., 2018). Like in
previous studies, autistic mice show social deficits and stereotyped behaviors as core
characteristics. They propose that these concerns arise from alterations of midbrain
dopaminergic signaling. Two subpopulations of midbrain dopaminergic neurons are
included in controlling the functions traditionally influenced in ASD: the ventral
tegmental area and the substantia nigra (Haber, 2014). To begin with, neurons that will
come from the ventral tegmental area project to the prefrontal cortex and the ventral
striatum’s nucleus accumbens, making the mesocorticolimbic (MCL) circuit, which is
included in high-order brain capacities such as reward and motivation-related behavior

(Chevallier et al., 2012).

Secondly, the neurons that will come from the substantia nigra extend towards the
dorsal striatum, making the nigrostriatal (NS) circuit, which regulates the motor
aspects of goal-directed behavior in order to create an important activity towards
getting a particular outcome (Chevallier et al., 2012; Haber, 2014). To start with, the

social deficits noticed in ASD could may indicate an MCL circuit dysfunction, and
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that's why to explain the important role in reward and inspiration (Bear et al., 2007).
If the previous changes involved social behavior, autistic brains might miss enrolling
social experiences as rewarding, further reducing the motivation to seek social
interactions and create social abilities. this finding was expressed by the social
motivation theory of ASD which explained that autistic subjects are extreme case of
reduced social motivation which affects social cognition, ultimately leading to social
deficits (Chevallier et al., 2012). A lot of studies support this point of view. At first,
autistic subjects show signaling changes within the MCL dopaminergic pathway, Ex:
decreasing the release of dopamine within the prefrontal cortex and reduced neural
response within the nucleus accumbens (Scott-Van Zeeland et al., 2010).In this
manner, studies appear that ASD is characterized by common hypoactivation of the
reward system (Dichter et al., 2012). which happens for both social and nonsocial
rewards (Dichter et al., 2012; Scott-Van Zeeland et al., 2010). In conclusion, alteration
in mesolimbic dopaminergic signaling appeared to change particular reward-related
behavior in autistic subjects, such as effort-based decision-making for rewards

(Damiano et al., 2012).

1.4 Aims and Objectives

The main aim of this project to assess the effects of chronic systemic administration
with the novel multiple-active compound ST-713 with high binding affinities at
histamine H3 receptor (H3R), dopamine D2/D3 receptors (D2/D3R), on social deficits
stereotyped repetitive behavior of BTBR mice using a battery of standard behavioral
tests. Also, the effects of ST-713 on the abnormal anxiety levels and hyperactivity will
be evaluated. In addition, the effects of chronic systemic administration of ST-713 on
protein expressions of Tumor necrosis factor- a (TNF-a), interleukin-1p (IL-1p), and

interleukin-6 (IL-6) of treated BTBR brains will be assessed. through a battery of
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standard behavioral tests. Moreover, the modulating effects of ST-713 on brain levels
of crucial neurotransmitters, namely histamine and dopamine in specific brain regions

of treated BTBR mice will be quantified.
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Chapter 2: Materials and Methods

2.1 Animals

BTBR T+ Itpr3tf/] (BTBR) mice (matured 8-12 weeks, weighing 30-32 g)
were gotten from Jackson Laboratory (Boulevard, Bethesda, MD 20892-4874, USA),
and they were bred in our animal facility and the compound has been tested in BTBR
mice because it’s mouse model of ASD as it naturally displays core symptoms of ASD
which are repetitive behaviors and deficits in sociability and communication and that’s
why its relevance to the experimental protocols ,and inbred C57BL/6J (C57) mice
(aged 8—12 weeks, weighing 20-25 g) were obtained from Animal House, College of
Medicine and Health Sciences, UAE College. mice (matured 8-12 weeks, weighing
30-32 g) were obtained from Jackson Laboratory (Boulevard, Bethesda, MD 20892-
4874, USA), and they were bred in our animal facility, and inbred C57BL/6J (C57)
mice (aged 8—12 weeks, weighing 20-25 g) were gotten from Animal House, College
of Medicine and Health Sciences, UAE College. The mice were kept up in
an isolated air-conditioned room with controlled temperature and humidity (24 + 2°C
and 55% =+ 15%, respectively), 12 h light/dark cycle, and ad libitum to food and water.
The whole tests were completed between 9.00 am to 3.00 pm. The methods carried
were confirmed by the Institutional Animal Ethics Committee of College of Medicine
and Health Sciences/United Arab Emirates University (Approval No: ERA-2019-
6013). To reduce the suffering of animals a fewer number of animals were used in this

study, though the objectives were not compromised.

2.2 Chemicals
Synthesis and in vitro profiling of ST-713 was carried out in the Institute of

Pharmaceutical and Medicinal Chemistry, Heinrich Heine University Diisseldorf,
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Germany, and according to previously published experimental protocols (Figure 3;
Von Coburg et al., 2009). The reference drugs Donepezil (DOZ, 1 mg/kg, i.p.)
hydrochloride, Chlorpromazine (CPZ, 1.5 mg/kg, i.p.), the brain-penetrant HIR
antagonist pyrilamine (PYR, 10 mg/kg, i.p.), the brain-penetrant H2R antagonist
zolantidine (ZOL, 10 mg/kg, i.p.), the muscarinic anticholinergic Scopolamine (SCO,
0.3 mg/kg, 1.p.), the CNS-penetrant H3R agonist (R)-a-methylhistamine (RAM, 10
mg/kg, 1.p.), All the reagents utilized were of analytical grade. All drugs were
dissolved in saline and all dosages were expressed in terms of the free base. For
estimation of the levels of proinflammatory cytokines (TNF-a, IL-1f3, and IL-6),
commercially available enzyme-linked immunosorbent assay (ELISA) kits were
purchased from R&D Systems (Minneapolis, MN, USA). For estimation of brain
levels of histamine and dopamine in hippocampus and cerebellum, dopamine
(BioVision Catalog no: K4219-100) and histamine (Abcam Catalog no: ab213975)
were determined using an ELISA kits according to the instructions of the
manufacturer.

Neuroleptic partial structure ST.713

I N Ry K, (hH3R)® = 1.21 +0.04 nM
K (hH1R)P = 205 +4 nM

\ K. (HHAR)E = 210 +6 nM
1 K (hDZRY = 41 +17 nM
-HN«-LHA K (hD3R)® =50 +19 nM

. Ki (hD1R)® = 232 +74 nM
1] Ki(hDSR)® = 153 +36 nM

e P

D-#'H'H-\.,.x' N J

.,

- e
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H3R antagonist pharmacophcre

Figure 3: In-vitro pharmacological binding profile of ST-713 at selected human
histamine and dopamine receptor subtypes
a[3H]Na -Methylhistamine binding assay performed with cell membrane preparation of HEK cells

stably expressing the human H3R (n=4). b[3H]Pyrilamine binding assay performed with cell membrane
preparation of CHO cells stably expressing the human HIR (n=2). c[3H]Histamine binding assay
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performed with cell membrane preparation of Sf9 cells transiently expressing the human histamine H4R
and co-expressed with Gai2 and Bly2 subunits (n=2). d,eDisplacement assay was carried out as
described previously using membrane suspension of cell lines stably expressing the human dopamine
hD1Rs and hD5Rs (HEK) against [3H]SCH23390 and hD2SRs, hD3Rs (CHO) using [3H]spiperone
(n=3).

