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INTRODUCTION

1. Autism Spectrum Disorder

Autism spectrum disorder (ASD) is a highly heritable and heterogeneous
neurodevelopmental disorder characterized by a deficit in social behavior, nonverbal interaction,
sensory anomalies, repetitive behavior, and variable levels of intellectual disability, often associated
with comorbid features such as hyperactivity and attention disorders (such as attention-deficit/
hyperactivity disorder (ADHD)), anxiety, depression, and epilepsy (Lord et al. 2020). The prevalence
of ASD is about 1% ~ 2%, placing this disorder as one of the most common pervasive developmental
disorders raising strong public concern. ASD affects males 2~3 times more than females suggesting
a possible female-specific protective effect against ASD. Interestingly, prevalence has been
increasing over the past 50 years as a result of changes in Diagnostic and Statistical Manual of Mental
Disorders (DSM) criteria, and increase in risk factors (Park et al. 2016). Autism was first reported
by Kanner in 1943 with a clinical description of 11 children showing “extreme aloneness from the
very beginning of life, not responding to anything that comes to them from the outside world.” He
described the behavioral combination of autism, obsessiveness, stereotypy, and echolalia as
“childhood schizophrenia”. However, ASD was not classified as a separate developmental disorder
with a specific organic origin until 1980s. In the early 1980s, studies demonstrated the strong
inheritance (~90%) of ASD and its association with other genetic syndromes, providing compelling
evidence for a genetic component in the aetiology of ASD and fuelling the conceptualization of
autism as a distinct neurodevelopmental disorder. In recent years, some researchers suggest that ASD
is the result of functional and structural changes during Central Nervous System (CNS) development
in the pre- and post-natal period, which appear to be at the basis of the complex behavior and

cognitive features of this disorder.

1.1. Clinical characteristics and diagnosis of ASD

Autism is typically diagnosed within the third year of life. Although substantial heterogeneity
exists between and within individuals across development, a set of core diagnostic features of autism
including deficit in social interaction, verbal communication, restricted and repetitive or sensory
behaviors can be reliably identified. According to DSM-5, for a diagnosis of ASD, a child must
display persistent deficits in each of three areas of social communication and interaction plus at least
two of four types of restricted, repetitive behaviors (“must” criteria A, B, C, D) (Diagnostic and

Statistical Manual of Mental Disorders [DSM-5]):

A. Persistent deficits in social communication and social interaction across multiple contexts, not
explainable through a generalized delay in development and manifested by all 3 of the following

points:



1. Deficits in social-emotional reciprocity, ranging from abnormal social approach and failure
of normal back-and-forth conversation to reduced sharing of interests, emotions, affect, or
failure to initiate or respond to social interactions.

2. Deficits in nonverbal communicative behaviors used for social interaction, ranging from
poorly integrated verbal and nonverbal communication to abnormalities in eye contact and
body language or deficits in understanding and use of gestures, to a total lack of facial
expressions and nonverbal communication.

3. Deficits in developing, maintaining, and understand relationships, ranging from difficulties
to adjust their behavior to suit various social contexts. to difficulties in sharing imaginative
play or in making friends, to the lack of interest in peers.

C. Restricted, repetitive patterns of behavior, interests, or activities, as manifested by at least two of

the following, currently or by history:

1. Stereotyped or repetitive motor behavior, use of objects, or speech (e.g., simple motor
stereotypes, lining up toys or flipping objects, echolalia, idiosyncratic phrases).

2. Insistence on sameness, inflexible adherence to routines, or ritualized patterns of verbal or
nonverbal behavior (e.g., extreme distress at small changes, difficulties with transitions, rigid
thinking patterns, greeting rituals, need to take the same route or eat the same food every
day).

3. Highly restricted, fixated interests that are abnormal in intensity or focus (e.g., strong
attachment to or preoccupation with unusual objects, excessively circumscribed or
perseverative interests);

4. Hyper- or hyporeactivity to sensory input or unusual interest in sensory aspects of the
environment (e.g. apparent indifference to pain/temperature, adverse response to specific
sounds or textures, excessive smelling or touching of objects, visual fascination with lights

or movement).

D. Symptoms must be present in the early developmental period, although they may not become
fully manifest until social demands exceed limited capacities, or may be masked by learned strategies
in later life.

E. Symptoms cause clinically significant impairment in social, occupational, or other important
areas of current functioning. In association with these core features, autistic children often manifest
non-specific symptoms including aggression, self-injury, sleep disorders, seizure or epilepsy,

gastrointestinal complaint, depression, and learning disability.



1.2. Neurochemical and neuropathological features of ASD

Studies of neurological syndromes with autistic-like symptoms indicate that ASD is the
result of functional and structural changes during CNS development in the pre- and post-natal
periods. Neuroanatomical studies have reported macrocephaly and defect in brain cytoarchitecture
accompanied by impaired neuronal connectivity. This suggests that the formation of functional

neuronal circuits plays an important role in the genesis of ASD (Gilbert and Man 2017).

1.2.1 Neuroanatomical alterations: macrocephaly in ASD

Evidence of anatomical and morphological abnormalities in ASD patients have been
primarily obtained using magnetic resonance imaging (MRI) starting from the second year of life.
MRI finds an overall brain overgrowth, termed macrocephaly, in ~20% of autistic children.
Abnormal acceleration is observed during early brain development (Fig.1) and affects several brain
regions including the frontal lobe, parietal-temporal lobe, cerebellum, subcortical limbic structures
(in particular the amygdala), and is due by increased white matter, accompanied by reduced gray
matter, attributed to over-connectivity (Amaral, Schumann, and Nordahl 2008). Anatomical
alterations observed strongly correlated with the key features of ASD such as social and

communication deficits and motor impairment (Fig.1).

Overgrowth

BRAIN SIZE

AGE

Communication deficits
OFC - Orbitofrontal cortex IFG- Inferior frontal gyrus " | OFC - Orbitofrontal cortex
ACC — Anterior cingulate cortex (Broca’s area) ACC - Anterior cingulate cortex
FG - Fusiform gyrus STS - Superior temporal sulcus BG - Basal ganglia
STS - Superior temporal sulcus SMA — Supplementary motor area| Th — Thalamus
A - Amygdala mirror neuron regions| BG — Basal ganglia
IFG — Inferior frontal gyrus SN — Substantia nigra
PPC - Posterior parietal cortex Th —Thalamus

PN — Pontine nuclei cerebellum

Figure 1: Illustration of early brain overgrowth and the correlation between anatomical changes and
ASD. Brain overgrowth in the first years of life is a common feature of ASD probably due to prenatal cell cycle
dysregulation that causes an overabundance of cortical neurons that could lead to disrupted neural network
development and function (left). Brain areas implicated in the mediation core ASD-behaviors: social behavior,
language and communication, and repetitive and stereotyped behaviors. Adapted from (Amaral et al. 2008;
Courchesne et al. 2019).

The cerebellum is a key brain area for motor coordination and control. It is also involved in other
cognitive functions including attention and language as well as emotional control, such as regulating
fear and pleasure responses (Schmahmann and Caplan 2006; Wolf, Rapoport, and Schweizer 2009).

The cerebellum anatomy is strongly compromised in ASD as MRI studies have reported
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hypoplasia of the vermis and hemispheres (Amaral et al. 2008). Anatomical changes were
accompanied by evidence of a reduction in the number of cerebellar Purkinje cells in post-mortem
studies. Certain genetic animal models demonstrate the correlation between specific gene mutations,
associates with ASD in human, and cerebellar dysfunctions. For instance, selective deletion of
tuberous sclerosis 1 (Tscl) and neuroligin-3 (Nlgn3) genes induces a deficit in motor coordination,
reduces Purkinje cells excitability, and impairs cerebellar connectivity (Baudouin et al. 2012; Tsai et
al. 2012).

The amygdala is a cluster of nuclei located deeply and medially within the temporal lobes and
anteriorly to the hippocampal formation. It is considered a major component of the limbic system
and a critical hub in the cortico-striato-thalamo-cortical circuit. This brain region is particularly
involved in the modulation of memory, decision-making, and emotional response, including fear,
anxiety, and aggression. Given its role in the social-emotional component and fear processing, it is
no surprise that some evidence for the amygdala deficit in patients with ASD has been suggested.
The amygdala in children with autism appears to undergo an abnormal developmental process that
includes a period of precocious enlargement that persists through late childhood (Amaral et al. 2008;
Park et al. 2016; Won, Mah, and Kim 2013).

The frontal lobe is another target area involved in ASD. MRI studies show abnormal enlargement in
the frontal area probably due to increased cortical surface area or thickness and increased volume of
frontal axonal tracts (Courchesne et al. 2019). Individuals with frontal lobe deficit demonstrate
autism-like dysfunction in higher-order cognitive, language, social, and emotional processing. In
particular, the prefrontal cortex is especially linked with ASD as it is involved in social cognition
and understanding self and others a variety of 'higher' cognitive functions (Wood and Grafman 2003),
higher-order cognitive functions that are severely compromised in ASD as will be described in “The
cognitive theories of ASD”.

However, although major neuroanatomical defects are found in autistic brains, a direct causal link

between such malformations and behavioral symptoms remains to be established.

1.2.2 Extracellular factors: growth and neurotrophic factors in ASD

It has been found that both growth and neurotrophic factors are associated with ASD. Clinical
studies in Italian and American families have shown that the levels of MET (a transmembrane
receptor for a hepatocyte growth factor HGF with tyrosine kinase activity) mRNA and corresponding
protein were decreased in the cerebral cortex of ASD patients (Campbell et al. 2007). By activating
MET signaling, HGF acts as a neurotrophic factor and influences neurite outgrowth and dendritic
morphology (Fig.2), suggesting that changes in MET activity cause abnormal neuronal structures
typical of ASD pathology (Gutierrez 2004; Sun, Funakoshi, and Nakamura 2002). Another growth
factor linked to ASD is WNT2 (Wingless-type MMTYV integration site family, member 2), a member
of the canonical Wnt pathway involved in several developmental processes including embryonic

development, cellular differentiation, cell-polarity generation, neuronal migration, axon guidance,
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and dendrite branching (Fig.2). The WNT2 gene is located at the ASD susceptibility chromosomal
locus 7q31(Vincen et al. 2000; Warburton et al. 2000) and animal models of WNT2 mutation
reproduce autistic-like behavior. As WNT2, also the Brain-derived neurotrophic factor (BDNF),
calcium-dependent secretion activator 2 (CADPS2, that interacts with BDNF to regulate exocytosis),
and reelin (RELN), genes are located in an autism susceptibility locus. BDNF is crucial for
neurogenesis, axodendritic growth, neuronal/synaptic differentiation (Fig.2). Reelin is a large
secreted extracellular matrix glycoprotein that helps regulate processes of neuronal migration and
positioning in the developing brain by controlling cell-cell interactions (Fig.2). In the adult brain,
RELN modulates synaptic plasticity by enhancing the induction and maintenance of long-term
potentiation (LTP). It also stimulates dendrite and dendritic spine development and regulates the
continuing migration of neuroblasts generated in adult neurogenesis (Won et al. 2013). Given their
role in CNS development and organization is not surprising that any mutation in these genes is

implicated in the genesis of various neurodevelopmental disorders, including ASD.

1.2.3 Transcription factors

Transcription factors have been involved in syndromic forms of ASD. By regulating gene
expression, transcription factors have a significant influence on different neuronal and cellular
functions. MeCP2 (X-linked gene methyl CpG binding protein 2) is one of the best characterized
ASD-related transcription factors. MeCP2 is a methyl-CpG binding domain (MBD) protein that
represses gene transcription when DNA is methylated (Fig.2) (Bienvenu and Chelly 2006). Among
its downstream targets, BDNF and CDKLS, previously reported as involved in ASD. Moreover,
MeCP2 mutations cause Rett syndrome, a neurodevelopmental disorder with autistic features (Amir
et al. 1999; Bienvenu and Chelly 2006). Engrailed-2 is a homeodomain transcription factor encoded
by the EN2 gene in humans. It is a member of the engrailed gene family important for embryological
development and segmental polarity to brain development and axon guidance (Fig.2) (Brunet et al.
2005; Joyner 1996). EN2 gene is located in the autism susceptibility locus and single nucleotide
polymorphisms (SNPs) of EN2 gene. In particular, rs1861972 and rs1861973 were found in 518 ASD
families demonstrating a strong correlation with the disease (Benayed et al. 2005; Gharani et al.
2004). Since Engrailed-2 is expressed in response to WNT2-Dvl1 signaling activation, it appears that
the WNT2- Dvl1-Engrailed-2 pathway, given its role in regulation in neuronal migration and axonal

guidance, may contribute to the neuroanatomical abnormalities of ASD.

1.2.4 Synaptic alterations in ASD

Synapses are highly specialized structures essential to neuronal functioning at the basis of
fast neuron-neuron communication and plastic remodeling of neuronal networks following
experience. Synaptic dysfunctions, associated with functional mutations in pre- or postsynaptic

proteins, are considered as a major component in the pathophysiology of ASD.
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» Presynaptic proteins linked to ASD: Neurexins (NRXN) are presynaptic cell adhesion
proteins, that connect at the synapse. They are encoded by three different genes: NRXNI,
NRXN2, and NRXN3 (Fig.2). The extracellular domain interacts with Neuroligins (NLGNS),
their counterparts on the postsynaptic membrane. NRXNs are linked to ASD because multiple
mutations or copy number variations having been identified in ASD diagnoses (Bremer et al.
2011). NRXNla KO mice show functional synaptic aberrations such as reduced excitatory
synaptic strength, decreased input-output relationship of evoked postsynaptic potentials, and
frequency of miniature excitatory postsynaptic currents (mEPSC). Furthermore, these mice have
been found to have an increase in grooming behavior (Etherton et al. 2009). The Synapsin protein
family (SYN1, 2, 3) have long been implicated in the regulation of neurotransmitter release at
synapses and neurite outgrowth. Indeed, they control the neurons' number of synaptic vesicles
available for release at the active site (Evergren, Benfenati, and Shupliakov 2007). Synapsin KO
mice display behavioral deficits in social novelty test and avoidance behavior in social approach
as well as epileptic activity, all of which are typical in ASD (Greco et al. 2013; Ketzef and Gitler
2014). Mutations in SYN1 have been identified in a family with epilepsy and autistic phenotypes,
suggesting its link as a causative factor for ASD. Within these mutations, the nonsense mutation,
Q555X, is associated with a reduction in CaMKII and MAPK/ERK activity, which influence
synaptic vesicle trafficking and neurite growth, while missense mutations in A550T and T567A
impaired presynaptic synapsin localization (Fassio et al. 2011). Additionally, SYN2 KO mice
are characterized by autistic-like signs as impairments in social recognition tests and an increase
in repetitive self-grooming (Greco et al. 2013).

» Postsynaptic proteins linked to ASD: Neuroligins (NLGN) are cell adhesion proteins located
postsynaptically that mediate synapse formation through physical interaction with their
presynaptic partners, NRXNs (Fig.2). NLGN family includes five genes (NLGNI1, 2, 3, 4, 4Y).
NLGNSs have distinct expression patterns and a role in synaptic transmission. Nlgns-1, -3, and -
4 are localized to excitatory synapses, while Nlgn2 is found at inhibitory synapses (Missler et
al. 2003). Because of the nature of their functions, mutations in gene encoding, NRXNs and
NLGN could be considered as in the pathogenesis of cognitive diseases. (Stidhof 2008). SH3
and multiple ankyrin repeat domains 3 (Shank3), also known as proline-rich synapse-associated
protein 2 (ProSAP2) is a scaffolding protein located postsynaptically in excitatory synapses,
involved in synaptic development and function (Fig.2). The SHANK family is composed of
three members, Shankl, Shank2, and Shank3. Mutations in the member of SHANK family
genes have been associated with syndromic and idiopathic ASD (Sala et al. 2015), as well as
with typical ASD-behavioral such as repetitive routines, social impairment, and anxiety. At the
morphological level, loss of Shank3 in vitro results in a decrease in both the length and density
of spines. On the contrary, over-expression of Shank3 results in more mature and larger spines
(Betancur, Sakurai, and Buxbaum 2009). The deletion of Shank3 is strongly linked to Phelan-

McDermid syndrome, a severe neurodevelopmental disorder characterized by developmental
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delay, impaired language, ASD, and intellectual disability (Phelan 2008a). Transgenic mice
carrying different mutations or deletions were key to better understanding the role of SHANK
in ASD. Transgenic mice reproduce human characteristic alterations, in particular social
impairments and repetitive grooming (Bozdagi et al. 2010; Peca et al. 2011; Wang et al. 2011).
SHANK3 interacts with postsynaptic density protein 95 (PSD-95), a protein that in humans is
encoded by the discs large homolog 4 (DLG4) gene (Fig.2). PSD-95 is an important postsynaptic
scaffolding protein that localizes to excitatory synapses. PSD-95 is a membrane-associated
guanylate kinase (MAGUK) member that, along with PSD-93, is recruited into the same NMDA
receptor and potassium channel clusters. It is almost exclusively located in the postsynaptic
density of neurons as well as to spine heads in excitatory synapses (Hunt, Schenker, and
Kennedy 1996), and is involved in anchoring synaptic proteins. Its direct and indirect binding
partners include neuroligin, NMDA receptors, AMPA receptors, and potassium channels
(Sheng and Sala 2001). It plays an important role in synaptic plasticity and the stabilization of
synaptic changes during LTP (Meyer, Bonhoeffer, and Scheuss 2014). PSD-95 KO mice show
not only multiple ASD-like behavioral abnormalities but also display defects in dendritic spine
morphology (Feyder et al. 2010). Gephyrin is a postsynaptic scaffolding protein, that in humans
is encoded by the GPHN gene, found in inhibitory synapses where it stabilizes inhibitory
neurotransmitter receptors, including GABAA, and glycine receptors. It is composed of three N
terminal G domain, C terminal E domain, and a large unstructured linker domain that connects
the two. Mice KO mice for this gene display a decrease in GABAA and glycine receptor
clustering (Kneussel et al. 1999). Rare exonic deletions within the gephyrin (GPHN) gene have
been reported in ASD diagnosed patients (Lionel et al. 2013).
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Figure 2: Synaptic proteins associated with ASD. A schematic illustration of an ensemble of pre- and post-
synaptic proteins genes linked with ASD. Adapted from (Kanjhan et al. 2005).