2.3 Experimental Design and Treatments

All the mice were habituated for one week before the beginning of the test, and after
that, they were randomly isolated into thirteen groups of seven mice each. The total
period of the test was 21 days, the intraperitoneal (i.p.) subchronic treatment began
one week before the behavioral tests then proceeded for all the days until the sacrifice.
Saline and other drugs were injected 30 minutes before commencement of the
behavioral tests each day. The compounds were dissolved in physiological saline
before administration and the volume was normalized with body weight (10 ml/kg).
The sample size has been chosen according to previous studies in our lab
(Venkatachalam et al., 2021). Moreover, all the tests were carried out with seven mice
for each group and every three mice were kept in one cage with free access to food
and water. Group 1, C57 mice injected with saline served as control. Group 2, BTBR
mice treated with saline served as autistic control mice group. Groups 3-5, BTBR mice
received 1.p. injections of different doses of ST-713, namely 2.5, 5, and 10 mg/kg,
respectively. Group 6 and 8, BTBR mice were injected with DOZ (1 mg/kg, i.p.) and
the later one co-injected with ST-713 (5 mg, i.p.), Groups 7 and 9, BTBR mice
received i.p. injections of CPZ (1.5 mg/kg). In addition, BTBR mice in Group 9 were
co-injected with ST-713 (5 mg/kg i.p.), Groups 10-13, BTBR mice were treated with
ST-713 (5 mg/kg, i.p.) along with PYR (10 mg/kg, i.p.), ZOL (10 mg/kg, i.p.), SCO

(0.3 mg/kg, i.p.), and RAM (10 mg/kg, i.p.), respectively (Figure 4A, B).
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Figure 4: Schematic experimental design

2.4 Behavioral Tests

2.4.1 Three Chamber (TC) Test

TCT was performed accordingly as described previously by (Eissa, Al-Houqani, et al.,
2018; Eissa, Azimullah, et al., 2020; Silverman et al., 2010). In detail, the glass
equipment consists of three chambers, each chamber has (40 x 20 x 22 c¢m) equal
volume of space. The center chamber has two square shaped openings with doors,
which can provide the access to left and right chambers. Two plastic round wired cages

were used to separate the stranger mice from experimental mouse. Two stranger mice
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(10 to 12 weeks old) were acclimatized in that plastic wire cage for 30 min, one day

prior to the commencement of experiments.

In the TCT test, total duration of one test trial was 30 minutes, consisting of two five
minutes sessions and two ten minutes sessions. During the first five minutes session,
the test mouse was placed in the center chamber with no access to other two chambers,
and then it was allowed to access all three chambers by opening the doors for the
second five minutes session, for habituation. After habituation and before starting the
first 10 minutes test session, a stranger mouse was placed in a wire cage in one side of
the chamber (same gender and age as test mouse but with no previous contact) referred
to as novel mouse (NM), meanwhile in the opposite chamber an empty wire cage was
kept, representing novel object (NO) (Figure 5). The position of the stranger mice was
altered regularly to avoid side preferences. In this session test mouse allowed to access
all three chambers for 10 minutes. This was followed by the second ten minutes test
session immediately by placing a second stranger mouse in the empty wire cage. Now,
the first stranger mouse was referred to as familiar mice (FM) and second stranger
mouse was referred to as novel mouse (NM) (Figure 5). Similar pattern of time
duration was counted as in first ten minutes test session. The whole experiment was
recorded and the duration for each session was calculated accordingly using

EthoVision® Software (Noldus, Netherlands).

To allow the direct comparison of social behavior of the treated groups the sociability
index (SI) and social novelty preference index (SNI) were evaluated. The SI was
calculated as [Time exploring NM — Time exploring NO] / [Time exploring NM +
Time exploring NO]J; while SNI was calculated as [Time exploring NM — Time

exploring FM] / [Time exploring NM + Time exploring FM].
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Figure 5: Three chamber test

2.4.2 Marble Burying (MB) Test

To analyze the repetitive behaviors of the animals, MB test was performed, following
previously described protocols (Angoa-Pérez et al., 2013; Eissa, Al-Hougani, et al.,
2018; Eissa, Azimullah, et al., 2020). Briefly, clean and autoclaved rat cages (26 cm x
48 cm x 20 cm) were utilized for this test. All the cages were filled 5 cm depth with
wooden waste as bedding material and leveled by utilizing another flat surfaced cage.
Each mouse was kept in an isolated cage for 10 minutes for habituation, at that
point they = were removed, and 20 black painted glass marbles were
kept equally spaced over the bedding (Figure 6). The mice were at that point put back
to the center of the respective cages and permitted to explore for 30 minutes. After 30
minutes the mice were returned back in their home cages, and buried marbles
were counted physically. Marbles covered by > 50% with bedding were considered as

buried marbles (Table 3).
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Before

Figure 6: Marble burying test

A cage with equidistant 4 x 5 arrangement of black marbles used for marble burying test (A), the cage
when the test started (B), The number of marbles buried was recorded (C)

2.4.3 Nestlet Shredding (NS) Test

To examine compulsive and repetitive behaviors of the animals NS test was performed
according to (Angoa-Pérez et al., 2013; Eissa, Al-Houqgani, et al., 2018; Eissa,
Azimullah, et al., 2020). Mice cages (19 cm % 29 cm X 13 ¢cm) were used to perform
this experiment. A clean autoclaved mice cage was included with wooden waste as
bedding to form 0.5cm depth. Each mouse was kept in an isolated cage for 10 minutes
for habituation, at that point one piece of commercially available, pre-weighed cotton
nestlet [5 cm x 5 cm), around 2.5 g] was kept in each cage. All the mice were permitted
to explore freely and after 30 minutes, all mice were returned to their home cages and
the remaining unshredded intact nestlet was carefully collected with forceps and
allowed to dry overnight. Dried nestlets were weighed separately and the percentage

of cotton shredded by each mouse was calculated appropriately (Figure 7).
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Figure 7: Nestlet Shredding Test

A cage with nestlet was placed on top of the bedding for nestlet shredding test (A),
after the test finished, the remaining un-shredded nestlet was weighed (B)

2.4.4 Open Field (OF) Test

To analyze the effect of ST-713 on locomotion and anxiety behaviors in animals, OF
experiment was carried out. Beyond locomotor activity, the OF test
is usually utilized to measure anxiety-like behaviors in experimental rodents (Eissa,
Al-Hougqani, et al., 2018; Eissa, Azimullah, et al., 2020; Prut & Belzung, 2003; Sadek
et al., 2016b; Seibenhener & Wooten, 2015). The OF box includes a square box (45
x45 x 30 cm). A 23 cm x 23 cm in the center region was defined as a central arena,
the remaining was characterized as a periphery region (Figure 8). The mice with
anxiety normally stay closer to the walls of the box and spend timeless within the
center, while increased time spent within the central region shows low anxiety levels
and high exploratory behaviors (Walsh & Cummins, 1976). First of all, 5 minutes of
the test was considered as habituation, following 10 minutes, during the test, total
distance moved within the whole arena, time spent within the center and periphery
were recorded for 10 minutes utilizing CCD camera-assisted motion tracking

apparatus and software (Figure 8) (EthoVision 3.1, Noldus Information Technology,
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the Netherlands) (Table 4). After each mouse was tested, the open field chamber was

cleaned completely with 70% (v/v) alcohol.

mal

Figure 8: Open field test

At the end of behavioral tests i.e., on day 21 of treatment, all the animals were
sacrificed. Prior sacrifice by 2 hours, all mice were injected with lipopolysaccharide
(LPS) (from E. coli serotype 0111:B4), (25 pg/kg, i.p.) , then they were anesthetized
with pentobarbital (40 mg/kg, i.p.). Cardiac perfusion method was employed to
eliminate blood with 0.01 M phosphate-buffered saline at pH 7.4. The skull was
removed carefully, brains were removed, and both hemispheres were separated on ice
plate. The hippocampus and cerebellum were cut out from brain and allowed to quick

freeze immediately with liquid nitrogen for biochemical assays.

2.5 Biochemical Assessments

2.5.1 Brain Collection and Tissue Processing for Stimation of Proinflammatory
Markers, Dopamine, and Histamine

After completion of behavioral experiments, animals were sacrificed to analyze

proinflammatory markers by ELISA according to published procedures (Eissa, Al-

Hougani, et al., 2018; Javed et al, 2016; Tyrtyshnaia et al,, 2016). In brief,

pentobarbital (40 mg/kg, body weight, i.p.) was used to anesthetize the animals

followed by the heart perfusion through intracardial infusion by using 1% PBS (0.01
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M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH
7.4). The blood was washed out and confirmed by turning of organs brownish red to
whitish color (liver, heart and kidney) indicating that they are free from blood. The
brain was harvested and placed on an ice plate for further separation. Then carefully,
cerebellum and hippocampus parts were separated and flash-frozen in liquid nitrogen
flask for biochemical parameters. Before performing biochemical parameters, all the
tissue samples were weighed to an equal weight of 40 mg of hippocampus and 100 mg
of cerebellum and then homogenized with ice cold RIPA buffer comprised of protease
and phosphatase inhibitors to avoid protein degradation. The homogenized samples
were centrifuged in a cooling centrifuge (4°C) for 30 minutes at 12,000 rpm. The
supernatant from each sample was collected and the levels of dopamine and histamine

were determined using ELISA kits according to the instructions of the manufacturer.

2.5.2 Proinflammatory Cytokine Estimations

The ELISA was performed to quantify the levels of pro-inflammatory cytokines (TNF-
a, IL-1B, and IL-6) in the hippocampus and cerebellum of treated mice. The levels of
TNF-a, IL-1B, and IL-6 were estimated following the manufacturer's instructions and
as described earlier (Eissa, Al-Houqani, et al., 2018; Javed et al., 2016; Venkatachalam
et al,, 2021). The optical density was determined at 450 nm using a microplate

absorbance reader (Sunrise, TECAN). The results were expressed as pg/mg protein.

2.5.3 Estimation of Brain Levels of Histamine and Dopamine

The brain levels of dopamine and histamine were determined using an ELISA kit
according to the instructions of the manufacturer. For dopamine, equal volumes of

standard and samples were mixed with Biotin-detection antibody in a 96 well plate
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and kept 37°C for 45 minutes. The horseradish peroxidase (HRP)-streptavidin
conjugate was added to each well after the adequate washes. 3,3',5,5'-
Tetramethylbenzidine (TMB) substrate for dopamine was then added and this mixture
was incubated for 15-20 minutes at 37°C. The color development was terminated by
adding a stop solution containing sulphuric acid, the optical density was then read
within 20 minutes at 450 nm. For histamine, in a 96-well plate, equal volumes of the
samples and the standard were mixed with histamine tracer and histamine antibody.
The mixture was then kept in a plate shaker (< 500 rpm) at room temperature for 1
hour. After a sufficient number of washes, the streptavidin- HRP (SA-HRP) conjugate
was added to all the wells. It was again incubated at room temperature on a plate shaker
for 30 min. TMB substrate was then added before termination of the reaction. The

optical density was read at 450 nm as previously described (Alachkar et al., 2021).

2.6 Statistical Analysis

The data observed in behavioral assessments were analyzed for normality by assessing
the sample distribution or skewness (-1.5 to +1.5 was considered as normally
distributed). After the results had passed the tests for normality, the effects of drug
treatments were analyzed by two-way analysis of variance (ANOVA) and post hoc
comparisons were performed with Tukey’s test in case of a significant main effect.
The data observed for estimation of cytokines, HA, and DA data were analyzed by
one-way ANOVA followed by post hoc Tukey’s multiple comparison test. All data
were expressed as mean = standard error of mean (SEM). Statistical significance was

set as P <0.05.
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Chapter 3: Results

3.1 Effects of ST-713 on Improving Social Deficits in BTBR Mice

The effects of chronic systemic administration of ST-713 (2.5, 5, and 10 mg/kg, i.p.),
DOZ (1 mg/kg, i.p.), and CPZ (1.5 mg/kg, i.p.) on autistic-like sociability deficits in
TC paradigm are shown in (Figure 9A).The results of two-way ANOV A conclude that
there was a critical main effect for strain [F(1,96) = 123.78, P < 0.01], treatment [F7,96)
=17.78, P <0.01] additionally for the strain x treatment interaction [F79) = 6.21, P <
0.01] (Table 1). As noticed within the Tukey post hoc analyses, BTBR
mice shown significantly lower percentage of SI when compared to C57 mice (F1.12)
=38.31, P <0.001) (Figure 9A). ST-713 (5 and 10 mg/kg) and DOZ (1 mg/kg, i.p.)
significantly enhanced sociability of BTBR mice when compared with saline-treated
BTBR mice, with (Fq,12) =26.71, P <0.001), (F,12) = 40.85, P < 0.001), and (F,12
=10.61, P <0.01), respectively (Figure 9A). However, ST-713 (2.5 mg/kg, i.p.) failed
to improve sociability of BTBR mice (F.,12) = 0.36, p = 0.56). Additionally, the
reference drug CPZ (1.5 mg/kg, i.p.) worsened the sociability deficits of BTBR mice
when compared with saline-treated BTBR mice (F(1,12) = 6.91, P < 0.05). Moreover,
ST-713 (5 mg/kg, i.p.) when co-injected with CPZ (1.5 mg/kg, i.p.), improved the
negative effects noticed with CPZ when gave it alone (F(1,12) = 9.87, p < 0.01), but
failed to modify the improving effects gotten with DOZ (F(1,12) = 0.04, p = 0.84)
(Figure 9A). Additionally, ST-713 (5 mg)-provided effects on sociability were totally
reversed by co-administration with the H3R agonist RAM and the anticholinergic
SCO, with (F(1,12) = 6.40, P <0.05) and (F(1,12) = 7.12, P < 0.05), respectively (Figure
9B). Notably, HIR antagonist PYR or the H2R antagonist ZOL failed to reverse the

ST-713-provided effects with (Fa,12) = 0.39, p = 0.54) and (Fau,12) = 0.23, p =
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0.64), respectively (Figure 9B). In addition, systemic pretreatments with ST-713 (2.5,

5, and 10 mg/kg), DOZ (1 mg/kg), CPZ (1.5 mg/kg), ST-713 (5 mg)+DOZ, and ST-

713(5 mg)+CPZ did not alter SI that noticed in control C57 mice in NS test (Figure

9A and Table 1).
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Figure 9: Ameliorated Sociability Deficits of BTBR Mice in TC Test.