1.3. The cognitive theories on the genesis of ASD

Although the precise causes of ASD are still unknown, some theories have been proposed in
the attempt to explain the cognitive and biological basis of the core deficit observed in autism. The

prevailing hypothesis of autism’s origin are the following:

» The theory of mind (ToM). Proposed for the first time by Simon Baron-Cohen and Uta Frith
in the early ‘80s, with this theory the authors proposed a novel paradigm to explain social
impairment in children diagnosed as autistic. In their article, “Does the autistic child have a
theory of mind?”, the authors explain how the inability of ASD children to represent the
mental state of themselves and others, prevents them to understand or predict the others'
behavior and intentions. As a consequence of this lack of a theory of mind of the other, ASD
children are impaired in their understanding of mental states (Baron-Cohen, Leslie, and Frith
1985).

» Executive function theory. According to this theory, there seems to be a relationship
between prefrontal deficit and autism as a consequence of executive function impairment in
autistic subjects. Due to the similarity of this pattern to patients with frontal lobe damage the

’

“executive function theory” hypothesizes that some developmental disorders cause
disturbances in neuronal circuits of the frontal lobe or hippocampus or yet the basal ganglia
(Upton and Corcoran 1995). Autistic patients would not be able to relate to the organization
and perception of inter-human experience as a structured set of goal-directed behaviors.

» Central coherence theory. “Central coherence” defines the human ability to derive overall
meaning from details. The Central coherence process is based on understanding meaning.
Uta Frith, in 1989, hypothesized that the social deficit observed in ASD patients was a result
of specific impairment in the ability to integrate information at different levels. ASD is
characterized by a “weak central coherence”; in fact, autistic children have a peak of
performance in activities that do not require integration but, on the contrary, segmentation
of information. Following this theory, ASD brains would have a cognitive modality that

favors segmentation due to the limitation or impossibility of more complex information

processing (Frith 1996; Frith and Happé 1994).
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2. PREVALENCE OF ASD

Epidemiological studies conducted over the past 50 years demonstrate that the prevalence of
ASD appears to be increasing globally. There are many possible explanations for this apparent
increase, which include improved awareness, expansion of diagnostic criteria, better diagnostic tools,
and improved reporting. During the first epidemiological study, conducted in the UK in 1966, the
prevalence rate of autism was 4.5 in 10,000 children. In subsequent years prevalence increased to 19
in 10,000 American children during 1992 and rose steeply to 1 in 150 in 2002 (Newschaffer et al.
2007), 1 in 110 in 2006 (Autism et al., 2009), 1 in 132 in 2010 until to get to 1 in 54 in 2020(see also
data from the US Centers for Disease Control and Prevention [CDC]). Epidemiological studies have
suggested that ASD is more common in males than in females, with reported ratios of 4:1 in the 2010
Global Burden of Disease study. In Italy, data for ASD prevalence are available from the regions of
Emilia-Romagna and Piedmont. The most recent findings indicate a total prevalence in the
population up to 18 years of 2.3/1000 in Emilia-Romagna during 2011 and 2.9/1000 in Piedmont
during 2010, with estimates rising to 2, respectively. 8/1000 and 4.2/1000 in primary school age (6-
10 years).
The currently estimated global prevalence of ASD, based on consistent reports of ASD prevalence
by multiple sources in different populations, is ~1%, placing this disorder as one of the most common
pervasive developmental disorder raising public concern (Lotter 1966; Maenner et al. 2020; Won et
al. 2013).
In conclusion, epidemiology is a fundamental discipline for the study of ASD, as it allows to estimate
the prevalence and incidence of these disorders, to describe the variations in their distribution in time
and space, and to investigate their etiopathogenesis, as well as the role of individual genetic or

environmental risk factors and their possible interactions.
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3. DRUG THERAPY IN ASD

Despite early diagnosis and intervention, to date, there is no specific therapy to completely
reverse the core symptoms of ASD. Indeed, in current practice, there is no specific treatment for
ASD as the state-of-the-art therapy involves primarily an educational approach (behavior analysis,
speech therapy, sensory integration therapy, auditory therapy) to improve learning, communication,
adaptive and social functioning, and reduction in inappropriate behaviors such as aggression or
hyperactivity. Currently, ASD treatment included pharmacological and non-pharmacological therapy
such as food supplementation, detoxification, dietary intervention, treatment of gastrointestinal
disturbances, treatment of chronic inflammation in the brain and intestine, and immunologic
treatments. ASD cannot be cured completely with medications, however many pharmacologic agents
may be effective in treating single behavioral symptoms that are interfering with daily life and that
may be causing impairment or distress (Kumar et al. 2012). Only two medicines have been approved
by the Food and Drug Administration (FDA), including risperidone (Risperdal®) and aripiprazole
(Abilify®) specifically used for the treatment of additional symptoms such as irritability and motor
deficit. Unfortunately, to date, no pharmacological treatment for the social deficit has been found,
although some improvements have been demonstrated with the intranasal administration of oxytocin
(Won et al. 2013). Clinical and preclinical ASD researches have identified different pathobiological
targets to develop new drugs for the treatment of ASD children. Table 1 summarized the various
drugs under developmental stages. These drugs act on different targets to cure the behavioral as well

as neurological symptoms of ASD.

Drugs Action Developmental s
KM 391 Acts on serotonin uptake Preclinical sta
Docosahexaenoic acid Omega-3-fatty acids Clinical trial:
Fluconazole Antifungal action Clinical trial:
Methylphenidate Psychostimulant Clinical trial:
Oxcarbazepine Anticonvulsant and mood stabilizing drug Clinical trial:
Arbaclofen (STX209) Specific GABA receptor agonist Phase Il
Buspirone Psychoactive agent Phase Il
Citalopram Selective serotonin reuptake inhibitor Phase Il
CX516 Cognition/memory enhancement Phase Il
Dimercaptosuccinic acid Chelating agent Phase Il
Divalproex sodium Anticonvulsant Phase Il
Donepezil HCI Acetylcholinesterase inhibitor Phase Il
Lenalidomide Anti-inflammatory Phase Il
Mecamylamine Nicotinic antagonists Phase Il
Memantine NMDA blocker Phase Il
Methylcobalamin Vitamin Phase Il
N-Acetylcysteine Antioxidant Phase Il
Olanzapine Decrease disruptive behaviors in autism Phase Il
Oralgam Human immunoglobulin Phase Il
Oxytocin Hormone Phase Il
Pioglitazone Antihyperglycemic Phase Il
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R-baclofen Specific GABA receptor agonist Phase Il
Riluzole Sodium channel blocker Phase Il
Ziprasidone Atypical antipsychotic Phase Il
Fluoxetine Selective serotonin reuptake inhibitor Phase Il
Fluvoxamine -1and selective serotonin reuptake inhibitor Phase Il
Galantamine Cholinesterase inhibitor Phase Il
Naltrexone Opioid receptor antagonist Phase |ll
Paliperidone ER Atypical antipsychotic Phase Ill
RG1068 Synthetic human secretin Phase Il
Bumetanide Diuretic action Phase Ill
D-cycloserine NMDA modulator Phase Il
Saproterin dihydrochloride An enzymatic cofactor Phase Ill
Sertraline Selective serotonin reuptake inhibitor Phase Il
Valproate Anticonvulsant Phase |ll
Divalproex sodium ER Anticonvulsant Phase IV
Levetiracetam Anticonvulsant Phase IV
Minocycling Antibiotic Phase IV
Risperidone Atypical antipsychotic drug Phase IV
Aripiprazole Antipsychotic drug Phase IV
Alomoxetine (Strattera) Selective norepinephrine transporter inhibitor Phase IV

Table 1: Different drugs for ASD treatment. Potential preclinical drugs with the corresponding development
stage. Adapted from (Kumar et al. 2012).
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4. ETIOLOGY OF ASD

In spite of the numerous studies that have been undertaken to elucidate the pathogenic
mechanisms underlying ASD, the exact cause remains still unknown. ASD etiology is very complex
and heterogeneous and currently, it is broadly considered to be a multifactorial disorder resulting

from genetic and non-genetic risk factors and their interaction.

» Genetic risk of factors in ASD: Twin and family studies consistently demonstrate that
autism has a particularly large genetic contribution, with estimated inheritance ranging from
~40% to 90%. Besides, one analysis demonstrated that ASD is among the most inheritable
common medical conditions. To support this, the risk of developing ASD is 50 times greater
in families with even just one ASD member, with a recurrence rate of 5%~8% (Szatmari et
al. 1998). Genome-wide linkage studies suggested linkages on chromosomes 2q, 22q, 7q,
15q, and 16p as the location of susceptibility genes (Wassink et al. 2004). Genetic causes,
including gene defects and chromosomal anomalies, have been implicated in the disruption
of neural connections, brain growth, and synaptic/dendritic morphology. HOXA1 is a critical
gene that, within its functions, is involved in the development of the central nervous system.
HOXAT1 polymorphism has been found to induce an increased head growth rate in ASD
children (Muscarella et al. 2007). Within several candidate genes, both tuberous sclerosis 1
(TSC1, also known as hamartin) and fragile X mental retardation 1 (FMR1) genes are
strongly associated with ASD. They lead respectively to tuberous sclerosis and Fragile X
syndrome (FXS), both characterized by ASD and intellectual disability (ID). ASD is
estimated to affect 40-60% (Jeste et al. 2008; Richards et al. 2015) of patients with TSC.
The cognitive and behavioral profiles of children with TSC and idiopathic ASD are very
similar, suggesting shared abnormalities circuit-level (Bruining et al. 2014; Jeste et al. 2016).
The main function of the TSC complex is to integrate multiple upstream signaling pathways
and inhibit the activity of RHEB (Ras homolog enriched in brain) and mTORCI. The link
between the TSC complex and mTORC1 was demonstrated in TSC-deficient animals, in
which neurobehavioral phenotype was attributed to mTORCI1 hyperactivation. Indeed,
abnormal social behavior and cognitive impairment were ameliorated after the
administration of rapamycin, a mTORCI inhibitor (Ehninger et al. 2008). ASD prevalence
in FXS is approximately 30% (Hagerman, Hoem, and Hagerman 2010), and like TSC is
associated with ID, epilepsy, and ASD. FXS is usually caused by a triplet repeat expansion
within fragile X mental retardation protein (FMRP), an mRNA-binding protein involved in
translational regulation (Darnell and Klann 2013). Animal models carrying this mutation
showed enhanced protein synthesis-dependent, metabotropic glutamate receptor (mGluR)-
mediated long term depression (LTD) and dendritic spine elongation, together with cognitive
deficits, impaired in peer interactions and socio-emotional reciprocity (Bernardet and Crusio

2006). Moreover, as previously described for TSC, also in FXS there is a link with mTORCI.
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Increased phosphorylation of S6K1 (a hallmark of mTOR activation indicating
hyperactivation of mMTORC1) was found in the hippocampus of FMR1 KO mice. In line with
this, evidence of mMTORCI activation was also found in fibroblasts, lymphocytes, and post-
mortem brain tissue of human individuals with FXS (Kumari et al. 2014; Sharma et al. 2010).
Phosphatase and tensin homolog (PTEN) gene is a negative intracellular regulator of
phosphatidylinositol-3,4,5-trisphosphate (PIP3) levels in cells and a tumor suppressor that
negatively regulates the Akt/PKB (protein kinase B) signaling pathway. Originally
associated with cancer (Cowden syndrome), PTEN gene mutations have also been associated
with brain morphological changes observed in ASD (Goffin et al. 2001). PTEN mutations
can be detected in 7%-17% of individuals with ASD (Varga et al. 2009). In mouse models,
PTEN-deficient enhances levels of PIP3 that lead to activation of the Akt/PKB and mTOR
pathway. Since mTOR signaling is involved in multiple cellular functions, including cell
growth and proliferation, PTEN-deficient animals display neuronal over-growth, brain
enlargement, epilepsy, and premature death (Garcia-Junco-Clemente and Golshani 2014;
Kwon et al. 2006a). Pharmacological inhibition of mTORCI1 ameliorates the core features
of PTEN-deficient animals, suggesting that mTORC1 hyperactivation is responsible for this
phenotype (Xiong et al. 2012; Zhou et al. 2009). Angelman syndrome (AS) is characterized
by refractory epilepsy, significant motor and language impairment, and ASD. Despite the
difficulty in formal testing due to profound ID, more than 50% of patients with AS meet the
criteria for ASD (Wink et al. 2015). AS is commonly caused by a deletion in the 15q11-13
region but can be caused by mutation of ubiquitin-protein ligase E3A (UBE3A), which is
also in this locus and thought to be the main driver of symptoms. UBE3A gene encodes a
ubiquitin ligase involved in protein degradation. mTORCI activity was found to increase in
the cerebellum and hippocampus of mice with a UBE3A deletion. Indeed inhibition of
mTORCI1 with rapamycin ameliorates motor and learning phenotypes in Ube3A mice (Sun
etal. 2015, 2016). Interestingly, contrary to mMTORC1, mTORC?2 signaling was reduced and
its activation was able to rescue LTP in acute slices, suggesting that modulation of
mTORC1/2 might play an important role (Sun et al. 2016). These data demonstrate that some
of the neurological phenotypes in mutant animals are due to hyperactive mTORCI1 signaling.
The mechanism by which UBE3A modulates mTORCI1 remains still unclear. Phelan-
McDermid syndrome (PMS) is a neurodevelopmental disorder characterized by neonatal
hypotonia, global developmental delay, normal to accelerated growth, absent to severely
delayed speech, and minor dysmorphic features (Phelan 2008b) caused by chromosome
22q13 deletion. There is evidence that, in PMS, autistic behavioral features are linked to the
deletion of SHANK3. However, loss of SHANK3 is thought to be responsible for the
neurodevelopmental symptom of PMS. causing loss of SHANK3 locus. SHANK3 deletion
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is strongly associated with PMS responsible for the neurodevelopmental symptoms
(neurodevelopmental delay, impaired language, ASD, and ID) (Phelan 2008a). As
previously mentioned, SHANK3 encodes a structural protein present in the postsynaptic
density identified like postsynaptic proteins linked to syndromic and idiopathic ASD (Sala
et al. 2015). Approximately 80% of PMS patients have ASD phenotype (Soorya et al. 2013).
SHANK3-deficient rodent neurons displayed a reduction in phosphorylation of AKT and
mTORCI levels, which was replicated in iPSC-derived (induced Pluripotent Stem Cells)
neurons from patients with PMS. This was caused by the accumulation of cdc-like kinase 2
(CLK2 a negative regulator of AKT,), due to the loss of the SHANK3 gene. Consistently,
CLK2 inhibitor ameliorated social deficit observed in SHANKZ3 deficient mice (Bidinosti et
al. 2016). Currently, a specific biological marker for ASD diagnosis has not been identified,
yet. Indeed, ASD should be considered a multi factors disease in which a genexenvironment
interaction has to be taken into consideration.

» Environmental risk of factors in ASD: it is currently accepted that, in addition to genetic
causes, exposure to specific environmental factors might contribute to the development of
ASD. Environmental risk factors include prenatal, perinatal, and postnatal factors. Among
prenatal factors, exposure to teratogens and anticonvulsants drugs such as thalidomide and
valproic acid (VPA), certain viral infections (congenital rubella syndrome), and diet
contribute to ASD susceptibility. Instead, low birth weight, abnormally short gestation
length, and birth asphyxia are considered perinatal factors. Finally, autoimmune disease,
viral infection, hypoxia, mercury toxicity are classified as postnatal factors (Kolevzon,
Gross, and Reichenberg 2007). To date ASD diagnosis is made before 2 years of life,
suggesting a window of developmental vulnerability that must occur during the prenatal
and/or early postnatal period of development. Figure 3 shows the critical prenatal window
for ASD that has been described to date that identifies the first trimester of pregnancy as a
critical period for some categories of environmental agents (Ploeger et al. 2010). Exposure
to pharmacological agents during pregnancy represents a high risk for ASD; thalidomide and

VPA are among the best examples to date of drugs linked to ASD.