After 10 minutes of habituation, male subjects were allowed to explore all chambers for two 10 minutes
sessions. C57 and BTBR mice were injected with saline, and BTBR mice were administered with ST-
713 (2.5, 5 or 10 mg/kg, i.p.), DOZ (1 mg/kg, i.p.), or CPZ (1.5 mg/kg, i.p.) chronically for 21 days.
The results obtained were Sociability Index (SI) (Figure 9A), and the effects of chronic (21 days)
systemic co-injection of PYR (10 mg/kg, i.p.), ZOL (10 mg/kg, i.p.), SCO (0.3 mg/kg, i.p.), and RAM
(10 mg/kg, i.p.) on the ST-713-(5 mg)-provided improvement of sociability (Figure 9B). Figures show
mean = SEM (n=7). *P < 0.05 vs. SI of saline-treated C57 mice. P < 0.05 vs. SI of saline-treated BTBR
mice. *P < 0.05 vs. ST-713-(5 mg)-treated BTBR mice. P < 0.05 vs. SI of DOZ- or CPZ-treated BTBR

mice.

Table 1: Results observed following two-way ANOVA analyses of ST-713, DOZ, and
CPZ systemic pretreatment on behavioral parameters

Behavioral test Effect of Effect of Effect of strain x treatment
strain treatment interaction
SOCiability (SI) F(l,%) = F(7,9(,) =17.78 F(7,9(,) =6.21
Social novelty preference (SNI) 123.78 F7.96)=9.28 | F796)=8.25
MB test F(l,%) =56.23 F(7,go) =3.98 F(7,go) =297
NS test F(l,go) =54.92 F(7,go) =4.65 F(7,go) =4.54
OF test F(l,go) =23.25
(1) Total distance travelled Fes36 = 0.26% | Fesa6 = 0.13"
(cm) F(1,36) =45.58 F(5,36) =0.21° F(5,36) =0. 12d
(2) Time spent in the F(1,36) =41.46 F(5,36) =1.15° F(5,36) =1.15f
periphery (s) Fa36=37.26
(3) Time spent in center of
arena (s)

All P values < 0.01, except *=0.93,°=10.98, ©=0.96, “=0.99, and ' = 0.35.
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3.2 Effects of ST-713 on Enhancing Social Novelty Preference Deficits in BTBR
Mice

Furthermore, the effects of chronic systemic administration of ST-713 (2.5, 5, and 10
mg/kg, i.p.), DOZ (1 mg/kg, i.p.), and CPZ (1.5 mg/kg, ip.) on autistic-like
social novelty preference were evaluated (Figure 10A). Results of two-way ANOVA
appeared that there was a critical main effect for strain [F,96 = 56.23, P < 0.01],
treatment [F7,06) = 9.28, P <0.01], also for the strain x treatment interaction [ F(7,96)
= 8.25, P < 0.01] (Figure 10A and Table 1). As noticed within the Tukey post hoc
analyses, BTBR mice shown significantly lower percentage of SNI when compared to
C57 mice (Fq,12) = 25.74, P < 0.001) (Figure 10A). As expected, ST-713 (5 and 10
mg/kg) and DOZ (1 mg/kg, i.p.) significantly enhanced percentage of SNI in BTBR
mice when compared with saline-treated BTBR mice, with (F(,12)=16.26, P <0.01),
(F,12y=23.87, P <0.001), and (F(1,12) = 23.51, P <0.001), respectively (Figure10A).
Different from the results that showed for SI, the reference drug CPZ (1.5 mg/kg,
1.p.) failed to further worsen the social novelty behaviors (SNI) in BTBR mice when
compared with saline-treated BTBR mice, with (F(1,12) = 0.56, P = 0.47).
Additionally, ST-713 (5 mg/kg, i. p.) when co-injected with CPZ (1.5 mg/kg, i.p.),
failed to enhance the effects watched with CPZ when administered alone (F(1,12) =
0.06, p = 0.80), or to increase the improving effects gotten with DOZ when
administered alone (F(1,12) = 0.09, p = 0.76) (Figure 10A). Besides, ST-713 (5 mg)-
provided effects on percentage of SNI were completely abrogated by co-administration
with the H3R agonist RAM and the anticholinergic SCO, with (F(1,12) = 7.08, P <
0.05) and (F(1,12) =9.67, P <0.01), respectively (Figure 10B). As equal to the results
noticed for SI, HIR antagonist PYR or the H2R antagonist ZOL failed to nullify the

ST-713-provided effects on percentage of SNI with (F(1,12)=0.39, p=0.54) and (F1.12)
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=0.17, p=0.68), respectively (Figure10B). Notably, systemic pretreatments with ST-
713 (2.5, 5, and 10 mg/kg), DOZ (1 mg/kg), CPZ (1.5 mg/kg), ST-713(5 mg)+DOZ,
and ST-713(5 mg)+CPZ did not change SNI assessed in control C57 mice in NS test

(Figure 10A, B, Table 1).
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Figure 10: ST-713 alleviated social novelty deficits of BTBR mice in TC test.

After 10 minutes of habituation, male subjects were allowed to explore all chambers for two 10 minutes
sessions. C57 and BTBR mice were injected with saline, and BTBR mice were administered with ST-
713 (2.5, 5 or 10 mg/kg, i.p.), DOZ (1 mg/kg, i.p.), or CPZ (1.5 mg/kg, i.p.) chronically for 21 days.
The results obtained were Social Novelty Index (SNI) (Figure 10A), and the effects of chronic (21 days)
systemic co-injection of PYR (10 mg/kg, i.p.), ZOL (10 mg/kg, i.p.), SCO (0.3 mg/kg, i.p.), and RAM
(10 mg/kg, i.p.) on the ST-713-(5 mg)-provided improvement of SNI (Figure10B). Figures show mean
+ SEM (n=7). "P<0.05 vs. SI of saline-treated C57 mice. *P<0.05 vs. SI of saline-treated BTBR mice.
$P<0.05 vs. ST-713(5 mg)-treated BTBR mice.

3.3 Effects of ST-713 on Mitigating Stereotyped Repetitive Behavior of BTBR
Mice in MB Test
The improving effect of chronic ST-713 treatment on repetitive behavior in BTBR
mice was evaluated by MB test (Figurel1 A, B and Table 2) and NS test (Figure 11C,
D). The results of two-way ANOV A appeared that there was a critical main effect for
strain [F(1,80) = 54.92, P < 0.01], treatment [F7,80) = 3.98, P < 0.01] and for the strain
X treatment interaction [Fgzgo) = 2.97, P < 0.01] (Table 1). The results of
the percentage of buried marbles were expected to be increased in saline-treated

BTBR mice when comparing with saline-treated C57 mice (Fq,12) = 14.76, P < 0.01)
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(Figure 9A, Table 3). Chronic systemic administration of ST-713 (5 and 10 mg/kg,
i.p.) and DOZ (1 mg/kg) significantly counteracted the ameliorated percentage of
buried marbles in BTBR mice, with (F,12) = 6.29, P <0.05), (Fq,12) = 6.86, P <0.05),
and (Fq,12) = 11.63, P < 0.01) respectively. However, the BTBR mice administered
with  lower dosage of ST-713 (2.5 mgkg) or CPZ did not display
any enhancement within the MB test, with (Fq,12) = 0.01, p = 0.93) and (F(1,12) =
0.03, p = 0.73), respectively (Figure 11A, Table 2). Analyzing of the data
characterizing the number of marbles buried yielded essentially the same results (Table
3). In addition, ST-713 (5 mg/kg) associated reduction on the percentage of marbles
buried was totally switched by co-administration with the H3R agonist Ram and the
anticholinergic SCO, with (F,12) = 13.20, P < 0.05) and (F.,12) = 6.18, P < 0.05),
respectively (Figure 11B, Table 2). Comparable to the results watched for SI,
HI1R antagonist PYR or the H2R antagonist ZOL failed to nullify the ST-713-
provided decrease on percentage of buried marbles, with (F,12) = 0.00, p = 0.98) and
(Fa,12y = 0.03, p = 0.87), respectively (Figure 9B, Table 2). Moreover, systemic
pretreatments with ST-713 (2.5, 5, and 10 mg/kg), DOZ (1 mg/kg), CPZ (1.5 mg/kg),
ST-713 (5 mg)+DOZ, and ST-713(5 mg)+CPZ did not affect burying behaviors that

noticed in control C57 mice in MB test (Table 2).
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Table 2: ST-713 treatment mitigates marble burying in BTBR mice

Treatment group Number of marbles
buried (mean = SEM)
SAL (C57) 3.50 +0.51
SAL (BTBR) 9.00+1.20™
ST-713 (2.5 8.83+1.14
mg/kg)/BTBR
ST-713 (5 mg/kg)/BTBR 4.83 +0.93"
ST-713 (10 5.00 + 0.70%
mg/kg)/BTBR
DOZ (1 mg/kg)/BTBR 3.83 +0.68"
CPZ (1.5 mg/kg)/BTBR 8.33 +0.99
ST-713 (5 mg) + DOZ 8.16 +0.76
ST-713 (5 mg) + CPZ 7.66 + 0.65
ST-713 (5 mg) + PYR 433 +0.38
ST-713 (5 mg) + ZOL 5.17+0.44
ST-713 (5 mg) + SCO 9.17 £ 1.09°
ST-713 (5 mg) + RAM 8.83 + 1.50°

Mean (= SEM) marbles buried (n = 7). MB test was carried out in BTBR and C57
mice. Each mouse received an 1.p. injection ST-713 (2.5, 5, or 10 mg/kg, i.p.), DOZ (1
mg/kg, 1.p.), or CPZ (1.5 mg/kg, i.p.) chronically for 21 days. BTBR mice buried
significantly more marbles compared to that of C57 mice. ST-713 (5 and 10 mg/kg,
1.p.) and DOZ (1 mg/kg, i.p.) attenuated the increased number of buried marbles.
Effects of chronic (21 days) systemic co-injection of PYR (10 mg/kg, i.p.), ZOL (10
mg/kg, i.p.), SCO (0.3 mg/kg, i.p.), and RAM (10 mg/ kg, i.p.) on the ST-713-(5 mg)-
provided attenuation of increased number of marbles buried were evaluated in MBT.
“P < 0.001 vs. saline-treated C57 mice.

#P < 0.05 vs. saline-treated BTBR mice. #P < 0.01 vs. saline-treated BTBR mice. SP
<0.05 vs. ST-713-(5 mg)-treated BTBR mice.

3.4 Effects of ST-713 on Improving Obsessive-Compulsive Features of BTBR
Mice in NS Test

The opposing effect of chronic systemic administration of ST-713 on the increased
percentage of shredded nestlet in BTBR mice appears in (Figure 11C, D). The
outcomes of two-way ANOV A appeared that there was a critical main impact for strain
[Fa,80)=23.25, P <0.01], treatment [F(7,80) = 4.65, P < 0.01] additionally for the strain
X treatment interaction [F(730) = 4.54, P < 0.01] (Table 1). Notably, saline-treated
BTBR mice have shredded significantly (F1,12) = 28.88, P <0.01), and its more nestlet

in comparison with saline-treated C57 mice. Treatment with ST-713 on high doses (5,
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10 mg/kg, i.p.), DOZ (1 mg/kg, i.p.), and CPZ (1.5 mg/kg, i.p.) significantly (P <
0.05) prevent the increase of compulsive behavior in nestlet shredding for BTBR mice
in NS test, with (F1,12) = 13.20, P <0.05; F(1,12) = 13.20, P <0.05; F1,12) = 13.20, P <
0.05; and F(1,12) = 13.20, P <0.05), whereas low dose of ST-713 (2.5 mg/kg, i.p.) failed
to alter the noticed percentage of nestlet shredded (F,12) = 0.00, p = 0.92) (Figure
11C). However, ST-713 (5 mg/kg, i.p), co-injected with the H1R antagonist PYR or
the H2R antagonist ZOL was not able topreventthe ST-713 (5mg)-
provided effects on repetitive/compulsive behavior of tested BTBR mice, (all P values

> 0.05) (Figure 11D).
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Figure 11: ST-713 attenuated stereotyped repetitive and compulsive behavior of
BTBR mice in MB and NS tests.

Stereotyped repetitive paradigms were assessed in MB test (Figure 11 A, B) and NS test (Figure 11 C&
11D) in a 30-minute testing session each. BTBR mice demonstrated elevated stereotyped, repetitive and
compulsive behaviors that were significantly increased compared to C57. ST-713 (2.5, 5, or 10 mg/kg,
i.p.), DOZ (1 mg/kg, i.p.), or CPZ (1.5 mg/kg, i.p.) were administered chronically for 21 days
(Figurel 1A&C). Effects of chronic (21 days) systemic co-injection of PYR (10 mg/kg, i.p.), ZOL (10
mg/kg, i.p.), SCO (0.3 mg/kg, i.p.), and RAM (10 mg/kg, i.p.) on the ST-713-(5 mg)-provided
attenuation of stereotyped repetitive and compulsive behaviors of BTBR mice were evaluated in MB
test (Figure 11B) and NS test (Figure 11D). Figures show mean + SEM (n = 6). "P<0.05 vs. Saline-
treated C57 mice. *P<0.05 vs. Saline-treated BTBR mice. P<0.05 vs. ST-713-(5 mg)-treated BTBR
mice.
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Additionally, ST-713 (5 mg/kg, i.p.) co-injected with H3R agonist RAM and the
anticholinergic compound SCO, entirely reversed the ST-713 mediated beneficial
effects (all P values < 0.05) (Figure 11D). However, systemic pretreatments with ST-
713 (2.5, 5, and 10 mg/kg), DOZ (1 mg/kg), CPZ (1.5 mg/kg), ST-713(5 mg) +DOZ,
and ST-713 (5 mg) +CPZ did not alter shredding behaviors measured in control C57

mice in NS test (Figure 11 C, D, Table 1).

3.5 Effects of ST-713 on Modulating Anxiety and Restoring Locomotor Activity
in BTBR Mice in OF Test

Open field test was implemented to evaluate anxiety-associated behavior and
locomotor activity of treated mice. The two-way ANOVA presents the total distance
travelled and time consumed within the center of arena by the C57 and BTBR mice
displayed a significant main effect for strain [F 36)=45.58, P <0.01], [F,36) = 37.26,
P < 0.01], whereas there was no critical difference between the treatment [F36) =
0.26, p = 0.93], [Fi36) = 1.15, p = 0.35] additionally for the strain X treatment
interaction [Fis36) = 0.13, p=0.98], [F5.36)= 1.15, p = 0.35] respectively (Table 3). As
noticed in Table 3, BTBR mice appeared significant increase in the distance traveled
(F,12)=20.13, P <0.01) and time spent within the center of arena (F1,12) = 8.67, P <
0.05) when compared with saline-treated C57 mice. In addition to that, BTBR mice
shown significant decrease in time spent within the periphery (F,12) = 13.20, P <0.05)
when compared with saline-treated C57 mice. Chronic treatment of ST-713 different
dose regimens (2.5, 5 and 10 mg/kg, i.p.), DOZ (1 mg/kg, i.p.), or CPZ (1.5 mg/kg,
1.p.) showed no improvement in hyperactivity observed in BTBR mice This was
represented as BTBR saline-injected mice travelled significantly more distance when
compared with the saline-treated C57 control group and ST-713 with all the three

doses and DOZ (1 mg/kg, i.p.), or CPZ (1.5 mg/kg, i.p.) failed to decrease the total
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distance travelled or time spent in the periphery (all P > 0.05). Analysis of variance
showed that with ST- 713 (2.5, 5 and 10 mg/kg, i.p.) or DOZ (1 mg/kg, i.p.) treated
BTBR mice spent significantly less time within the center of the arena, with (F1,12) =
4.89, P <0.05), (F1,12)=5.89, P <0.05), (Fa1,12)=11.20, P <0.05), and (F1,12)= 10.20,
P < 0.05), respectively (Table 4). However, CPZ (1.5 mg/kg, i.p.) failed to alter the
time spent in the center of the arena (F(1,12) = 0.05, p = 0.84). Moreover, systemic
pretreatments with ST-713 (2.5, 5, and 10 mg/kg), DOZ (1 mg/kg), CPZ (1.5 mg/kg),
ST-713(5 mg)+DOZ, and ST-713(5 mg)+CPZ did not alter the behavioral parameters

evaluated in control C57 mice in OF test (Table 3).