16



Vitamin D Deficiency

Valproicacid

Terbutaline

Thalidomide

Misoprostal

Generalized Maternal Stressors

Murine Viral Infection

Absence of Food Aversion and Vomiting

Bacterial Infection—Hospitalization

Viral Infection—Hospitalization

L | |

|
! ~ I I =
Conception 18t Trimester 2nd Trimester 3rd Trimester Birth

Figure 3: Critical prenatal windows for risk of ASD: The know and putative environmental risk of factors
contributing to ASD during the first trimester of pregnancy. Adapter from (Dietert, Dietert, and DeWitt 2011).

Thalidomide is a known human teratogen famous for causing birth defects when used as an
antiemetic in pregnancy in 1950/1960. Indeed, clinical studies reported increased incidences of
autism in children following prenatal exposure to thalidomide (Strémland et al. 1994).

Together thalidomide also VPA is known for its teratogen effect if administrated during pregnancy
in particular within the first trimester. It is an anticonvulsant commonly used in the treatment of
epilepsy and also bipolar disorder due to its mood-modifying ability. When taken during pregnancy,
it can result in children having a well-defined syndrome of abnormalities affecting several systems
known as the valproate syndrome (Ornoy 2009a). In children from women who have taken this
medication during pregnancy, ASD is increased several-fold (Bromley et al. 2008). Indeed, when
taken during pregnancy, VPA not only increases the risk for various congenital malformations (Kini
et al. 2006; Kozma 2001), but also induces core autistic symptoms in the offspring, i.e., impaired
communication, reduced sociability, and stereotyped behaviors (Bescoby-Chambers, Forster, and
Bates 2001). Based on these findings, prenatal VPA exposure in rodents has been accepted as a drug-
induced preclinical model of ASD (Nicolini and Fahnestock 2018; Roullet, Lai, and Foster 2013;
Tartaglione et al. 2019).
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5. VALPROIC ACID

The 2-propylvaleric acid (also called 2-pro-pylpentanoic acid or n-dipropylacetic acid) is
commonly referred to as valproic acid (VPA). It is a branched short-chain fatty acid derived from
naturally occurring valeric acid (naturally produced by valerian, Valeriana officinalis) first
synthesized in 1882, originally used as a solvent for organic compounds. Only in 1963, the
pharmacological activity of VPA was shown to prevent pentylenetetrazol-induced convulsions in an
animal model of seizures (Meunier et al. 1963). VPA is used primarily as an anti-epileptic drug
(AED), either in mono or polytherapy. Importantly, AED drugs are teratogenic as their use by the
pregnant mother has been associated with an increased risk of major congenital abnormalities in the
embryo and fetus (Kultima et al. 2004; Ornoy 2003). These anomalies are anatomical and/or
functional and may also have neurological, behavioral, and cognitive effects (Kaneko et al. 1999).
However, there is a variation in the rate and degree of teratogenic potential of the different
antiepileptic drugs. There seems to be sufficient data to imply that VPA is a highly teratogenic drug
(Kaneko et al. 1999; Kini et al. 2006). The first reports in which has been demonstrated the
teratogenicity of VPA in humans were published in the early 1980s (Dalens, Raynaud, and Gaulme
1980); French children who mothers treated with VPA during the first trimester of pregnancy
displayed lumbosacral neural tube defect (Nau 1994).VPA is also used in migraine prevention (but
not to treat the active symptoms), bipolar, mood, anxiety, and psychiatric disorders (Diederich et al.
2010). Recent work has explored its use as an adjuvant agent in cancer, HIV therapy, and
neurodegenerative disease because of its action as a histone deacetylase (HDAC) inhibitor (Terbach

and Williams 2009).

5.1. Pharmacokinetics

VPA is highly protein-bound (87-95%) resulting in slow clearance (6—20 ml/h/kg) (Leppik
and Birmbaum 2010). It is metabolized through two principal ways: glucuronidation, p oxidation in
the mitochondria, or cytochrome P450 (CYP)-mediated oxidation, considered as a minor way. The
principal metabolite in urine is Valproate glucuronide (Ghodke-Puranik et al. 2013). VPA is a fatty
acid and can be metabolized through endogenous pathways in the mitochondria. It has been observed
that some of the mitochondrial metabolites of VPA generated by this pathway are hepatotoxic.
As previously introduced within AEDs, VPA has major teratogenic potential if taken during
pregnancy (Kaneko et al. 1999; Kini et al. 2006). A basic principle for the action of any teratogenic
agent is its ability to cross the placenta. VPA is known to cross the human placenta, and the clearance
of VPA is increased during pregnancy (Albani et al. 1984; Kondo et al. 1987). Valproic acid levels
in cord serum are often higher than in the mother and may be up to 5 times higher than the levels in
maternal serum. This increased concentration in the fetus has been attributed to a better binding in
the fetal compartment than in the maternal (Johannessen 1992). Moreover, VPA is excreted into
human milk in low concentrations (G.E. et al. 1984), and it has been estimated that infants may ingest

about 5% of the weight-adjusted maternal daily dose (Albani et al. 1984).
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5.2. Pharmacodynamics

VPA exhibits its PD effects in different ways: it acts on I) y aminobutyric acid (GABA)
levels in the brain, II) blocks voltage-gated ion channels, and finally III) acts as an HDAC inhibitor.
A reduced inhibitory tone in the CNS, due to a reduction in GABAergic transmission, can lead to a
seizure, making the GABA receptor a target for antiepileptic drugs. Indeed, VPA increases the
synthesis of the neurotransmitter GABA and promotes its transmission by inhibiting the metabolic
enzyme 4-aminobutyrate aminotransferase (ABAT). VPA targets include also voltage-gated sodium,
potassium, and calcium channels. Indeed, the antiepileptic action results also from the blocking of
these channels with a consequent reduction in neuronal firing (Johannessen 2003). Interestingly, for
a stable and persistent mood-stabilizing effect, VPA needs about 10 days, suggesting that its
mechanism of action involves also delayed effects such as changes at the transcriptional level.
Recently, VPA was demonstrated to be an inhibitor of HDACI as well as other HDACs (Géttlicher
et al. 2001; Phiel et al. 2001), which potentially increases the expression of genes involved in
apoptosis and antitumor action. HDAC inhibitor-induced activation/overexpression of specific
deacetylases in tumor cells can increase the effectiveness of antineoplastic therapies by promoting
the selective killing of tumor cells (Bradbury et al. 2005). HDAC inhibition induces expression
dependent genes Wnt (Gotze et al. 2014) a family of glycoproteins that playing an important role in

embryogenesis and homeostasis of adult tissues.

5.3. Effect of VPA during pregnancy

VPA is also in a variety of neurological and psychiatric conditions including bipolar disorder,
migraine, and schizophrenia. It was first licensed for use in Europe starting from the mid-1970s. But
starting from February 2018, the Pharmacovigilance Committee of the European Medicines Agency
strongly suggested to not use VPA during pregnancy unless all other available AEDs had failed
(Dalens et al. 1980). Successively in April of the same year, the Pharmacovigilance Committee
recommended that women using VPA should use effective contraception and agreed that VPA use
during pregnancy should be restricted to women in which the treatment with others antiepileptic
drugs is ineffective. For the past forty years, since VPA use began in Europe, many women have
taken this drug during pregnancy for its better effectiveness than other AEDs (Marson et al. 2007).
From the early 1980s reports began to be published suggesting that VPA exposure during pregnancy
was associated with an increased risk for congenital malformations and poorer developmental
trajectories (Clayton-Smith and Donnai 1995; Robert and Guibaud 1982). But it was only when
results from prospective cohort studies of children born to mothers taking VPA and data from
pregnancy registers became available (Wyszynski et al. 2005), that the serious teratogenic effects of
VPA were appropriately acknowledged. Thus, doctors in the EU are advised not to prescribe VPA
for epilepsy or bipolar disorder to pregnant women, or women of childbearing age, unless other
treatments are ineffective or not tolerated. At present, the percentage of risk for congenital

malformation after VPA exposure during pregnancy is about 11% (Meador et al. 2008; Weston et al.
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2016), but it is strictly correlated with dose, indeed the risk rises to 24% when the dose is over 1500
mg daily (Meador et al. 2008). In line with this scenario, in March 2016, the French Inspection
Générale des Affaires Sociales reported at least 450 cases of malformations in children born between
2006 and 2014 from mothers exposed to VPA during pregnancy (IGAS 2016). The most recent
consensus guidelines by the American Academy of Neurology, the American College of
Obstetricians and Gynecologists, and the International League Against Epilepsy might be
summarized as follows: 1) optimize treatment before conception, 2) use monotherapy if possible, 3)
choose the most effective AED for seizure type and syndrome, 4) use the lowest effective dose, 5)
supplement with folate, 6) treat the child with vitamin K at birth and possibly the mother late in
pregnancy for AEDs that interfere with vitamin K.

The risks of neurodevelopment impairment, as a consequence of VPA prenatal exposure (VPE),
appears diverse and can influence specific domains. A recent evidence-based review of prospective
cohort studies of major congenital malformations (MCMs) after exposure AEDs concluded that first-
trimester VPA exposure is highly likely to increase the risk for MCMs compared with the use of
either no AED or a few other single AEDs (Wendy S. Biggs 2009). Congenital malformations are
more likely in children exposed in utero to antiepileptic drugs (AEDs) and are increased with higher
AED dosages, higher AED serum levels, or polytherapy (Ornoy 2009b). On the 3rd of December
2009, the US Federal Drug Administration released a drug safety alert for health care professional
indicating that female patients should be warned about the possible consequences of valproate
treatment in offspring such as heart malformations, orofacial defects, urologic defects, skeletal
abnormalities, and neural tube defects (e.g. spina bifida) (Hill et al. 2010).

In addition to congenital malformation, in utero AED exposure caused also behavioral/cognitive
defects. Developmental delay, including reduced cognitive function, attention deficit disorder, and
learning difficulties have been repeatedly described among the offspring of VPA-treated mothers.
Recently, it was shown that children exposed to VPA in utero showed reduced verbal and non-verbal
cognitive outcomes (Meador et al. 2011). There was a significant negative correlation between VPA
dose (200-3000 mg/day) and language scores in children aged 6 to 8 years, and a greater deficit in
children exposed to VPA in comparison to other AEDs. Finally, children exposed to VPA had
significantly lower scores than controls on Verbal Comprehension and Working Memory assessed
by the Wechsler Intelligence Scale for Children in a dose-dependent manner, specifically, children
exposed to doses >800 mg/day showed a greater risk of intellectual impairment (C. Nadebaum et al.
2011a; 2011b). Clinical studies also show that VPA exposure during the first trimester of pregnancy
is associated with a higher incidence of ASD in the offspring. A possible association between in utero
VPA exposure and ASD was first observed by Christianson et al. (Christianson, Chester, and
Kromberg 1994) who described 4 children exposed in utero to VPA that demonstrated developmental
delay and, one of them, also ASD. Later, Williams and Hesh (Gail Williams and Hersh 1997)
described an additional child with the typical facial features of VPA embryopathy who also
developed the typical findings of ASD-symptoms, and several years later additional 5 children

20



(Bescoby-Chambers et al. 2001). Clinical findings demonstrated that VPA monotherapy during
pregnancy leads to a seven-fold greater risk for the offspring to develop ASD or its core features
such as language impairment, reduced attention, social impairment, and restricted interests (Bromley
et al. 2008). Among studied children, 8.9% had ASD or Asperger's syndrome caused by prenatal
exposure to VPA monotherapy (Rasalam et al. 2005). The mechanism by which exposure to VPA
during pregnancy causes ASD-like behavior is not entirely known, but some hypotheses have been

proposed.

VPA potently inhibits histone deacetylase (HDAC), a negative regulator of gene expression in
multiple settings. Importantly, the teratogenicity of VPA in vertebrate embryos is mimicked by the
HDAC inhibitor trichostatin A, whereas non-teratogenic analogs of VPA do not inhibit HDAC.
These findings lead us to propose that HDAC is an important target of VPA in the pathogenesis of
birth defects (Phiel et al. 2001). HDACs can be separated into two classes: HDACI and HDACII.
The first is expressed in neural stem cells/progenitors, but as they exit the cell cycle HDACI
expression is lost but maintained in glia throughout the cell cycle. On the contrary, HDACII is
expressed in post-mitotic neuroblasts and neurons, and up-regulated as they commit to a neuronal
lineage but not in fully differentiated glia (MacDonald and Roskams 2008). Transient
hyperacetylation of H3 and H4 histones induced by VPA during a critical window of embryonic
mouse brain might play a key role in autism pathogenesis (Kataoka et al. 2013; Moldrich et al. 2013).
Of note, exposure to valpromide, a VPA analog lacking HDAC inhibitory activity, neither affects
behavior nor induces a transient increase in the levels of acetylated histones (Kataoka et al. 2013).
Moreover, VPA treatment changes the expression of various genes (Barrett 2017; Cipriani et al.
2018; J.-W. Kim et al. 2014a; 2014b; Konopko, Densmore, and Krueger 2017; Stodgell et al. 2006;
Wiltse 2005) including the Hox genes that are critical to the early patterning of the embryo and the
methyl-CpG-binding protein 2 (MECP2) gene, implicated in CNS maturation. More in detail, Hoxal
is important in the development of the brainstem, as higher or lower Hoxal protein is teratogenic
(Stodgell et al. 2006). MeCP2 is the gene (located on X chromosome) responsible for Rett syndrome,
an X-linked neurodevelopmental disorder, which shows commonalities with ASD-like behavioral
phenotype (Amir et al. 1999).

Furthermore VPA, through HDAC inhibition, regulates the cellular response to DNA double-strand
break (DSB) formation by affecting checkpoint activation, DSB repair, and stability of crucial
enzymes involved in the resection of DNA ends (Shubassi et al. 2012). When taken during pregnancy
VPA-induces DNA damage, activation of apoptotic mechanisms, leaving an insufficient number of
neuroepithelial cells to undergo neural tube closure and resulting in neural tube defects (Tung and
Winn 2011), that is a major consequence of VPE (Hill et al. 2010). This evidence supports the
hypothesis that HDAC inhibition during a critical window of embryonic brain development

contributes to autism pathogenesis.
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However, it does not preclude that other mechanisms of action could be involved in ASD-like
behavior resulting from exposure to this drug during brain development. Indeed VPA exposure could
result in elevated GABA levels and signaling, as VPA inhibits GABA transaminases, enzymes
involved in GABA degradation while enhancing the activity of glutamic acid decarboxylase, a
GABA synthesizing enzyme (Johannessen 2003). GABA plays a critical role in the maturation of
neural networks in the developing brain (Baltz, de Lima, and Voigt 2010; Ben-Ari et al. 2007;
Sernagor et al. 2010). Thus, changes in GABA levels due to exposure to VPA during early
development could disrupt the developing neuronal circuitry and result in ASD behavioral
phenotypes. Moreover, VPA, by indirectly inhibiting glycogen synthase kinase 3 beta (GSK3p),
impacts axonal remodeling in developing neurons (Chen et al. 1999; Hall et al. 2002; Phiel et al.
2001), promoting Wnt signaling (Hall et al. 2002). The latter regulates the differentiation of cortical
intermediate progenitors into neurons (Munji et al. 2011) and the patterning of cerebral cortex (Chenn
2008). Given its crucial functions in the differentiation of neural precursor populations and the
regional specification of the cortex, abnormal activation of the Wnt pathway induced by in utero
VPA exposure could disrupt spatio-temporal windows of embryonic brain development that are

essential for the establishment of normal neuronal networks.

Also, the mTOR pathway has been suggested as a potential mechanism in the development of ASD
both in humans and animal models (Sahin and Sur 2015). Indeed, mTOR dysregulation was found
highly associated with several genetic forms associated with ASD. Moreover, recent advances in
preclinical research have demonstrated that VPE leads to an up-regulation of mTOR signaling that
results in ASD phenotype (Kotajima-Murakami et al. 2019; Kuo and Liu 2018; Qin, Dai, and Yin
2016; Sato 2016; Winden, Ebrahimi-Fakhari, and Sahin 2018; Xing et al. 2019). Since mTOR
governs various processes implicated in CNS development, its implications in neurodevelopmental

disease will be extensively discussed in the next chapter.
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6. ANIMAL MODEL OF AUTISM INDUCED BY PRENATAL EXPOSURE TO VPA
Considering clinical evidence that VPE causes ASD symptoms in the offspring, VPE in
rodents has been validated as a drug-induced preclinical model of ASD (Nicolini and Fahnestock
2018; Roullet et al. 2013; Tartaglione et al. 2019). The VPA model was created by Rodier, who
exposed rat embryos to a single dose of 350 mg/kg VPA (Rodier et al. 1996a). Since then, prenatally
VPA-exposed rodents have been used extensively to investigate the molecular pathways linked to
ASD behaviors as well as to identify new targets for ASD drug therapy. Thus, prenatal VPA exposure
in animals has been proposed as a model of ASD that has both constructs (similarity in underlying
causes) and face (resemblance to human symptoms) validity. Indeed, VPA rodents show marked
behavioral impairments resembling the core and secondary signs of ASD (Melancia et al. 2018;
Miyazaki, Narita, and Narita 2005a; Narita et al. 2002a; Rodier et al. 1996a; Schneider and
Przewlocki 2005; Servadio et al. 2016a).
Embryonic alterations induced by VPE: VPA exposure in the embryo causes short- and long-term
changes in the trajectory of neurodevelopment. Both in vitro and in vivo studies have provided key
details into the ways that VPA might influence neurodevelopment. For example, in an in vitro model,
the exposure of neural crest cells to VPA resulted in a loss of N-cadherin expression, which is
necessary for neural crest cells to migrate from the midline individually (Fuller et al. 2002)
suggesting that VPA-related interference with neural migration at key times in embryonic
development could contribute to neural tube defects. Moreover, rats prenatally exposed to VPA in
vivo on embryonic day 12 (E12) showed upregulation of anti-apoptotic factors and reduced levels of
apoptotic factors in whole brain lysates (Fuller et al. 2002). Since programmed cell death is an
important component of healthy brain development, VPA exposure may interfere with normal
embryonically regulated apoptotic programs leading to select tissue overgrowth that could contribute
to deficits observed in VPA-exposed offspring. Since VPA is an HDAC inhibitor, epigenetic
regulation has been proposed as a key mechanism by which VPA influences neurodevelopment in
ASD (Kataoka et al. 2013; Moldrich et al. 2013). Recently, Soham and his collaborators have
demonstrated that VPA specifically affects only early neurodevelopment through HDAC inhibition,
causing a transcriptional downregulation of genes essential for dendritic morphogenesis and synapse
maturation during early neurodevelopment (Soham Chanda et al. 2019). Overall, these data provide
a window into how VPA influences the developing nervous system in utero that could underline the
typical postnatal alterations.
Behavioral alteration in the VPA-rodent model: since impairment in social interaction is a key
feature of ASD, a valid animal model is expected to exhibit deficits in this behavioral domain. Rats
prenatally exposed to VPA show a wide range of deficits in the social domain. For both animals and
humans, social play is crucial for neural growth and proper development: it helps to develop
communicative skills, to acquire cognitive and social competence, and it contributes to the
development of behavioral and mental flexibility (Vanderschuren, Achterberg, and Trezza 2016;

Vanderschuren and Trezza 2014). At infancy, they show deficits in social communication and social
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discrimination (Cartocci et al. 2018; Dufour-Rainfray et al. 2010; Melancia et al. 2018; Schneider
and Przewtocki 2005; Servadio et al. 2016a). At adolescence, VPA-exposed rats display atypical
patterns of social play behavior, that is the most characteristic and rewarding social activity displayed
by young mammals: indeed, compared to control animals, rats prenatally exposed to VPA respond
to play solicitation mainly by partial rotation and evasion, rather than reciprocating the playful
interaction (Melancia et al. 2018; Servadio et al. 2016a). The social deficits displayed by VPA-
exposed rats are long-lasting since they also persist in adulthood (K. C. Kim, Lee, et al. 2014a; Kim
et al. 2011; Markram et al. 2008; Melancia et al. 2018; Schneider et al. 2008; Schneider, Turczak,
and Przewtocki 2006; Schneider and Przewtocki 2005; Servadio et al. 2016a, 2018). Interestingly,
the social interaction deficit observed in rats prenatally exposed to VPA was ameliorated after in vivo
treatment with rapamycin (Kotajima-Murakami et al. 2019), suggesting that a perturbation in mTOR
signaling could be linked with the behavioral phenotype observed in VPA-exposed rats.
Additionally to the social impairment, VPA animals displayed communication deficits measured
with ultrasonic vocalizations (USVs). Indeed, when separated from the dam and siblings, mice and
rats prenatally exposed to VPA show a reduction in the number of calls (Servadio et al. 2016a).
Finally, according to the DSM-5, the second core feature of ASD includes repetitive/stereotypic
behaviors. Several studies reported these behaviors in VPA animals in term of self-grooming (Gandal
et al. 2010; Mehta, Gandal, and Siegel 2011; Moldrich et al. 2013), digging (J.-W. Kim et al. 2014;
Mehta et al. 2011; Moldrich et al. 2013), and dipping (Melancia et al. 2018) behaviors.

Neuronal network activity in VPA animal model: the disruption in the excitatory and inhibitory
(E/T) balance has been proposed among the possible mechanisms involved in ASD etiology and
symptoms. E/I imbalance is associated with normal development and functioning of the brain. It
represents a key process for optimal tuning of the circuits to respond to salient inputs (Canitano and
Pallagrosi 2017; Shew et al. 2011). Male rats prenatally exposed to VPA present E/I imbalance,
similar to ASD patients (K. C. Kim, Choi, et al. 2014; K. C. Kim, Lee, et al. 2014b; Kim et al. 2013).
Particularly, VPA rat brains were characterized by the increased neuronal number and increased
protein markers such as PSD95, a-Ca (2+)/calmodulin-dependent protein kinase II (a-CaMKII), N-
methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5- methyl-4-isoxazolepropionic acid (AMPA)
receptors (Gandal et al. 2010; Go et al. 2012; K. C. Kim, Lee, et al. 2014b; Kim et al. 2013; Mehta
et al. 2011; Nagode et al. 2017). Moreover, VPA-exposed rats displayed hyper-connected micro-
circuits at the cellular level in different brain areas implicated in ASD, such as the prefrontal cortex
and the somatosensory cortex, which was reflected in enhanced expression and function of the
NMDA receptor protein (Rinaldi 2008; Rinaldi et al. 2007; Rinaldi, Silberberg, and Markram 2008;
Silva et al. 2009).
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7. THE MAMMALIAN TARGET OF RAPAMYCIN (mTOR)

mTOR is a serine/threonine-protein kinase (predicted molecular weight 280 kD) in the PI3K-
related kinase (PIKK) family, that is encoded by the MTOR gene, localized on chromosome 1p36
(Bareti¢ and Williams 2014). mTOR can combine with protein binding partners to form two distinct
protein complexes known as mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2)
(Harris and Lawrence 2003).

» mTORCI: figure 4 shows that it is defined by its three core components: mTOR, RAPTOR
(regulatory protein associated with mTOR), and mLST8 (mammalian lethal with Sec13
protein 8, also known as GBL). RAPTOR recruits the mTORC1 substrate across the binding
of the TOR signaling (TOS) motif. Instead, mLSTS is associated with the catalytic domain
of mTORCI. In addition to mTOR, RAPTOR, and mLST8 mTORCI present inhibitory
subunits PRAS40 (proline-rich Akt substrate of 40 kDa) and DEPTOR (DEP domain-
containing mTOR interacting protein). mTORCI is regulated both directly and indirectly
through the TSC1/TSC2 complex by adenosine monophosphate (AMP)-activated kinase
(AMPK) and AKT. Signaling through the PI3K pathway by growth factors such as insulin
and insulin-like growth factor 1 is an important regulator of AKT activity (Bareti¢ and
Williams 2014). Finally, mTORCI regulates p70 S6K (S6K) and eukaryotic translation
initiation factor 4E binding proteins 1 and 2 (4EBP1/2), both of which facilitate mRNA
translation (Gingras et al. 1999; Magnuson, Ekim, and Fingar 2012). Selective inhibition of
mTORCI1 is caused by rapamycin through its binding of FK506 binding protein 12
(FKBP12). The complex also regulates autophagy through inhibition of unc51-like
autophagy activating kinase 1 (ULK1) and autophagy-related 13 (ATG13) (Bareti¢ and
Williams 2014; Harris and Lawrence 2003).

» mTORC2: mTORC2 contains DEPTOR, MLSTS, telomere maintenance 2 (TEL2), and
TELO interacting protein 1 (TTIl) but differs, from mTORC1 with the presence of a
rapamycin-insensitive companion to mTOR (RICTOR), mammalian stress-activated protein
kinase 1 (MSIN1), and protein observed with rictor (PROTOR) (Fig.4). It can be activated
by growth factors that induce PI3K such as insulin, and it interacts with the TSC1/TSC2
complex, which is necessary for its activation. mMTORC?2 activity is also necessary for the

full activation of AKT (Saxton and Sabatini 2017).
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Figure 4: mTORC molecular and protein organization. Adapter from (Crino 2016)

7.1. The mTOR signaling network

In the brain, mMTORC1 and mTORC?2 regulate different cellular processes across many cell
lineages, such as neurons, astrocytes, and neuroglial progenitor cells. It is involved in distinct
functions such as neuronal excitability, memory formation, and learning. mTORC1 has multiple
subcellular localization including cytoplasm, endoplasmic reticulum, and nucleus. mTORCI1
assumes an active signaling conformation when it is tethered to the lysosomal membrane. Whereas
mTORC2 is required for cytoskeletal integrity and cell migration. To date, the majority of
neurological disorders associated with mTOR signaling have been linked to mTORCI. For this
reason, for the remainder of this thesis, [ will focus on mTORC1 (“mTOR” henceforth).

7.1.1. Upstream of mTORC1

mTOR integrates the inputs from upstream regulatory proteins that transduce information
from growth factors, insulin, ATP, nutrient stores (especially amino acids), oxygen, and energy
cellular levels (Fig.5). making mTOR a cellular sensor of cell growth and survival. The most
important protein involved in the regulation of mTOR activity is the TSC, a heterotrimeric complex
composed of TSC1, TSC2, and Tre2-Bub2-Cdc16 (TBC) 1 domain family, member 7 (TBC1D7),
and functions as a GTPase activating protein (GAP) for the small GTPase Rheb. Since only the GTP-
bound form of Rheb can directly bind and activate mTOR. Therefore, as a Rheb GAP, TSC
suppresses mMTOR by converting Rheb from an active GTP-bound form to an inactive GDP-bound
state. The growth factor regulates mTOR activity mainly through activation of two classical upstream
pathways of mTOR: PI3K/AKT/mTORCI1 and Ras/Raf/MEK/ERK/mTORCI signaling pathways.
Oxygen level affects mTOR activity in many ways. During hypoxia state activation of TSC through
transcriptional regulation of regulated in DNA damage and development 1 (REDDI) inhibit
mTORCI signal transduction. Besides, under mild hypoxic conditions, the decrease of ATP level

activated AMPK, also promoted TSC activation and inhibited mTORCI1 signal transduction.
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Furthermore, among amino acids, leucine and arginine, can lead to mTORC1 activation. Recently,
there are two different ways in which amino acids regulate mMTORC1: one is that leucine and arginine
depend on Rag GTPase to activate mTOR, the other is glutamine to activate mTOR independently
of the Rag GTPases (Hay and Sonenberg 2004).
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Figure 5: The mTOR Signalling Network. mTOR activation depends on three principal signals: the growth
factor pathway (1) characterize by PI3K activation that leads to inhibition of TSC2, phosphorylation of protein
S6 kinase beta-1 (S6K 1), or eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1). Low cellular
energy activates a cellular pathway that results in mTOR inhibition (2). Finally, changes in amino acid levels
lead to GATOR1 complex6 (DEP domain-containing protein 5, DEPDCS; nitrogen permease regulator proteins
NPRL2 and NPRL3) modulation (3). Adapted from (Crino 2016).
7.1.2. Downstream of mTORC1

During the maturation phase, the production of proteins, lipids, and nucleotides increases,
while catabolic process pathways, such as autophagy, decrease (Fig.6). mTOR regulates these
processes and controls the anabolism/catabolism balance in response to environmental conditions. It
integrates a variety of stimulation and signaling networks to promote anabolism. For example, it can
promote protein synthesis by directly phosphorylating two key proteins: ribosomal protein S6 kinase
1 (p70S6K1) and the eukaryotic translation initiation factor 4E binding protein (4EBP) (Saxton and
Sabatini 2017). Moreover, it can promote novel lipid synthesis through the sterol response element-
binding protein (SREBP) transcription factor to promote membrane formation during cell growth
(Porstmann et al. 2008). Furthermore, mTOR also promotes the synthesis of nucleotides required for
DNA replication and ribosome synthesis in cell growth and proliferation (Ben-Sahra et al. 2013;
Saxton and Sabatini 2017). In addition to promoting the above anabolic processes, mMTORCI also
negatively regulates the catabolic process-autophagy, thus indirectly promoting cell growth (Fonseca

and Proud 2009).
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Figure 6:Downstream signaling pathways of mTOR. Activation of mTOR modulates different targets
molecules, resulting in downstream processes such as mRNA translation, metabolism, protein turnover, and
transcription. Adapted from (Saxton and Sabatini 2017).

7.2. Role of mTOR in the brain

In the CNS, mTOR pathway regulates several cellular processes required for correct neural
development and circuits formation. During the embryonic and neurogenesis period, it regulates
neural stem cells (NSCs) differentiation as well as neural progenitors migration. Moreover, mTOR
influences also axon maturation and neuronal communication through the regulation of synaptic
strength (Jaworski and Sheng 2006).
Abnormal mTOR signaling leads to a host of neurodevelopmental, psychiatric, and
neurodegenerative disorders, including ASD, schizophrenia, and Rett syndrome (Winden et al.
2018). As previously described in chapter 2, many neurodevelopmental diseases are associated with
disruptions in known members of the mTOR pathway, including TSC1, TSC2, and PTEN (Fig.7)
(Sato 2016). The first evidence about the importance of mTOR in development has been obtained in
the “flat-top” mutant mouse in which a mutation in the mTOR gene leads to a defect in telencephalon
formation and premature death during mid-gestation (Hentges et al. 2001), suggesting a central role
of mTOR in normal development and viability (Murakami et al. 2004). Based on these findings,
using specific knockout animal models for members of the mTOR pathway, it was possible to dissect
the role of this complex pathway in brain development. The loss in mTOR negative regulators
TSC1/2 and PTEN leads to an increase in mTOR signaling causing profound changes in neuronal
architecture and differentiation (Fig.7) (Kwon et al. 2006b; Tavazoie et al. 2005). In particular, loss
of TSC1/ 2 function causes impairment in cellular maturation, axon development, and reduction in
dendritic spine numbers (Choi et al. 2008; Tavazoie et al. 2005). In addition to cellular changes,
mTOR has a prominent role also in synaptic plasticity, learning, and memory processes, by regulating
new protein synthesis (Kandel 2001). Tang et al. showed that rapamycin impaired protein synthesis-
dependent late phase of long-term potentiation (L-LTP) in rat hippocampal slices. The same authors
further found that mTOR, translation initiation components (e[F4E), and mTOR substrates (4E-BP),
co-localized with post-synaptic markers, suggesting that mTOR inhibition with rapamycin targeted

synaptic translation machinery (Shao and Schuman 2002). mTOR is also required for mGluR
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dependent-LTD (Huber, Roder, and Bear 2001), another known form of protein synthesis-dependent
synaptic plasticity, which is found altered in the FXS mouse model (Huber et al. 2002).

Activation of mGluRs leads to increased ERK-MAPK and PI3K-mTOR signaling and activation of
protein synthesis near synapses. Therefore mTOR inhibition and block of protein synthesis result in
loss of mGluR-dependent LTD, confirming the involvement of mTOR in LTD regulation (Auerbach,
Osterweil, and Bear 2011; Banko et al. 2006; Hou and Klann 2004; Huber et al. 2002). In keeping
with the neurophysiological evidence linking mTOR signaling to synaptic plasticity, this pathway
has important roles in cognitive behaviors. Indeed, Tsc2+/- mice, characterized by enhanced L-LTP
and reduced LTD, displayed impairment in hippocampus-dependent learning paradigms. This defect
has been reverted whit rapamycin administration (Ehninger et al. 2008). Similarly to behavioral
alteration found in Tsc2+/- mice also, S6K1 and 4EBP2-null mice displayed abnormal fear
conditioning and defective hippocampus-based learning (Antion et al. 2008; Banko et al. 2007).
Since S6K1 and 4EBP?2 loss are expected to have at least partially opposing net downstream effects
these findings that any disruption in mTOR downstream signaling can affect cognition. suggesting
the strong link between mTOR signaling, synaptic plasticity impairment, and altered cognitive
function.