Table 3: Effects of ST-713, DOZ, and CPZ systemic pretreatment on anxiety levels
and locomotor activity in BTBR mice in OF test

Group Distance travelled | Time in Time in

(cm) center (S) periphery (s)
SAL (C57) 2433.15 £ 264.23 40.40 +4.83 571.05 +7.33
SAL (BTBR) 4221.00 £221.96™ | 73.75+7.15" | 537.25 +3.81"
ST-713 (2.5 3698.26 £ 452.80 54.94 £ 1.42% | 536.15+7.52
mg/kg)/BTBR
ST-713 (5 3838.63 £440.11 53.64 £2.90% | 535.84 +3.13
mg/kg)/BTBR
ST-713 (10 3863.22 £ 521.57 57.20 £ 3.33% | 534.69 +2.43
mg/kg)/BTBR
DOZ (1 mg/kg)/BTBR | 3632.34 +298.16 | 41.11 +3.94" | 536.02 + 1.70
CPZ (1.5 mg/kg)/BTBR | 3888.22 + 240.95 71.50 +£5.40 539.50 £ 2.28

BTBR mice illustrated raised impulsive behavior and reduce cognition as well as
locomotor activity behaviors that were significantly increased compared to C57 mice.
ST-713 (2.5, 5, or 10 mg/kg, 1.p.), DOZ (1 mg/kg, i.p.), or CPZ (1.5 mg/kg, i.p.) were
administered chronically for 21 days. ST-713 (2.5, 5 and 10 mg/kg, i.p.) and DOZ (1
mg/kg, 1.p.) attenuated the expanded time spent in the central field but failed to change
the increased total distance traveled as well as the time spent within the periphery in
BTBR mice within the OF test. Data are expressed as the means + SEM (n = 4). P <
0.05 vs. C57 mice. “P < 0.01 vs. C57 mice. “P < 0.05 vs. saline-treated BTBR mice.
P < 0.01 vs. saline-treated BTBR mice.

The effects observed following chronic systemic administration of ST-713 in all

behavioral assessments carried out in the project are summarized in Table 4.



32

Table 4: Effects of ST-713, DOZ, and CPZ systemic pretreatment on behavioral
parameters of control C57 mice

ST-713 (mg/kg, i.p.)

Behavioral test SAL 2.5 5 10

Sociability SI 40+ 6.28 39.00 = 5.90 38.00 +5.34 40 £ 6.28
Social SNI 33.86 £6.58 31.00£5.42 32.43+4.24 33.86 £ 6.58
novelty
Marble Marble buried 17.50 £2.57 16.67£2.26 16.00 =2.47 16.17 £2.49
burying (%)

Nestlet Nestlet shredded 1.31+0.12 1.29+0.12 1.25+0.14 1.27+0.13
shredding (%)
Time in Center 30.30 £9.70 31.52+7.67 29.50 £5.30 28.25+9.41
(s)
Time in 571.05+7.33 567.00 = 10.03 564.07 £ 14.98 574.25+8.92
Open field periphery (s)
Total distance 2433.15+ 2488.13 £+ 2222.41 + 2369.94 +
(cm) 264.23 234.97 238.61 294.73
DOz CPZ ST-713 (5 mg/kg)
Behavioral test (1 mg/kg, i.p.) (1.5 mg/ky, DOz CPZ
i.p.)

Sociability SI 42 +£5.69 3745.26 44 + 6.41 36+ 3.85
Social SNI 3457 +6.22 31.86 £5.84 35.00+£5.97 31.86 £5.84
novelty
Marble Marble buried 15.83 +2.27 18.17 £2.34 15.67 £2.39 17.67 £2.65
burying (%)

Nestlet Nestlet shredded 1.25+0.11 1.35+0.12 1.25+0.11 1.35+0.10
shredding (%)
Time in Center 33.06 £6.22 26.75+7.14 -- --
(s)
Time in 574.00 £ 10.16 57775+ 11.46 -- --
Open field periphery (s)

Total distance
(cm)

2220.86 =
318.27

2481.26 =
271.26

Data are expressed as the means = SEM (n=7). There was no significant difference
between saline, ST713 (2.5, 5 and 10 mg), DOZ and CPZ treated C57 control mice.
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3.6 Biochemical Assessments

3.6.1 Effects of ST-713 Pretreatment on the Brain Levels of Proinflammatory
Cytokines in BTBR Mice

The effects of ST-713 on the levels of proinflammatory cytokines IL-1p, IL-6 and
TNF-a in the hippocampal and cerebellar tissues of BTBR mice were assessed (Table
5). The results revealed a significant increase of TNF-o, IL-1B, and IL-6 in
hippocampus and cerebellum of BTBR mice compared to control B6 mice (Table 5)
(all P <0.05). Chronic systemic administration of ST-713 (2.5, 5, or 10 mg/kg, i.p.) or
CPZ (1.5 mg/kg, 1p.) significantly mitigated the increase in the levels of these
proinflammatory cytokines in BTBR mice (all P < 0.01) (Table 5). Moreover, chronic
systemic co-administration of RAM (10 mg/kg, i.p.) reversed the mitigating effects of
ST-713 (5 mg/kg, i.p.) against elevation of TNF-a, IL-1f, and IL-6 levels (all P <0.05)

in both hippocampal and cerebellar tissues.

3.6.2 Effects of ST-713 Pretreatment on the Brain Levels of Neurotransmitters
Histamine and Dopamine in BTBR Mice

The observed results showed a significant decrease of brain levels of HA and DA in
hippocampus and cerebellum of BTBR mice as compared to control B6 mice (all P<
0.05) (Table 5). However, chronic pretreatment with ST-713 (5 mg/kg) significantly
modulated the average of the hippocampal levels of HA and DA with [F,10) = 36.08;
P <0.001], [F(1,10)=7.48; P <0.05], respectively. Also, ST-713 (5 mg/kg) significantly
modulated the average of the cerebellar levels of HA in the cerebellum with [F,10) =
21.31; P < 0.001],but failed to alter the levels of DA [F.,10) = 0.09; p=0.76] in
cerebellum of treated BTBR mice (Table 5). Contrary, CPZ (1.5 mg/kg) failed to alter
the disturbed levels of HA and DA in both assessed brain regions of BTBR mice.

Additionally, statistical analyses of observed results showed that the ST-713(5 mg)-
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provided enhancements of HA and DA brain levels of BTBR mice were reversed
following systemic co-administration with RAM (10 mg/kg, i.p.) (all P values <0.05)

(Table 5).