Figure 7 shows as mTOR pathway dysregulation cause a series of the cellular, circuit, and
neurophysiological effects underlying many pathological conditions including ASD. Indeed, several
genetic disorders that directly affect mTOR signaling are associated with ASD. Moreover, animal
models with mutations in mTOR family members display impairment in motor and social domain
that represents the core features of ASD (Ehninger et al. 2012; Goorden et al. 2007; Kwon et al.
2006b; Waltereit et al. 2011). Interestingly, rapamycin ameliorates the behavioral phenotype in the
same animal models, (Sato et al. 2012). These studies have illuminated translational regulation
pathways as crucial mediators of higher-order cognitive function and suggest that manipulation of

these pathways may be pharmacological targets for treating ASD.
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Figure 7: The mTOR Pathway in Neurodevelopmental Diseases. In Neurodevelopmental disease, the loss
of NF-1, TSC1/2, or PTEN, may stimulate mTOR-dependent protein synthesis, which leads to a host of
cellular, structural, and physiological responses that culminate in clinical symptoms. Adapted from (Lipton
and Sahin 2014).
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8. POTASSIUM CHANNELS

Potassium (K") channels represent the oldest membrane channel family in evolution, highly
conserved across eukaryotic cells, bacteria, and yeasts (Hille 1978). They selective conduct K* ions
down their electrochemical gradient (Lim and Dudev 2016). At rest, the K’ extracellular
concentration is about less compared to the other ions, and for this when K* channels are open, a
positive K* charge moves from the cytoplasm to the extracellular compartment, resulting in a
polarization of the membrane potential.
In neurons, these channels are master regulators of electrical properties. Indeed, K™ channels
influence neuronal excitability through the ability to stabilize the resting membrane potential (Hille
1978). Moreover, they regulate action potential (AP) frequency and waveform, and the strength of
synaptic contacts between neurons (Bean 2007). Given their role in the control of neuronal activity
in the CNS, mutations of these channels are strongly implicated in several neurological disorders
associated with alterations in excitability, such as epilepsy and episodic ataxia (Browne et al. 1994;
Shieh et al. 2000).
Functional K" channels are tetrameric structures composed of two or four a-subunits organized
around a central ion-conducting pore. Each K™ channel o-subunits includes a variable number of
trans membrane segments(TMS) connected through intra- and extra-cellular loops in which amino
(N)- and carboxy (C) terminal are located in the cytoplasmatic compartment. From the amino-acid
sequences of a-subunits, these channels can be divided into three families: 1) the six transmembrane
(6TM) domain channels which are mainly gated by voltage. They can also respond to both Ca*" and
voltage or by Ca*" alone; 2) the two transmembrane (2TM) known as inward-rectifier K" channels
(Kir) and finally 3) the four transmembrane (4TM) or two-pore domain (K2P) also called leak K"

channel(s) as shown in Figure 8.
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Figure 8: Potassium channels classification. Schematic representation of K™ channels families structure
Adapted from (Benarroch 2009).
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In the last decade, many studies have been suggested the importance of the K* channels in ASD-
related disease (Cristina D’adamo et al. 2011; Luca et al. 2015; Sun et al. 2018). Among K" channels,
in this thesis, I will discuss only Kir channels as possible ion channels involved in the ASD

phenotype.

8.1. Inward-rectifier K channels (Kir)

The 2TMS channels family is also known as Inward-rectifier K™ channels (Kir). It is involved

in several biological processes in both nervous and non-nervous tissues. In the latter, Kir channels
regulate heart rate, vascular tone, insulin release, and salt flow across epithelia, whereas in CNS Kir
channels are strongly implicated in the regulation of neuronal excitability (Shieh et al. 2000).
In mammals, KCNJx genes encode Kir channels, that can be divided into seven subfamilies (Kirl.x
to Kir7.x), based on their strength of rectification and their responses to cellular signals(Fig.9A).
These subfamilies include 1) classical Kir channels constitutively active and strong inward
rectification (Kir2.x), 2) G protein-gated Kir channels gated by G-protein coupled 3 receptors
(Kir3.x), 3) ATP-sensitive K" channels regulated by ATP (Kir6.x) which combine with
sulphonylurea receptors (SUR), and 4) K+ -transport channels (Kirl.x, Kir4.x, Kir5.x, and Kir7.x).
The common molecular structure is composed of two transmembrane (TM) segments called M1 and
M2, a pore loop (P), and amino (N)- and carboxy (C)-terminal cytoplasmic domains (Hibino et al.
2010) (Fig.9B).
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Figure 9: Overall organization of Inward-rectifier K* channels. A) Kir channels families can be divided
into seven subgroups including the strong inward-rectifier K* channels (Kir2), the G-protein-activated inward-
rectifier K" channels (Kir3), and the ATP-sensitive K" channels (Kir6), which combine with sulphonylurea
receptors (SUR). B) Schematic of a Kir channel subunit indicating the cytoplasmic N- and C-terminus domains,
two transmembrane-spanning domains (M1 and M2), and the pore-forming loop with selectivity filter (P)
(Bichet, Haass, and Jan 2003).

Unlike canonical voltage-gated potassium (Kv) channels, Kir channels do not display a voltage-
sensing domain. Their voltage dependence is determined by their characteristic ability to mediate the
inward flow of K" ions at hyperpolarizing membrane voltages more readily than the outward flow
of K" at depolarizing voltages. Importantly, a small outward current exists when the membrane

potential (Em) is equal to the equilibrium of potassium (Ek), but the rectification of current occurs

when Em > Ek through Kir blockage by polyamines (e.g. putrescine, spermine, and
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spermidine) and/or magnesium (Mg”"). This rectification allows for greater inward currents at
hyperpolarized potentials than outward currents at depolarized potentials. Although relatively simple
biophysical properties when compared to voltage-gated ion channels, the inward flux of K™ ions at
hyperpolarized potentials regulates various physiological processes ranging from maintaining the
resting membrane potential, neuronal excitability, and muscle contraction (Hibino et al. 2010).

Finally, the activity of Kir channels can be modulated by several cytoplasmic factors, including Mg?**
ions, polyamines, nucleotides, phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P»), lipids, and
many intracellular proteins that can interact directly with the channel and modulate its function

(Hibino et al. 2010).

8.2. Pharmacology of Kir channels

Biophysical characterization of Kir channels was possible by using inorganic and organic
blockers of canonical K™ channels. Unlike Kv channels, which are blocked by 4-aminopyridine (4-
AP) and tetracthylammonium (TEA) salts but insensitive to and Ba®’, Kir channels show opposite
pharmacological profile. Indeed, they are sensitive to Ba** and Cs” but not to 4-AP, while showing
sensitivity to TEA at millimolar concentration. Moreover, also toxins show several blocking
activities on Kir channels (Doupnik 2017; Jin and Lu 1998). Among these, tertiapin is the most potent
toxins that specific block Kirl.1 and Kir3.1/3.4 channels, with a little effect on other types of Kir
channel (Imredy, Chen, and MacKinnon 1998; Jin and Lu 1998; Kanjhan et al. 2005). Kir blocker
site is localized in the conduction pore formed by the linker between TM1 and TM2 segments (Felix

et al. 2006; Jin et al. 1999; Reimann, Proks, and Ashcroft 2001).

8.3. Kir channels in neurodevelopmental disease

Given their role is not surprising that any alteration in Kir channels activities could lead to
abnormal functioning of brain electrical circuits. Indeed, several neurological disorders including
neuropsychiatric, neurodegenerative, and neurodevelopmental diseases have been attributed to ion
channel mutations (Gargus 2009; Imbrici, Camerino, and Tricarico 2013; Kullmann 2010).
Remarkably, it has recently demonstrated the causative role of Kir channels in the etiopathology of
ASD (Cristina D’adamo et al. 2011; Ebert and Greenberg 2013; Luca et al. 2015) in both human and
animal models. Recently, a genetic analysis of ASD children resulted in the identification of twelve
tag single nucleotide polymorphisms (SNPs) from the KCNJ2 and KCNJ10 genes strengthening the
notion that their intrinsic dysfunction may play a central role in ASD pathogenesis (Sun et al. 2018).
Sun and his collaborators have further found that Kir2.1 and Kir4.1 expression was lower in VPA
rats than in control (Sun et al. 2018), indicating that these channels play an important role in ASD
susceptibility. KCNJ2 gene encodes for Kir2.1 channels that in the brain is predominantly expressed
in the hippocampus, caudate, putamen, nucleus accumbens, and to lower levels in habenula and

amygdala (Kanjhan et al. 2005), where it contributes to control
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neuronal excitability. Importantly, these channels are expressed in the brain areas involved in
cognition, mood, learning, memory, and reward-related behavior, demonstrating the putative role of
these channels in the development of key features of ASD. For instance, FSX, loss of fragile X mental
retardation protein resulted in potassium channel dysregulation and cognitive dysfunction as well as
autistic behavioral symptoms (Lu et al. 2016). In Mecp2-null mice, an animal model of Rett
syndrome, overexpression of Kir channels was associated with abnormal neuromodulation and
autism-like behaviors (Zhang et al. 2010). Thus, aberrant Kir channel expression and function may
lead to an imbalance of K+ homeostasis in the brain and defective brain development, which could

underlie neuropsychiatric disorders.
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9. VENTRAL STRIATUM (NUCLEUS ACCUMBENS (NAc)): anatomical and
cellular organization

The ventral striatum (VS), commonly known as Nucleus Accumbens (NAc), is a circular
structure located anterior to the posterior border of the anterior commissure (AC) and lies parallel to
the midline. It is composed of two distinct areas: a central core (NAcc), localized closer to the AC,
surrounded by an outer shell (NAcSh). NAcc is considered a part of VS, while NAcSh an extension
of the amygdala (Heimer and Alheid 1991). NAc is anatomically indistinguishable from the dorsal
striatum. Indeed, neither cytoarchitectonic nor histochemistry distinctions mark a clear boundary
between the two areas. Thus, the best way to define the VS is by its afferent projections from cortical
and subcortical areas (Salgado and Kaplitt 2015). Unlike the dorsomedial (DMS) and lateral striatum
(DML), NAc receives I) glutamatergic inputs from the prefrontal cortex (in particular from prelimbic
and infralimbic cortex), basolateral amygdala, hippocampus and thalamic nuclei, II) histaminergic
projections from the tuberomammillary nucleus, and finally, III) dopaminergic inputs from the
ventral tegmental area (VTA) (Salgado and Kaplitt 2015; Tremblay, Worbe, and Hollerman 2009)
(Fig.10)
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Figure 10: Schematic representation of striatal inputs. Diagram of glutamatergic, serotoninergic, and
dopaminergic inputs to distinct striatal sub-regions. Dorsomedial striatum (DMS), dorsolateral striatum (DLS),
and nucleus accumbens (NAc). Adapted from (Fuccillo 2016).

Striatal neurons can be divided into two principal classes based on their morphology: (a) spiny
projection neurons and (b) aspiny interneurons including unique classes of GABAergic interneurons
such as fast-spiking (FS) and low-threshold spiking (LTS) GABAergic interneurons, and tonically
active, aspiny cholinergic neurons (TAN) (Kawaguchi et al. 1995) (Fig.11 left). Spiny projection
neurons, also called medium spiny neurons (MSNs), are characterized by several dendritic spines
(Kawaguchi et al. 1995). In the entire striatum, MSNs represent the most abundant neuronal type
(more than 95%). They can be further classified based on the expression of D1 or D2 dopamine (DA)
receptors expression. D1R-expressing MSNs are part of the direct pathway while D2R-expressing
MSNss are part of the indirect pathway of basal ganglia (Kawaguchi et al. 1995; Salgado and Kaplitt
2015). These pathways function in opposition to one another in reward-based learning, with the direct

pathway mediating reinforcement and the indirect pathway mediating
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punishment and aversion (Bromberg-Martin, Matsumoto, and Hikosaka 2010; Frank, Seeberger, and
O’Reilly 2004; Kravitz and Kreitzer 2012). Since the NAc is a major target area of the ML
dopaminergic system, the overall impact of NAc output on behavior depends on the relative activity
of DI- vs. D2-expressing MSNs. Indeed, proper activation of direct and indirect ML pathways
underlies proper motor learning as well as the acquisition of reward-related behaviors (Kawaguchi

et al. 1995; Shin, Kim, and Jung 2018).

Electrophysiological properties of NAc-MSNs: MSNs are characterized by a hyperpolarized
resting membrane potential (Vr), low input resistance (IR), and many potassium conductances that
shape their characteristic firing patterns (Nisenbaum and Wilson 1995). In MSNs both Vr and IR are
strictly controlled by Kir channels, particularly by Kir 2.1 that are the most abundant subtype
expressed in the somatodendritic compartment of NAc-MSNs (Priiss et al. 2003). Indeed at rest, Kir
channels are responsible for their distinctive negative resting potential and low IR. Membrane
depolarization inactivates Kir channels and activates both fast- (Kv4.2) and slow- inactivating
(Kv1.2) A-type potassium currents, as well as a persistent potassium conductance (Kv7), which
together yield a slow depolarization and delay to the initial spike (James Surmeier, Bargas, and Kitai
1989; Nisenbaum et al. 1996; Shen et al. 2004; Surmeier et al. 1991; Tkatch, Baranauskas, and
Surmeier 2000). Depolarization and spiking also yield calcium influx, which can activate both small-
and large-conductance calcium-activated potassium channels (Bargas et al. 1999) and limit MSN

firing rates (Fig.11 right).
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Figure 11: Striatal neurons. Schematic representations of (a) a striatal medium spiny neuron (MSN), (b) a
fast-spiking interneuron (FS), (c) a low-threshold spiking interneuron (LTS), and (d ) a cholinergic tonically
active neuron (TAN) (left). Firing properties of medium spiny neurons (right). Adapted from (Kreitzer 2009).

The intrinsic membrane properties of these neurons are crucial for the correct response to synaptic
inputs because MSNs fluctuates between two stable states, the “downstate”, characterized by a
hyperpolarized RMP (~-80 mV) in which MSNs are in a quiescent, and “upstate,” characterized by
a depolarized RMP (~-55 mV), which facilitates action potential firing (Bargas et al. 1999). The
stability of MSNs at rest in downstate is due to high levels of Kir that limit membrane depolarization

in response to excitatory synaptic inputs. However, if sufficient numbers of inputs
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become active, MSNss can be depolarized enough to block Kirs, shifting MSNs into the up responsive

state (Bargas et al. 1999).

9.1. The mesolimbic (ML) reward pathway

Thanks to dopaminergic projection from the VTA, the NAc is part of the mesolimbic (ML)
pathway, also known as the reward pathway, that is the principal brain pathway involved in reward-
related behavior as well as motivation and emotional processes, motor behaviors, and addiction
(Dafny and Rosenfeld 2017; Floresco 2015; Haghparast et al. 2017). In this scenario, dopamine has
a crucial role in the reward system, because is the principal neurotransmitter realizes in NAc, as well
as in other brain regions, involved in pleasure-related cognition (Berridge and Kringelbach 2015;
Berridge, Robinson, and Aldridge 2009). Importantly, since NAc-MSNs are considered the output
of the ML system, it plays a central role to assign a positive value to an emotional response,
counterbalanced by a negative emotional response pathway mediated by the amygdala (Wager et al.
2008). Based on its important role in reward and motivation, ML pathway dysfunction could lead to
altered reward representation reducing motivation for rewarding experiences. Moreover, when this
alteration is restricted to the social domain the ability to assign a positive value to social experiences
could be lost. Since reduced social interaction is a key feature of ASD, this feature could be linked
to ASD brains might fail to register social experiences as rewarding, further reducing the motivation
to seek social interactions and develop social abilities. To support this, functional MRI studies in
both children and adults with ASD, demonstrate the reduction in ML reward pathway accompanied
by a strong impairment in social measured by the ADI-R social interaction subscale (Supekar et al.
2018). Furthermore, in ASD subjects, dopamine imbalances manifested as either hyperactivity or
hypoactivity of midbrain dopaminergic pathways have been detected, highlighting the heterogeneity
of the disease (Paval 2017). In agreement with the clinical data, also animal models characterized by
ASD like phenotype display impairment in the social domain. Among these, rodents exposed to VPA
during pregnancy show marked behavioral impairments resembling the core and secondary signs of
ASD (Melancia et al. 2018; Miyazaki, Narita, and Narita 2005b; Narita et al. 2002b; Rodier et al.
1996b; Schneider and Przewlocki 2005; Servadio et al. 2016b). The social dysfunctions displayed
by VPA-exposed rats may be caused by either their inability to properly understand and respond to
social signals by the social partner or by a failure of their reward system to assign a positive value to
the social experience, suggesting the possible involvement of ML pathway and more specifically of
the NAc. Moreover, it has been demonstrated that striatal MSNs show enriched expression of genes
associated with ASD (Chang et al. 2015) and that ASD-associated mutations affect specific MSN
subtypes (Portmann et al. 2014; Rothwell 2016; Rothwell et al. 2014).

Taken together, it seems likely that the profound deficits in the social approach and rigid behavioral
patterns that typify ASD may stem in part from specific abnormalities in striatal-based reward

processing.
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10. AIM OF THESIS

Reduced social interaction is a key feature of ASD. Since VPA is known to mimic ASD
in rodents, this Ph.D. project aimed to investigate whether the social impairment displayed by VPA-
exposed rats could be caused by a dysfunction in the mesolimbic (ML) reward system. To achieve

this goal, in vivo (1) and in vitro (2) experiments were pursued.

(1) The effect of VPE on the social domain was initially studied performing behavioral
characterization in rats.

(2a) NAc is considered the output of the ML system. Given its important role in rewarding forms of
social interaction, we addressed the role of the NAc in the social impairment displayed by VPA-
exposed rats by performing electrophysiological experiments in this brain area.

(2b) Recently, it has been demonstrated that rapamycin ameliorates the social deficit displayed in
animal models showing ASD-like phenotype (Kotajima-Murakami et al. 2019; Sato et al. 2012).
Thus, we investigated the neuroprotective efficacy of rapamycin on NAc-MSNs alterations. Hence,
we performed electrophysiological experiments during acute rapamycin application to evaluate its

effects on NAc-MSNs properties in VPA-exposed rats.
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11. METHOD

11.1 Animals

All procedures required for ex vivo experiments were conducted in compliance with the
Council Directive of the European Community (2010/63/EU), Decreto Legislativo Italiano 26
(13/03/2014) and approved by the Animal Care Committee of the Department of Neurofarba,
University of Florence (authorization number: 31-2019-PR). Female Wistar rats were obtained from
Charles River (Arbresle, France) and housed singly in a temperature-controlled (24 °C) animal
colony under a 12 h light/dark cycle with food and water available ad libitum. Female rats were
mated overnight. The morning when spermatozoa were found was designated as gestational day 1.
The valproic acid sodium salt was dissolved in 0.9% saline and administered at a dose of 500 mg/kg
that has been shown to induce autistic-like behavior in the offspring (Nicolini and Fahnestock 2018).
On gestational day 12.5, females received a single intraperitoneal injection of either VPA or saline
(SAL). On postnatal day (PND) 21, the pups were weaned and housed in groups of three. The
experiments were carried out on the male offspring during adolescence (PNDs 30—40) and adulthood
(PNDs 90-95). One male pup per litter from different litters per treatment group was used in each
experiment. For the flow cytometric experiments, we used brain samples from the VPA- and SAL-
exposed rats tested in the social play behavior, the three-chamber, and the social discrimination tests.

Other cohorts of VPA- and SAL-exposed rats were used for the electrophysiology experiments.

11.2. Behavioral test

11.2.1. Social Play Test

The test was performed in a sound-attenuated chamber under dim light conditions. At PNDs
35-40, rats were individually habituated to the test cage for 10 min on the 2 days before testing. On
the test day, the animals were isolated for 3 h before testing. The test consisted of placing each
experimental rat together with an untreated animal for 15 min in the testing chamber. In rats, social
play behavior starts with one rat soliciting (‘“pouncing’’) another animal, by attempting to nose or
rub the nape of its neck. The animal that is pounced upon can respond in different ways: if the animal
fully rotates to its dorsal surface, ‘“pinning’’ is the result (one animal lying with its dorsal surface on
the floor with the other animal standing over it), which is considered the most characteristic posture
of social play behavior in rats. The following parameters were scored for each animal of a pair using
the Observer 3.0 software (Noldus, The Netherlands): (1) number of pinning events; (2) number of
pouncing events; (3) evasion (the animal that is pounced upon does not prolong the playful
interaction but rather runs away); and (4) play responsiveness (the percentage of response to play
solicitation, as the probability of an animal of being pinned in response to pouncing by the stimulus
partner). Time spent in social exploration (the total amount of time spent in non-playful forms of
social interaction, like sniffing any part of the body of the test partner, including the anogenital area,

or grooming any part of the partner body).
39



11.2.2. Three-Chambers Test

The apparatus was a rectangular three-chamber box, with two lateral chambers (30 x 35 x
35 cm; 1 X w x h) connected to a central chamber (15 x 35 x 35 cm; 1 x w x h). Each lateral chamber
contained a small Plexiglas cylindrical cage. At PND 90, each experimental rat was individually
allowed to explore the three-chamber apparatus for 10 min and then confined in the central
compartment. An unfamiliar stimulus animal was confined in a cage located in one chamber of the
apparatus, while the cage in the other chamber was left empty. Both doors to the side chambers were
then opened, allowing the experimental animal to explore the apparatus for 10 min. The
discrimination index was scored using the Observer 3.0 software (Noldus, The Netherlands) and was
calculated as the difference in time spent sniffing the stimulus animal and the time spent exploring
the empty chamber, expressed as the percentage ratio of the total time spent exploring both the

stimulus animal and the empty chamber.

11.2.3. Social Discrimination Test

Animals were isolated for 7 days before testing. The test consisted of a learning trial and a
retrieval trial, which were separated by a 30 min intertrial interval. During the learning trial, a
juvenile (PND 30) unfamiliar rat was introduced into the home cage of the experimental rat for 5
min. The time spent by the experimental rat investigating (sniffing, allogrooming and following) the
juvenile was measured. Thirty-minutes after, the juvenile used in the learning trial was returned to
the same adult’s cage together with a novel juvenile. The time spent by the adult exploring the novel
and the familiar juveniles was monitored for 5 min. The discrimination index was calculated as the
difference in time exploring the novel and the familiar animal, expressed as the percentage ratio of

the total time spent exploring both animals.

11.3. Brain Samples Collection

Rats were rapidly decapitated, and their brains were removed and cut into coronal slices on
a cold plate. The PFC, DS, NAc and hippocampus (HIPP) were dissected by hand under microscopic

control within 2 min.

11.3.1. Flow Cytometric Experiments

Brain samples for each brain area were transferred with PBS into 1.5 ml tube. After
centrifugation, the pellet was digested with Trypsin (0.1%) for 30 min at 37°C on slight agitation.
Cell suspensions were filtered with CellTrics (100 pm) and washed with 5 ml of PBS. A little sample
of suspension was analyzed for forward and side scatter parameter for neuron population quality
control (Cruz et al. 2013). Each sample was fixed with PFA (1%), permeabilized with ice-cold
ethanol (70%) and incubated for at least 2 h at —20-C. Next, cells were centrifuged, rehydrated with
1 ml PBS/BSA (1%)/Triton (0.1%), aliquoted in 96 well tissue culture plates with conical bottom.
Samples were incubated for 1 h RT with primary antibody anti-D1 (1:100 diluted, Novusbio
AB81296) and D2 dopamine receptors (1:100 diluted, Santa Cruz SC-7523). The cells were washed
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and incubated with secondary antibody anti-rabbit and anti-goat Alexa 488 conjugated. All samples
were counterstained with propidium iodide/RNase buffer for nuclei identification (with GO cell cycle
phase DNA content) and for singlet/doublets discrimination. Mean fluorescence intensity of 20,000

useful cellular events for each sample, was calculated.

11.4. Striatal slice preparation

I-month old male Wistar rats were anesthetized with isoflurane and decapitated. The brain
was quickly removed and glued to the bottom of a vibroslicer slicing chamber (Leica VT 1000S,
Leica Microsystem, Wetzlar, Germany). Coronal brain slices (350 um) containing the NAc were cut
in a sucrose-based solution composed of (in mM): 87 NaCl, 75 sucrose, 25 glucose, 4 KCI, 2.1
MgCl2, 0.5 CaCl2, 18 NaHCO3, and 1.25 NaH2PO4. During slicing, the solution was kept cold and
infused with a 95% 02 + 5% CO2 gas mixture. Immediately after cutting, slices were stored for 1 h
at 32¢C in a low calcium artificial cerebrospinal fluid (low Ca2+ aCSF) that contained in mM: 130
NaCl, 11 Glucose, 2.5 KCl, 2.4 MgCl2, 1.2 CaCl2, 23 NaHCO3, 1.2 NaH2PO4, and was equilibrated
with 95%02/5%CO02 and then at room temperature until the time of recording. During recordings, a
single slice was kept in a flow chamber positioned under the microscope objective and continuously
perfused with aCSF (same as low Ca2+ aCSF with the following exception: 2.4 mM CaCl2 and
1.2mM MgCI2).

11.5. The patch-clamp technique

The patch-clamp technique, invented by Erwin Neher and Bert Sakmann in 1976, consists
of sealing the tip of a pipette filled with a physiological solution to the membrane of a cell,
maintaining it at a specific voltage to measure currents flowing through ion channels. Alternatively,
the experimenter can control the current injected into the cell through the recording electrode,
measuring its potential. There are five different configurations of patch-clamping: “whole-cell”,
“cell-attached”, “inside-out”, “outside-out” and “perforated”. Among them the less invasive is the
cell-attached configuration, where the patch electrode is sealed to the membrane (reaching an
electrical resistance in the order of a GQ), leaving the cell intact and allowing the recording of
currents through single ion channels. The whole-cell configuration is obtained with the rupture of
the seal, allowing the pipette to become continuous with the membrane. If alter the formation of
gigaseal the pipette is quickly withdrawn from the cell, the piece of membrane inside of it will be
exposed to the extracellular media (inside-out configuration). Pulling the membrane from both sides
of a whole-cell configured patch in order to let the external faces being in contact with the external
solution will result in the outside-out configuration. During whole-cell recordings an irreversible
washout of diffusible intracellular constitutes (e.g. ATP, phosphorylating molecules, etc) into the
relatively larger volume of the pipette through dialysis can occur. As a consequence, properties and
functions of ion channels can be impaired, leading to a decrease of ionic currents over time. The

permeabilized-patch whole-cell configuration overcomes this problem by accessing
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the intracellular space not by seal rupture but forming pores thanks to a pipette solution containing
antibiotics. In this way, the dialysis is much slower and the intracellular environment is preserved

for long recordings.

11.6. Electrophysiology

Whole-cell patch-clamp recordings

Patch pipettes were pulled from thin-walled borosilicate capillaries (Harvard Apparatus,
London, UK) with a vertical puller (Narishige PP830, Narishige International Limited, London, UK)
and back-filled with one of following intracellular solutions containing (in mM): (i) K+
methanesulfonate (120), KCI (15), HEPES (10), EGTA (0.1), MgCl, (2), Na;Phosphocreatine (5),
Na,GTP (0.3) and MgATP (2); (ii) KCI (140), MgCl, (1.6), MgATP (2.5), NaGTP (0.5), EGTA (2),
HEPES (10) resulting in a bath resistance of 3—5 MQ or (iii) K+ gluconate (145), NaCl (3), MgCl,
(1), EGTA (1), CaCl, (0.3), Na"ATP (2), Na"GTP (0.3), cAMP (0.2), HEPES (10) (pH 7.25-7.3,
osmolality, 280-300 mOsm) resulting in a bath resistance of 4-6 MQ. Unless otherwise specified, all
drugs were purchased from Sigma-Aldrich (St. Louis, MO, USA) and bath-applied. Access
resistance was monitored during voltage-clamp recordings with 100-ms, —10- mV steps, throughout
the experiment. Recordings undergoing a drift in access resistance > 10% were discarded. No whole-
cell compensations were used. Signals were sampled at 10 kHz and low-pass filtered at 3 kHz with
an Axon Multiclamp 700B (Molecular Devices, Sunnyvale, CA, USA). Recordings were made in
the medial ventral NAc core close to the anterior commissure (Salgado and Kaplitt 2015) where
MSNs were identified by their morphological and electrophysiological properties (Cepeda et al.
2008). Current-voltage (I-V) curves were made by a series of hyperpolarizing to depolarizing current
steps with amplitude ranging from —50 to +550 pA with 50 pA increments immediately after breaking
into the cell. Inwardly rectifying potassium currents (IKir) were obtained by imposing 500 ms-
voltage steps with amplitude ranging from —150 to —60 mV with 10 mV increments. Potassium
currents were recorded in the presence of tetrodotoxin (TTX, 1 uM), a blocker of voltage-dependent
sodium channels. IKir was isolated as the 1 mM CsCl-sensitive component. IKir current density was
obtained by normalizing current amplitudes for membrane capacitance (derived from the area
underlying current peaks elicited by —10 mV steps) and expressed as pA/pF. Excitatory synaptic
activity during recordings of spontaneous EPSCs (sEPSCs) was isolated by using the GABA4
receptor blocker gabazine. On the contrary, inhibitory activity during recordings of spontaneous
IPSCs (sIPSCs) was isolated by using the APV and NBXQ. These latter blocks NMDA and AMPA
receptors, respectively. Finally, in the experiments involving recordings of miniature excitatory
postsynaptic currents (mEPSCs) the external solution was supplemented with TTX. A -10 mV
hyperpolarizing pulse was applied before recordings of both sEPSCs and sIPSCs to evaluate the
access resistance.

During recordings rapamycin (dissolved in DMSO 100%, Sigma-Aldrich) was added to gabazine or
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TTX in a final concentration of 200 nM. After a 10 min perfusion in rapamycin, the neurons were
recorded up to 25 min. Control experiments were performed by adding only the same amount of

solvent (i.e., DMSO)
11.7. Reagents

Unless otherwise specified, reagents were purchased from Sigma-Aldrich (Saint-Louis, MO,
USA). The sodium salt valproic acid (NaVPA; Sigma-Aldrich) was dissolved in 0.9% saline to obtain
a concentration of 250 mg/ml and administered at a dose 500 mg/kg at gestational day 12.5 to induce
autistic-like behavioral changes in the offspring. IKir was isolated with potassium channels blocker
CsCl (ImM; Sigma-Aldrich). Voltage-dependent sodium channels (NaV) were blocked with TTX (1
uM; Tocris Bioscience, Bristol, UK). AMPA, NMDA, KAINATE receptors were blocked with
respectively, NBQX, D-APV, CNQX (10 uM, 50 uM, 20 uM; Tocris bioscience, Bristol, UK).
GABAA receptors were blocked with gabazine (SR95531, 10 uM; Tocris). Rapamycin was used for
mTOR inhibition (200 nM, Sigma-Aldrich). Drugs were added at the final concentration to the

recording aCSF media.
11.8. Data analysis

Whole-cell patch-clamp recordings were analyzed using Clampfit 10.6 (Molecular Devices,
Sunnyvale, CA, USA). Passive membrane properties were measured from current transient elicited
by 10 mV hyperpolarizing pulses from the holding potential of =70 mV in voltage-clamp. Membrane
capacitance (Cn) was measured from the capacitive charge (the area underlying current transients),
and cell input resistance (Ri) was calculated by dividing the steady-state voltage response by the
current pulse amplitude (Rinput =AV/AI). Resting membrane potential (RMP) was measured
immediately after whole-cell formation during the current-clamp protocol. The input-output curve
was made by measuring the number of action potentials elicited by depolarizing current steps of
increasing amplitude. IKir was defined by subtracting the ionic currents obtained at hyperpolarized
membrane potentials in the presence and the absence of CsCl; IKir current density was obtained by
normalizing current amplitudes for membrane capacitance (derived from the area underlying current
peaks elicited by —10 mV steps) and expressed as pA/pF. The AP threshold was determined from the
first AP evoked in a current-clamp protocol and was defined as the voltage at the AP inflection point
of the rising phase of AP. Spontaneous and miniature EPSCs/IPSCs amplitude and frequency were
analyzed with Axograph X using a double exponential template: f(t)=exp(—t/rise)+exp(—t/decay),
rise=0.4 ms. The threshold of amplitude detection was set at -7 pA.

11.9. Statistical Analysis

Pooled data are presented as mean + standard error of the mean (SEM) of n cells obtained
from N animals. Statistical analysis of data was performed with Prism 7.0 (GraphPad Software) using
tests indicated in the main text after outlier subtraction. Significance at the p < 0.05, 0.01, 0.001 and
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0.0001 level is indicated, when achieved, with *, **_ and ****, respectively, in figures. Graphs and

representative traces were generated with Prism. Example traces represent typical observations.
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12. RESULTS

12.1. VPA prenatal exposure reduces social play behavior

Social play has a strong emotional component, its most characteristic feature being its high
reward value. Therefore, we performed behavioral tests to evaluate the effects of VPA prenatal
exposure on social skills. We found that VPE reduced play responsiveness in VPA-exposed rats
compared with SAL-exposed animals (t = 3.67, p = 0.002, df = 16; Fig. 12A). Indeed, while no
differences were found between SAL- and VPA-exposed animals in the number of pinning (t = 0.81,
p = n.s., df = 16; data not shown) and pouncing behaviors (t = —0.86, p = n.s., df = 16; data not
shown), VPA-exposed rats displayed a higher frequency of partial rotations (t =—2.81, p = 0.013, df
= 16; Fig. 12B) compared to SAL-exposed animals. No differences in the total time spent in general
social exploration were found between SAL- and VPA-exposed animals (t = 1.43, p =n.s., df = 16,

data not shown).

12.2. Prenatal exposure to VPA reduces social interaction

VPA-exposed rats showed decreased sociability in the three-chamber test, as they spent less
time sniffing the stimulus animal compared to SAL-exposed rats, resulting in a lower discrimination

index (t=2.27, p = 0.039, df = 14; Fig. 12C).

12.3. Prenatal exposure to VPA reduces social discrimination ability

VPA-exposed animals showed impaired social discrimination ability as they had worse
performance in the social discrimination test compared with SAL-exposed animals (t = 2.27, p =

0.044, df = 14; Fig. 12D).
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Figure 12: VPA prenatal exposure induced impairment in social domain. VPA-exposed rats showed
reduced response to play solicitation (A) and increased frequency of partial rotations (B). VPA-exposed rats
also showed reduced sociability in the three-chamber test (C), since they showed lower discrimination index
indicating (i.e., they spent less time sniffing the stimulus animal compared to SAL-exposed rats). VPA-exposed
rats also showed impaired social discrimination as they displayed a lower discrimination index compared to
SAL-exposed animals in the social discrimination task (D). Data represent mean values + SEM; *p < 0.05, **p
<0.01, vs. SAL group (Student’s t-test).