Table 5: Brain levels of proinflammatory cytokines and neurotransmitters histamine
and dopamine in BTBR mice

Treatment Group Proinflammatory cytokines | Neurotransmitters
Hippocampus
B6 (Ctrl)
(VEH) 96.98 £9.10 21.17 £2.41 49.92 +£9.68 0.49 +0.04 54.87 £0.87
BTBR (Ctrl)
(VEH) 205.87+17.83" | 161.21+£12.18" | 181.45+14.07° | 0.37+0.03" | 47.75+2.19"
BTBR
(ST-713,2.5 mg/kg) 116.45 + 15.35% 98.36 + 2.90# 69.36 £ 7.08% ND ND
BTBR
(ST-713, 5 mg/kg) 105.26 +10.08* 81.35+8.26% 70.32 £ 14.63% | 0.78 £0.06" | 54.48 +0.52%
BTBR
(ST-713, 10 mg/kg) 119.20+ 10.42% |  82.90 +9.72# 67.95+13.17# ND ND
BTBR
(CPZ, 1.5 mg/kg) 47.05 + 4,65 27.61 £4.19% 56.14 + 3.60% 0.41 +0.06 46.56 + 1.44
BTBR
(ST-713, 5 mg)+ RAM 178.88 +22.09 137.30 £4.71% 150.04 +£10.245 | 0.40+0.028 46.58 £2.238
Cerebellum
B6 (Ctrl)
(VEH) 303.15 +7.20 241.69+11.85 48.29 +6.03 0.48 + 0.04 43.47+3.62
BTBR (Ctrl)
(VEH) 413.47+12.89" | 385.63+31.18" | 202.73+10.74" | 0.37+0.00" 42.05 +0.64
BTBR
(ST-713,2.5 mg/kg) 253.37+336% | 182.64+14.84% | 9233 +1381* ND ND
BTBR
(ST-713, 5 mg/kg) 263.90 £ 5.52% | 205.85 £ 16.74* 82.54 +4.95% | 0.47+0.02#* | 4255+1.33
BTBR
(ST-713, 10 mg/kg) 268.67 +5.25% | 22950+ 19.14% | 119.30 +10.92# ND ND
BTBR
(CPZ, 1.5 mg/kg) 267.70 + 8.15% | 233.65+21.62% | 51.04+9.53# 0.39+0.01 42.64 £3.02
BTBR
(ST-713, 5 mg)+ RAM 336.04 £16.57% | 378.16+25.34% 142.12 £7.95% 0.34+0.015 42.34+0.53

Modulated Tumor Necrosis Factor (TNF-a, pg/mg protein), interleukine (IL-1B, pg/mg protein),
interleukine (IL-6 (pg/mg protein), histamine (HA, ng/mg protein), and dopamine (DA, ng/mg protein)
were assessed. BTBR mice showed a significant increase in TNF-q, IL-1p, and IL-6, but significant
decrease in HA and DA in hippocampus and cerebellum compared to B6 mice. ST-713 (2.5, 5 or 10
mg/kg, i.p.) or CPZ (1.5 mg/kg, i.p.) were administered subchronically for 21 days in BTBR mice. ST-
713 or CPZ significantly decreased TNF-a, IL-1B, and IL-6, and ST-713 (5 mg/kg) significantly
modulated disturbed brain levels of histamine (HA) and dopamine (DA). Effects of subchronic (21
days) systemic co-injection RAM (10 mg/kg, i.p.) on ST-713 (5 mg)-provided modulation of
proinflammatory cytokines levels were assessed. Data are expressed as the mean + SEM (n=6). P <
0.05 vs. VEH-treated B6 mice. ““P < 0.01 vs. VEH-treated B6 mice. #P < 0.01 vs. BTBR mice. *#*P <
0.001 vs. VEH-treated BTBR mice. *P < 0.05 vs. ST-713 (5 mg)-treated BTBR mice. ND; not
determined.
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Chapter 4: Discussion

Antagonists/inverse agonists of H3R are considered as promising therapy for a number
of CNS diseases, including Alzheimer’s disease, epilepsy, narcolepsy, and attention
deficit hyperactivity disorders (Baronio et al., 2015; Wright et al., 2017).The current
investigations aimed to evaluate the in-vivo effects of a multiple-active H3R and
D2R/D3R ligand ST-713 on the balancing effects of brain HA, DA, and ACh
transmissions in BTBR mice. The intra peritoneal injection of different doses of ST-
713 (2.5, 5 and 10 mg/kg) was tolerated well by the BTBR mice, and there was no
mortality or macroscopical toxicity observed in this study. H3R antagonists have the
ability to cross blood brain barrier to enter in to the neuronal system (Mochizuki et al.,
1996). Being a H3R antagonist ST713 may be able to cross the blood brain barrier and
block the H3 receptor activities by its antagonistic properties. Male BTBR mice as
idiopathic mice display ASD were utilized within the current experiments. Male mice
were selected to implement in the tests, as ASD was found to influence females less
regularly than males, and several sex-differential genetic and hormonal variables may
affect the prevalence of ASD (Werling & Geschwind, 2013; Witkin & Nelson, 2004).
Also, involving female mice with the hormonal variation and to the very well-known
heterogeneity of ASD will properly influence the severity of the symptoms and thus
will affect the level of noticed enhancement provided by test compound ST-713. To
avoid all these confounding factors, we chose to test our multiple-active compound on
male BTBR mice. The results demonstrated that ST-713 significantly enhanced social
deficits of BTBR mice which was shown by the critical improvement in sociability as
well as social novelty behaviors given by a dose of 5 mg/kg. However, ST-713 at the

dosage level of 2.5 mg/kg failed to counteract the social impairment in BTBR mice.
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On the other hand, ST-713 (10 mg/kg) improved the social novelty index in BTBR
mice, but with significantly lower effects provided than those noticed with 5 mg/kg of
the same compound. The new findings regarding the dose-dependency agree with
previous results of a memory-enhancing effect noticed for dual-active compounds
targeting H3R and acetylcholine esterase inhibitor (AChEI), where the effect of lower
dosage (1.25 mg/kg) was found to be significantly higher when compared to the higher
dosages 2.5 and 5 mg/kg (Khan et al., 2016; Sadek et al., 2016b). Interestingly, and in
further abrogative studies, the improved social deficit effect of ST-713 (Smg/kg) was
reversed following co-administration with the CNS-oenetrant H3R agonist RAM or
the antimuscarinic compound SCO. These observations endorsed the hypothesis that
the enhancing effects of ST-713 on social parameters were due to the release of several
neurotransmitters, such as HA and ACh, which might be based on the inhibition of the
H3R-auto- and hetero-receptors, respectively. Notably, the effect of ST-713, at its
optimum dose 5 mg/kg was not reversed by co-administration with the centrally acting
H1R antagonist PYR nor the H2R antagonist ZOL. Accordingly, these results support
the hypothesis that antagonism on H3Rs, but not HIR or H2R, was responsible for the
noticed in vivo results. On the other hand, the reference drug DOZ significantly
improved sociability as well as social novelty parameters of tested BTBR mice,
comprehending our hypothesis that ACh is significantly involved in the effects

observed following systemic administration with ST-713.