12.4. Dopamine receptors analysis in VPA exposed rats

Biochemical analyses were performed to evaluate the expression of D1 and D2 dopamine
receptors in the PFC, DS, NAc, and HIPP since these brain areas play an important role in the
modulation of the rewarding properties of social interactions. During adolescence, VPA-exposed rats
show a significative increase in D2 dopamine receptor expression in the NAc (SAL-exposed animals:
MFI = 2,891; VPA-exposed animals: MFI = 5,272, p < 0.05; Fig. 13A, B). At adulthood, VPA-
exposed rats showed a significative increase also in D1 dopamine receptor expression in the NAc
(SAL-exposed animals: MFI = 4,789; VPA-exposed animals: MFI = 6,690, p = 0.025; Fig. 13C) and
HIPP (SAL-exposed animals: MFI = 3,987; VPA group: MFI = 5,299, p = 0.008; Fig. 13C), whereas
D2 dopamine receptors were significative increased only in the NAc (SAL-exposed animals: MFI =

1,697; VPA-exposed animals: MFI = 2,152, p = 0.022; Fig. 13D).
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Figure 13: Flow cytometric analysis of dopamine receptors. No differences between VPA-exposed and
SAL-exposed rats were found in D1 dopamine receptor expression in PFC, NAc, DS, and HIPP (A). At PNDs
30-35, VPA-exposed rats showed a significant increase in D2 dopamine receptor expression in the NAc (B)
compared to SAL-exposed rats. At PNDs 90-95, VPA-exposed rats showed increased expression of D1
dopamine receptor expression in NAc and HIPP (C), while D2 receptor expression was increased only in the
NAc (D). Data represent mean values £ SEM; *p < 0.05, **p <0.01 vs. SAL group (Student’s t-test).

12.5. Electrophysiological alterations of accumbal MSNs in VPA exposed rats

Whole-cell patch-clamp recordings were obtained from NAc MSNs in acute coronal slices
prepared from SAL- and VPA-exposed rats at PNDs 3045 (N = 25 and 15, respectively, Fig. 14A,
B). We found that VPE significantly changes the passive membrane properties of MSNs in VPA-
exposed rats (VPA MSNs) compared to SAL-exposed rats (SAL MSNs) (input resistance: SAL
MSNs =157.3+12.89 MQ, n=39; VPA MSNs = 109.1 £ 7.23 MQ, n =49 ; p = 0.0028; membrane
capacitance: SAL MSNs = 68.27 +4.84 pF,n=39; VPAMSNs=47.49+3.37 pFn=49; p=0.0017,
threshold: SAL MSNs = —38.96 + 0.88 mV, n = 58; VPA MSNs = —38.62 + 0.81 mV,n=54;p =
n.s.; all; Fig. 14C). Futhermore, VPA MSNs showed significant depolarization of
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the resting membrane potential as compared to SAL MSNs (SAL MSNs =—=76.71 + 0.60 mV, n =
60; VPA MSNs =—-72.21 + 0.89 mV, n = 53; p < 0.0001; Fig. 14C).
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Figure 14: Electrophysiological properties of SAL and VPA medium spiny neurons (MSNs). (A) NAc-
MSN visualized with infrared video microscopy (left) and schematic representation of a coronal brain slice at
the level of the NAc (right). (B) Representative voltage traces of SAL MSNs and VPA MSNs evoked by
injection of hyperpolarizing and depolarizing current pulses (800 ms from —200 pA to 250 pA in 50 pA steps).
(C) Passive membrane properties of SAL MSNs and VPA MSNs: input resistance, membrane capacitance,
resting membrane potential, and AP threshold. Data represent mean values + SEM; #**p < 0.0001 vs. SAL
group (Mann-Whitney U test).
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12.6. VPE increases the intrinsic excitability of NAc-MSNs

To evaluate the possible consequences of the depolarized resting membrane potential on the
electrical activity of MSNs, we determined the intrinsic excitability of these neurons in acute slices
containing the NAc by measuring the number of action potentials elicited by depolarizing current
steps of increasing amplitude. Figure 15 shows a direct comparison of representative voltage
responses obtained for the corresponding value of imposed current from SAL and VPA MSNs. The
minimal value of current amplitude required to elicit an action potential in VPA MSNs was
significantly lower compared to SAL MSNs (100 pA vs. 200 pA). However, as the amplitude of the
depolarizing current increased (=250 pA), while the number of APs fired by SAL MSNs increased
linearly, VPA MSNs progressively lost the ability to fire action potentials. The plot in Figure 15
reports the mean number of APs = SEM fired by SAL (black) and VPA (green) MSNs vs. imposed
current (SAL MSNs, n =55, vs. VPA MSNs n = 59; 50 pA p=0.001; 100 pA p =0.001; 150 pA; p
=0.008 ; 200 pA; p=0.01; 350 pA; p =0.002; > 400 pA; p <0. 0001).
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Figure 15: Intrinsic excitability of SAL MSNs and VPA MSNs. Representative voltage traces obtained in
response to—50 to 550 pA current steps (800 ms duration, 50 pA amplitude) from resting potential, recorded
from SAL and VPA MSNss (left). Number of APs fired plotted against current steps of increasing value (right).
Data represent mean values = SEM; xp < 0.05, **p < 0.01, ***p < 0.001, <0.0001 vs. SAL group (Student’s t-
test).

12.7. VPE induces a loss-of-function of Kir channels

The resting membrane potential of MSNs is strongly influenced by the activity of Kir
channels. Indeed, at rest, Kir channels are responsible for their characteristic negative resting
potential. Moreover, at the rest, Kir channels limit membrane depolarization in response to excitatory
synaptic inputs (Kreitzer 2009). Based on this evidence a reduction in available Kirs in MSNs could

be responsible of the significant increase in excitability. To investigate this possibility in our
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experimental model, we measured whole-cell currents elicited at hyperpolarizing potentials in
control aCSF and in presence of 1 mM Cs+, a IKir blocker (Cazorla et al., 2012). Figure 16 shows
representative inward currents obtained in control solution (I.csr) and in presence of 1 mM Cs+. IKir
is obtained as the Cs-sensitive component in [aCSF. Current-voltage relationship reveals a significant

reduction of IKir current density in VPA MSNs (SAL MSNs, n =7, VPA MSNs, n = 15; p < 0.05

where indicated).
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Figure 16: Inwardly rectifying potassium current (IKir) density in SAL MSNs and VPA MSNs. (A)
Representative IKir traces obtained at hyperpolarized membrane potentials (—60 to =150 mV in 10 mV steps)
obtained from SAL and VPA MSNs. IKir is obtained by subtracting ICs from IaCSF. Current-voltage
relationship of IKir current density in SAL and VPA MSNs. (B) Current-voltage relationship of IKir current
density in SAL and VPA MSNs. Data represent mean values = SEM; *p < 0.05, **p < 0.01, ***p < 0.001,
<0.0001 vs. SAL group (Student’s t-test).

The disruption in the excitatory and inhibitory (E/I) balance has been proposed among one of the
possible mechanisms involved in ASD etiology and symptoms. Indeed, VPA has been found to lead

to modulation of the synaptic neurotransmission in different brain areas (Banerjee et al. 2013; Martin

and Manzoni 2014; Wang et al. 2012). As this phenomenon has not yet been explored in the
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NAc, we decided to investigate the excitatory synaptic transmission in VPA- and SAL-exposed rats
(Fig. 17A). Spontaneous excitatory postsynaptic currents were recorded during whole-cell voltage-
clamp recordings with a holding potential of -70 mV, in the presence of gabazinel0 uM to block
GABAergic synaptic inputs. We found that VPE significantly decreases the amplitude of sEPSCs of
VPA MSNs compared to SAL MSNs in adolescent rats (SAL MSNs =-15.87+0.79 pA n=26; VPA
MSNs =-12.24 + 0.40 pA n = 25; p = <0.0001 Mann-Whitney U test; Fig. 17B) and the cumulative
distribution of sEPSC amplitudes was shifted toward higher values in SAL MSNs (Fig. 17B). In
contrast, the frequency of spontaneous events among VPA MSNs and SAL MSNs (SAL MSNs =
2.32 £0.29 Hz n = 26; VPA MSNs = 1.73 + 0.28 Hz n = 25; p = n.s. Mann-Whitney U test; Fig.
17C). Interestingly, we also found that VPA changes the kinetics of AMPA-mediated events. Indeed,
as shown in figure 17B., SEPSCs in VPA MSNs are characterized by slower rise time compared to
SAL MSNs (SAL MSNs = 1.07 £ 0.03 ms n=26; VPA MSNs = 1.23 + 0.04 ms n = 25; p = 0.004
Mann-Whitney U test).
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Figure 17: Altered Synaptic Transmission in NAc-MSNs of VPA-exposed rats (A) Representative traces

from the whole-cell voltage-clamp recording of SEPSCs in the NAc-MSNs from SAL MSNs (left) and VPA
MSNss (right). (B) Cumulative distribution of SEPSCs amplitude, plotted averaged amplitudes, and rise time
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from each recorded neuron (insert figure). (C) Same as (B) but for the instantaneous frequency and plotted
averaged frequency of sEPSCs. Data represent mean values + SEM; *p < 0.05, **p < 0.01, **xp < 0.001,
<0.0001 vs. SAL group (Mann-Whitney U test; Kolmogorov-Smirnov test).

Moreover, we investigated whether the effect of VPA prenatal exposure affected the release
probability of synaptic vesicles in an action potential-independent way. To clarify this point, we
performed whole-cell voltage-clamp recordings in presence of TTX 1uM, a voltage-gated Na+
channels blocker (Fig. 18A). As shown in figure 18B, VPE does not cause any significant
modification of either mEPSCs amplitude (SAL MSNs =-14.16 = 0.67 n = 20; VPA MSNs =-13.06
+ 0.49 n= 22; p = n.s. Mann-Whitney U test) or rise time (SAL MSNs = 1.17 = 0.04 n = 20; VPA
MSNs = 1.24 £ 0.06 n= 22; p = n.s. Mann-Whitney U test) in VPA MSNs compared to SALL MSNs
in adolescent rats. Interestingly, we found that VPE increases the frequency of mEPSCs in VPA
MSNs compared to SAL MSNs (SAL MSNs =2.05+£0.23 Hzn =20; VPA MSNs =2.91 £ 0.31 Hz
n=22; p = 0.03. Mann-Whitney U test, Fig. 18C), suggesting an increase in release probability or in
the number of functional synaptic sites.
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Figure 18: Altered Synaptic Transmission in NAc-MSNs of VPA-exposed rats (A) Representative traces
from the whole-cell voltage-clamp recording of mEPSCs in the NAc-MSNs from SAL MSNs (left) and VPA
MSN:s (right). (B) Cumulative distribution of mEPSCs amplitude, plotted averaged amplitudes and rise time
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from each recorded neuron (insert figure). (C) Same as (B) but for the instantaneous frequency and plotted
averaged frequency of mEPSCs. Data represent mean values + SEM; *p < 0.05, *xp < 0.01, ***p < 0.001,
<0.0001 vs. SAL group (Mann-Whitney U test; Kolmogorov-Smirnov test).

12.9. VPA could alter inhibitory neurotransmission in NAc-MSNs

Spontaneous inhibitory postsynaptic currents (sIPSCs) were recorded during whole-cell
voltage-clamp recordings using a high KCI intracellular solution. In these experimental conditions,
sIPSCs appear as inward currents (Fig. 19A). Holding potential was held at -70 mV in the presence
of NBQX 10 uM and DL-APV 50 puM to block glutamatergic synaptic inputs. Preliminary data
shown no significant differences in sIPSCs amplitude between MSNs from SAL- and VPA-exposed
rats (SAL MSNs =-36.63 4.6 n = 12; VPA MSNs = -34.04 = 9.87 n= 6; p = n.s. Mann-Whitney U
test Fig. 19B). Instead, VPE increases the rise time of GABA-mediated events (SAL MSNs = 0.60 +
0.05 ms n = 12; VPA MSNs = 1.007 + 0.07 ms n= 6; p = 0.001. Mann-Whitney U test Fig. 19B).
Finally, as shown in figure 19C prenatally exposed to VPA significantly decreases the frequency of
sIPSCs events (SAL MSNs =1.73 £0.18 Hzn = 12; VPA MSNs = 0.70 = 0.16 Hz n= 6; p = 0.003.
Mann-Whitney U test). Of note, these are preliminary data, requiring additional recordings to confirm

the effect of VPE on the inhibitory neurotransmission.
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Figure 19: VPA could alter inhibitory neurotransmission in NAc-MSNs. (A) Representative traces from
whole-cell voltage-clamp recordings of sIPSCs in the NAc-MSNs from SAL MSNs (left) and VPA MSNs
(right). (B) Cumulative distribution of sIPSCs amplitude, plotted averaged amplitudes, and rise time from each
recorded neuron (insert figure). (C) Same as (B) but for the instantaneous frequency and plotted averaged
frequency of sIPSCs. Data represent mean values + SEM; #p < 0.05, *xp < 0.01, **xp < 0.001, <0.0001 vs.
SAL group (Mann-Whitney U test; Kolmogorov-Smirnov test).

12.10. Acute rapamycin application normalizes the resting membrane potential of VPA-
MSNs

As shown by recent evidence, the overactivation of mTOR pathway causes diseases that are
syndromic with ASD (Costa-Mattioli and Monteggia 2013). The hyperactivation of this pathway has
been demonstrated in VPA-exposed mice. Moreover, rapamycin treatment improves the social deficit
induced by VPE (Kotajima-Murakami et al. 2019) suggesting a causative role of this pathway in the
behavioral alteration. Based on these arguments, we decided to investigate if the cellular alterations
observed in VPA-exposed rats could be caused by mTOR dysregulation, by testing the
electrophysiological effects caused by acute bath application of rapamycin. Recordings were
obtained from NAc MSNs in acute coronal slices prepared from SAL- and VPA-exposed rats at

PNDs 3045 (N =6 and 6). Preliminary data shows that acute administration of rapamycin (200 nM)
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does not change membrane capacitance of NAc-MSNs (membrane capacitance: SAL-aCSF = 104.6
+6.35 pF n=14; SAL-RAPA = 83.98 £ 5.95 pF n=8§; VPA-aCSF = 85.53 + 7.75 pF n = 16; VPA-
RAPA =75.78 £ 8.95 pF n = 12; n.s. Two-way Anova; Fig. 20A). On the contrary, rapamycin affects
the input resistance of NAc-MSNs. Indeed, Post-hoc analysis shows that rapamycin increases the IR
of SAL-RAPA compared to SAL-aCSF (input resistance: SAL-aCSF = 109.6 + 17.86 MQ, n = 14;
SAL-RAPA =291.4 +£24.01 MQ,n=7; p=0.001 Two-way Anova; Fig. 20B ). The same effect is
observed between VPA-RAPA and VPA-aCSF neurons (input resistance: VPA-aCSF = 136.6 +
15.22 MQ, n = 16; VPA-RAPA =267.5 + 30.5 MQ, n = 12; p = 0.001 Two-way Anova; Fig. 20B).
Interestingly, rapamycin reverts the effet of VPE on the resting membrane potential of VPA-MSNS.
As shown in figure 20C, VPA-RAPA neurons are characterized by a more hyperpolarized resting
membrane potential compared to VPA-aCSF neurons (resting membrane potential: VPA-aCSF = -
75.74 £ 0.89 mV, n = 14; VPA-RAPA = -84.31 £ 2.19 mV, n = 13; p = 0.001 Two-way Anova).
Moreover, no difference was found between SAL-aCSF and SAL-RAPA neurons (resting membrane
potential: SAL-aCSF =-80.71 £ 0.77 mV, n = 14; SAL-RAPA =-81.43 £ 0.99 mV, n = 10; n.s. Two-
way Anova; Fig. 20C).
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Figure 20: Effect of acute rapamycin on the passive membrane properties of SAL and VPA NAc-MSNs.
(A) membrane capacitance; (B) input resistance and (C) resting membrane potential. Data represent mean

values = SEM; #p < 0.05, **p < 0.01, ***p < 0.001, <0.0001, Two-way Anova, Student-Newman-Keuls post-
hoc test.
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12.11. Effect of rapamycin on NAc-MSNs excitability

Given the effect of rapamycin on resting membrane

repolarization observed in VPA-RAPA neurons could normalize

potential, we investigated if the

the enhanced intrinsic excitability

of VPA-MSNs induced by VPE. To address this hypothesis, we measured the number of action

potentials elicited by depolarizing current steps of increasing

amplitude before and after acute

application of rapamycin. Preliminary data shows that rapamycin does not induce a significant

difference in the firing properties of NAc-MSN (SAL-aCSF n = 6; SAL-RAPA n=7; VPA-aCSF n

=13; VPA-aCSF n = 13; Two-way Anova, Tukey post-hoc test; Fig.