Recent studies reported that dysfunction of dopaminergic neurotransmitter system
and low levels of brain DA are shown in BTBR mice (Eissa, Jayaprakash, et al., 2018;
Squillace et al., 2014). Additionally, DA has been linked with a strong relationship to
social behavior, attentional abilities, perception, and motor activity, whereas

development’s abnormalities in these regions have all been connected to ASD as well
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(Paval, 2017). According to our current observations, the worsening outcomes that
were noticed with the antipsychotic CPZ on sociability features were counteracted by
co-administration with ST-713, which also chemically incorporates the partial
structure of CPZ, demonstrating that ST-713 appear to have balanced the
dopaminergic neurotransmission system in a useful way, or its procognitive effect as
an H3R antagonist counteracted the negative effects noticed with CPZ when given
alone, or it improved the release of neurotransmitters such as ACh, a neurotransmitter
of a significant role in the context of witnessed behavioral enhancements. Moreover,
ST-713 showed the comparable trend to improve the behavioral deficits of tested
BTBR mice within the repetitive and compulsive-like performances. As expected, and
in the present series of experiments, ST-713 (5 mg/kg) treated mice in MB and NS
tests showed reduced number of marble burying behavior and nestlet shredding than
saline alone treated BTBR mice. Also, the improvements witnessed with ST-713 in
MB and NS tests were totally abrogated by H3R agonist (RAM) and SCO (muscarinic
antagonist), signifying that cholinergic as well as histaminergic neurotransmissions are
also included in the observed enhancing effects on repetitive/compulsive-like
behaviors of tested animals. The possible mechanism behind these suggestions could
be back rooted to its nature of multiple-active H3R and D2/D3R antagonist, which is
able to modulate the release of several neurotransmitters including HA, DA, ACh and
5-HT, and of most importance in several particular brain regions. Notably, the
reference drug CPZ (either alone or in combination with ST-713 5 mg/kg) reduced the
repetitive behavior in NS test (but not in MB test), as comprehended by the observed
reduction of shredding behaviors, indicating, suggesting the role of DA in modulating

repetitive behaviors in this test model.
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The OF test generally allows researchers to assess the behavior levels of animals from
general locomotor activity to anxiety-related emotional behaviors (Carola et al., 2002).
Therefore, the distance travelled by assessed animals usually reflects the locomotor
activity of the tested animal and the time spent in the central provides parameters about
anxiety levels of animals. The results observed in our OF test clearly showed that
BTBR mice were hyperactive, witnessed with significantly more distance travelled
than the control B6 mice. Moreover, time spent in the central for BTBR mice was
significantly higher than control mice, reflecting abnormal anxiety levels and, also,
impulsive behaviors of tested BTBR mice (Moy et al., 2007; Silverman et al., 2010).
Interestingly, ST-713 with all dosages was able to improve the abnormal levels of
anxiety in OF test. Thus, our discoveries proposed that a dysregulation between HA,
ACh, and DA levels might play a role in irregular levels of anxiety and impulsive
behavior noticed in tested BTBR mice. Additionally, DOZ and all doses of ST-713
completely enhanced the abnormal anxiety levels of treated BTBR mice in OF test.
However, reference drug CPZ failed to modify the abnormal anxiety-like features of
tested animals. Interestingly, ST-713 (2.5, 5, and 10 mg/kg) and reference drugs CPZ,
as well as DOZ, failed to restore hyperactivity (increase in total distance travelled or
time spent in the periphery) observed by BTBR mice, demonstrating that the
compound as well as references drugs failed to have an effect on locomotor activity.
This result is essential to avoid any confounding factors, such as alteration of
locomotor activity, which may give false-positive findings in regards to the ST-713-
provided improvements on sociability, social novelty, repetitive, or

compulsive/aggressive features.

Previous preclinical research reports proposed that several proinflammatory cytokines,

including TNF-a, IL-1f, and IL-6 are escalated in the autistic brains (Eissa et al., 2019;
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Vargas et al., 2005; Venkatachalam et al., 2021). Consistent with these results, our
observations showed that the levels of TNF-a, IL-1pB, and IL-6 were significantly
increased in the hippocampus, as well as the cerebellum of BTBR mice compared with
age-matched control B6 mice. Chronic systemic administration of ST-713 at all tested
three doses significantly reduced the escalated levels of the assessed proinflammatory
cytokines in BTBR mice. Moreover, the reference drug CPZ (1.5 mg/kg, i.p.) showed
similar significant modulating effects on the tested proinflammatory cytokines.
Interestingly and when co-administered with ST-713, the CNS-penetrant H3R agonist
reversed the ST713-induced protective effects against increased levels of
proinflammatory cytokines (Table 5), demonstrating the involvement of brain HA in
facilitating the neuroprotective effects of ST-713 in BTBR mice with ASD-like
features. In another series of experiments, the levels of HA and DA were found to be
significantly reduced in hippocampus and cerebellum of BTBR mice and as compared
to control B6 mice. However, chronic systemic administration with ST-713 (5 mg,
being the dose with most promising enhancing effects on behavioral parameters
assessed in BTBR mice) significantly modulated the brain levels of HA and DA in
hippocampus and cerebellum of tested BTBR mice, and systemic co-administration
with H3R agonist RAM (10 mg/kg) nullified the ST-713-provided effects. Notably,
the reference drug CPZ failed to alter the hippocampal or cerebellar levels of measured
neurotransmitters. The latter results are crucial and reveal the involvement of H3Rs in
the observed effects for ST-713. Also, the results shed light on the multiple-active
property of ST-713 in simultaneous modulation of brain neurotransmitters, namely
HA, ACh, and DA, which are involved in the pathophysiology of ASD-like features
of BTBR mice, and the proposed multiple mechanisms are discussed and illustrated in

Figure 12.
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Chapter 5: Conclusion

The observed results demonstrate that simultaneous targeting of the CNS
histaminergic and dopaminergic neurotransmissions by ST-713 is highly beneficial for
palliation of several ASD-like features, namely ASD-like social deficits and
repetitive/compulsive behaviors. Moreover, the ST-713 mitigated the increased levels
of several hippocampal as well as cerebellar proinflammatory cytokines of tested
BTBR mice. Also, multiple-targeting approach with ST-713 reduced the increased
levels of several proinflammatory cytokines, and brain levels of HA and DA in the
hippocampus as well as cerebellum of tested BTBR mice. However, further in-vivo
assessments in BTBR mice following systemic treatments of ST-713 as well as
reference drugs are still obligatory to elucidate whether multiple-targeting compounds,
e.g., ST-713, is superior to a standard H3R antagonists/inverse agonists, e.g., pitolisant
or ciproxifan, or antipsychotics, such as CPZ, when applied alone. In addition, and to
be able to generalize the current conclusions, additional behavioral tests with ST-713
are required in more types of ASD mutant mice, and by extension, in a variety of other

neurodevelopmental disease mouse models.

To sum up, ST-713 holds promise for its potential use to mitigate autistic-like
behaviors in a genotype mouse model of ASD and the results should lead to additional
investigations into the possible applicability of this class in the modulation of autistic

features, and to exclude any anticipated off-target effects.

5.1 Future Direction and Limitations of the Study
Future studies are crucial to know which signaling pathways and HRs are included in
this histamine-provided neuroprotective role. All of our results opened a possible novel

therapeutic window for controlling the core symptoms of ASD.
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However, the examination of neural circuits involved with the histaminergic and
cholinergic neurotransmission systems is a critical objective for future research to

figure out the pharmacological mechanisms underlying the observed effects.

Also, for the limitation of our study, we need to investigate which signaling pathways
are involved in this histamine effect. Also, we should know which histamine receptors
exactly are included in all of these actions. Moreover, we should try to do our tests in

other autistics mouse models.
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