21C). Interestingly, if we consider

the effect of rapamycin on SAL-exposed rats only, we can observe an increase in MSNs excitability

similar to the one caused by VPE. Anyway, other recordings are required to confirm the effect of

rapamycin on MSNs excitability.
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Figure 21: Effect of rapamycin on NAc-MSNs excitability. Number of APs fired plotted against current
steps of increasing value. Data represent mean values + SEM; *p < 0.05, **p < 0.01, **xp < 0.001, <0.0001,

Two-way Anova, Tukey post-hoc test.
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12.12. The effect of rapamycin on excitatory synaptic neurotransmission

Finally, we investigated the effect of rapamycin on synaptic excitability and network activity
by performing SEPSCs and mEPSCs recordings as previously described in paragraph 12.8. The effect
on post-synaptic currents was analyzed after 30-minute bath application and during excitatory
synapct activity isolation. As shown in figure 22 rapamycin does not influence the amplitude (SAL-
aCSF = 11.8 £ 0.46 pA n = 16; SAL-RAPA =10.93 + 0.48 pA n = 14; VPA-aCSF = 11.78 + 0.40
pA n = 16; VPA-aCSF = 7.40 £ 2.5 pA n = 15; n.s. Two-way Anova, Fig. 22B) or the frequency
(SAL-aCSF =2.32+0.24 Hzn=16; SAL-RAPA = 1.96 +2.29 Hzn = 14; VPA-aCSF =2.20 + 0.27
Hzn=16; VPA-aCSF =2.04 £ 0.26 Hz n = 15; n.s. Two-way Anova, Fig. 22C) of sEPSCs recorded
from NAc-MSNs. Moreover, rapamycin does not change the kinetict of AMPA mediated current
(SAL-aCSF =1.48 +£0.09 ms n=16; SAL-RAPA =1.51 £ 0.09 ms n = 14; VPA-aCSF = 1.23 + 0.08
ms n = 16; VPA-aCSF = 1.38 £ 0.08 ms n = 15; n.s. Two-way Anova; Fig. 22D).
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Figure 22: Effect of rapamycin on synaptic neurotransmission (A) Representative traces from whole-cell
voltage-clamp recording of sEPSCs in the NAc-MSNs before (left) and afrer (right) acute rapamycin
application. (B) Plotted averaged amplitudes, (C) frequency, and (D) rise time of SEPSCs. Data represent mean
values = SEM; #p < 0.05, **p < 0.01, ***p < 0.001, <0.0001, Two-way Anova, Student-Newman-Keuls post-
hoc test.

Based on our previously results we added TTX 1uM to record miniature events in order to investigate
the effect of rapamycin on neurotransmitter release (Fig. 23A). As shown in figure 23 we found that
the amplitude of these events is lower in SAL-RAPA than in SAL-aCSF neurons (SAL-aCSF =14.16
+0.67 pA n = 20; SAL-RAPA = 10.52 £ 0.82 pA n = 10; p = 0.005 Two-way Anova, Fig. 23B).
Moreover, rapamycin reduce the amplitude of mEPSCs also between SAL-aCSF and VPA-RAPA
neurons (SAL-aCSF = 14.16 £0.67 pA n = 20; VPA-RAPA = 10.91 £ 0.52 pA n = 13; p = 0.003
Two-way Anova, Fig. 23B). Furthermore, we observed the same results when comparing SAL-RAPA
with VPA-aCSF neurons (SAL-RAPA =10.52 +0.82 pA n=10; VPA-aCSF = 13.06 £ 0.49 pAn=
22; p = 0.01 Two-way Anova, Fig. 23B). Likewise, in VPA-exposed rats rapamycin application
reduced the amplitude of miniature excitatory events (VPA-aCSF = 13.06 + 0.49 pA n = 22; VPA-
RAPA =10.91 + 0.52 pA n = 13; p = 0.01 Two-way Anova, Fig. 23B), while no difference were
found in frequency (SAL-aCSF =2.37+ 0.29 Hzn =20; SAL-RAPA =2.75+ 0.47 Hzn=10; VPA-
aCSF =2.91+0.31 Hzn = 16; VPA-aCSF = 2.08 £ 0.31 Hz n = 13; n.s. Two-way Anova, Fig. 23C)
or rise time of mEPSCs (SAL-aCSF =1.17 = 0.04 ms n = 20; SAL-RAPA =1.43 £ 0.09 ms n = 14;
VPA-aCSF =1.23 £0.06 ms n = 16; VPA-aCSF = 1.23 +£ 0.08 ms n = 13; n.s. Two-way Anova; Fig.
23D).
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Figure 23: effect of rapamycin on synaptic neurotransmission (A) Representative traces from the whole-
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during rapamycin perfusion. (B) Plotted averaged amplitudes, (C) frequency, and (D) rise time of mEPSCs.
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Newman-Keuls post-hoc test.
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13. DISCUSSION AND FUTURE PROSPECTIVE
13.1. Identification of a novel electrophysiological endophenotype in the VPA rat model of
autism

Prenatal exposure to the antiepileptic drug valproic acid (VPA) induces autism spectrum
disorder (ASD) in humans and autistic-like behaviors in rodents, which makes it a good model to
study the neural underpinnings of ASD (Bromley et al. 2008; Gail Williams and Hersh 1997; Roullet
et al. 2013). According to the DSM-5 diagnostic criteria, persistent deficits in social communication
and social interaction are key features of ASD. The pervasive social deficits found in autistic patients
have been initially explained in terms of cognitive impairments and inability to infer others’ mental
states. More recently, they have been related to blunted social reward processing, i.e., inability to
enjoy and prolong reciprocal social interactions, which has been hypothesized to be the consequence
of the abnormal activity of the brain reward circuit in social contexts (C. Chevallier et al. 2012;
Pellissier et al. 2018). In agreement, functional MRI studies in both children and adults with ASD,
showing significant impairment in social skills measured by the ADI-R subscale, demonstrate the
reduction in mesolimbic (ML) reward pathway functional connectivity (Supekar et al. 2018). Along
this line, the social dysfunctions displayed by VPA-exposed rats may be caused by either their
inability to properly understand and respond to social signals by the social partner or by a failure of
their reward system to assign a positive value to the social experience. Thus, we hypothesize that the
social impairment displayed by VPA-exposed rats could be caused by a dysfunction in the
mesolimbic reward pathway.

Therefore, to test this hypothesis, in the first part of this thesis, we performed behavioral,
neurochemical, and electrophysiological experiments in the VPA rat model. To confirm that the
offspring of VPA-treated rat dams show ASD-like behavioral phenotype, we performed validated
behavioral tests to evaluate social skills. In line with the results reported in many studies (Schneider
and Przewlocki 2005; Schneider, Turczak, and Przewlocki 2006; Felix-Ortiz and Febo 2012;
Servadio et al. 2016 and Melancia et al. 2018), we confirmed that adolescent rats prenatally exposed
to VPA show decreased responsiveness to play solicitation since they respond to play solicitation
mainly by performing partial rotations rather than reciprocating the playful interaction. Notably,
these social deficits were long-lasting, since VPA exposed rats showed social deficits also when
tested at adulthood in the three-chamber and social discrimination tests. Therefore, behavioral
characterization confirms that our VPA exposed rats have impaired social skills. This is of
fundamental importance for the subsequent electrophysiological interrogation of relevant brain areas.

Brain regions involved in the control of social behavior include corticolimbic structures, such
as the prefrontal cortex (PFC) and the NAc. Therefore, their altered functionality may represent one
neural substrate contributing to the social impairments characteristic of ASD (Scott-Van Zeeland et
al., 2010; Chevallier et al., 2012; Ameis and Catani, 2015; Supekar et al., 2018). As these regions
are strongly modulated by dopaminergic transmission, it has been suggested that a dysfunction of

the latter leads to the social deficits observed in ASD (Paval et al., 2017). In autistic subjects,
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dopamine imbalances manifested as either hyperactivity or hypoactivity of midbrain
dopaminergic pathways have been detected, highlighting the heterogeneity of the disease (Paval et
al., 2017). Recently, it has also been demonstrated that altered VTA dopamine neuron function
represents a key mechanism by which insufficiency of SHANK3, encoding the synapse scaffolding
protein SHANK3, generates impaired social preference in mice (Bariselli et al., 2016). Furthermore,
mice knockout for genes strongly associated with ASD, such as Cntnap4 (Karayannis et al., 2014)
and neuroligin-3 (Rothwell et al., 2014) mutant mice, show changes in NAc dopaminergic
neurotransmission together with deficits in the core ASD behavioral domains. Modulation by
dopamine in reward-related areas is mainly mediated by activation of D1 and D2 receptors in
corticolimbic regions (Gunaydin et al. 2014; Kopec et al. 2018; Robinson, Heien, and Wightman
2002). Therefore, we studied the expression of D1 and D2 receptors in the NAc of VPA exposed
versus SAL rats, focusing in the PFC, DS, NAc and HIPP since these brain areas play not only an
important role in the modulation of the rewarding properties of social interactions but have also a
key role in cognitive aspects of the social repertoire (e.g., social cognition). Indeed, the PFC and
HIPP have also been found to be deeply involved in cognitive aspects of social behavior (Montagrin,
Saiote, and Schiller 2018; Vanderschuren et al. 2016). We found that adolescent VPA exposed rats
show increased expression of D2 dopamine receptors in the NAc. Augmented D2 expression levels
in the NAc are persistent in adulthood and, in addition, we found increased expression also of D1
both in the NAc and HIPP. These results may imply that prenatal VPA exposure may disrupt
dopaminergic transmission in the corticolimbic pathway, thus explaining the deficit in social reward,
but also in the established cognitive disabilities in the model and in other ASD models as well as in
human subjects (Gao, Wang, et al. 2016; Gao, Wu, et al. 2016; Hara et al. 2016). In line with our
results, changes in hippocampal dopamine and D1 receptor levels associated with social deficits have
been demonstrated in a genetic mouse model exhibiting autism-relevant behavioral abnormalities
(Liu et al. 2017).

Building on the evidence of altered D1/D2 expression profile, we studied the basic
electrophysiological properties of NAc MSNs in acute striatal brain slices of VPA- and SAL-exposed
offspring. We found that MSNs of VPA-exposed rats have significantly reduced membrane
capacitance. Membrane capacitance is classically considered a measure of soma size and
morphological complexity. This change is in agreement with recent evidence associating reduced
morphological complexity, including dendritic arborization, in reprogrammed cortical excitatory
neurons exposed to VPA in vitro (Soham Chanda et al. 2019). Chanda et al., demonstrated the
involvement of MARCKSL1, a cytoskeletal protein playing a major role in dendrite and synapse
formation through the regulation of F-actin bundling (Soham Chanda et al. 2019).

Morphological properties of NAc-MSNs are known to change during physiological
maturation. In particular, membrane capacitance during the juvenile to adulthood transition, as a
result of enlargement of the dendritic compartment, which accompanies increased density of

dendritic spines, and the elaboration of synaptic inputs (Kasanetz and Manzoni 2009). Thus, reduced
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membrane capacitance observed in VPA-NAc-MSNs is consistent with an immature
neuronal profile.

We further found that NAc MSNs of VPA-exposed animals show a significant depolarization
of the resting membrane potential and increased excitability in the lower part of the excitability curve,
indicating higher firing probability in conditions of normal synaptic excitation. As previously
described for membrane capacitance, resting membrane potential and neuronal excitability also
decrease during the neuronal maturation as a consequence of developmentally-regulated changes in
ion channels expression in the NAc and HIPP (Kasanetz and Manzoni 2009; Mongiat et al. 2009).
Alterations in the intrinsic excitability were reported in other neuronal types in the VPA model with
ex vivo recordings. Brumback et al. described defects in intrinsic excitability which was selective for
L5 pyramidal neurons. Importantly, the electrical alteration was conserved across different animal
models including CNTNAP2 KO and FMR1 KO mice (Brumback et al. 2017), suggesting that
changes in neuronal excitability could underlie the shared ASD-like components characterizing
distinct syndromes.

Current recordings suggest that alterations of intrinsic excitability in NAc-MSNs may be
caused by reduced Kir current density. Kir channels are critical to determine the hyperpolarized value
of membrane potential (~—85 mV) in normal MSNs and to affect their firing discharge pattern
(Cazorla et al. 2012; Kreitzer 2009). Kir current is mainly mediated by Kir 2.1 channels in NAc-
MSNs, highly expressed in the somatodendritic compartment (Priiss et al. 2003). In this regard, a
genetic analysis of ASD children led to the identification of twelve tag single nucleotide
polymorphisms (SNPs) in the genes encoding Kir 2.1 and Kir 4.1 channels, strengthening the notion
that their intrinsic dysfunction may play a central role in ASD pathogenesis (Sun et al. 2018).
Interestingly, Sun et al. further reported lower Kir2.1 and Kir4.1 expression in VPA-exposed rats
(Sun et al. 2018). In line with our results, the loss of function of Kir channels could be indicating that
these channels play an important role in ASD susceptibility. Thus, changes in passive membrane
properties, together with the reduced Kir currents we observed, likely drive increased excitability in
VPA exposed rats.

Overall, intrinsic electrophysiological alterations described in this thesis are in perfect
agreement with similar approaches in the VPA and other animal models and point to the persistence
of an immature morphological and electrophysiological phenotype of NAc MSNs. Besides
representing additional evidence in support of a critical role played by the mesolimbic pathway in
ASD pathophysiology, these data propose additional cellular and/or molecular targets for the design
of ASD-specific medications, which are currently lacking.

Disturbances of excitatory/inhibitory synaptic balance are thought to be involved in the ASD
etiology and symptoms. E/I imbalance is associated with normal development and functioning of the
brain. It represents a key process for optimal tuning of the circuits to respond to salient inputs
(Canitano and Pallagrosi 2017; Shew et al. 2011). In addition, the E/I balance undergoes profound

changes during neuronal development, therefore alterations in the proper acquisition of E/I balance
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was suggested as an underlying cause of ASD traits (Banerjee et al. 2013; Gao and Penzes
2015; Lee, Lee, and Kim 2017; Rubenstein and Merzenich 2003; Walcott, Higgins, and Desai 2011).
We here demonstrate that VPA causes changes in both excitatory and inhibitory synaptic
neurotransmission also in the NAc. Recordings of synaptic activity onto MSNs point to an overall
decrease of synaptic connectivity in both excitatory and inhibitory components. In light of the
increased intrinsic firing capabilities of MSNSs, the reduction in functional synaptic connectivity may
be regarded as a homeostatic mechanism. However, it is not possible with slice recordings, to

estimate the consequences on the resulting NAc output towards downstream neural areas.

In the context of the extensive literature describing local and distal hyperconnectivity with
increased E/I ratio in multiple areas, the NAc seems to make an exception. This finding is particularly
relevant as it points to heterogeneous, are-specific alterations in functional connectivity, rather than
a generalized increase of synaptic excitation. In contrast, the reduction in the strength of inhibitory
inputs observed in the NAc in this work largely converges with reports of reduced density in
parvalbumin-, calbindin- and calretinin-positive GABAergic interneurons in multiple areas in VPA
and other animal models of ASD (Dendrinos, Hemelt, and Keller 2011; Gogolla et al. 2009;
Lawrence et al. 2010). Further support to the hypothesis of an impaired inhibitory system comes
from changes in the distribution of GABAergic neurons in autoptic tissue from idiopathic ASD
patients (Lawrence et al. 2010) and fragile X syndrome patients (Selby, Zhang, and Sun 2007).
Abnormalities in the operation of GABAergic interneurons might be caused by a failure in proper
differentiation, migration, and/or proliferation (Van Kooten et al. 2005). To summarize, alterations
in synaptic connectivity in the VPA model is consistent with an immature phenotype of neural areas

implied in the genesis of ASD symptoms.

13.2. Modulation of the mTOR pathway as a strategy to restore the electrophysiological
phenotype of MSNs

The mTOR pathway is disrupted in multiple types of syndromic ASD, such as Tuberous
sclerosis, Phelan McDermid, Hamartoma, Engelmann and Rett syndrome, and in related animal
models (Crino 2016; Nicolini et al. 2015; Takei and Nawa 2014; Winden et al. 2018). Overactivation
of the mTOR pathway was demonstrated also in the VPA rat model, and administration of the
selective mTOR inhibitor rapamycin rescues social impairment (Kotajima-Murakami et al. 2019;
Qin et al. 2016; Sato 2016). Interestingly, aberrant activation of mTOR pathway was associated with
increased excitability of dorsal MSNs (Benthall, Ong, and Bateup 2018), suggesting that the
modulation of the mTOR pathway could represent a useful pharmacological intervention. However,
the action of rapamycin was only tested at behavioural level (Kotajima-Murakami et al. 2019; Sato
et al. 2012). This work reports, for the first time, the effects of acute application of rapamycin during
patch-clamp recordings in NAc MSNs from VAP-exposed rats. Acute application of selective

rapamycin concentrations during patch-clamp recordings changed electrophysiological parameters
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in a complex manner. No change was observed in membrane capacitance. This is not
surprising considering that the timescale of an acute challenge is likely not consistent with changes
in morphology. In contrast, membrane potential, which is relatively depolarized in MSNs from VPA-
exposed rats, was normalized by acute rapamycin. As for intrinsic excitability, preliminary data, not
achieving statistical significance, point to an increase in excitability in both VPA and SAL animals
following bath application of rapamycin. Finally, rapamycin caused a small but significant reduction
in the amplitude, but not in the frequency, of excitatory inputs. Further investigation is required
before establishing a causal link between mTOR pathway and the abnormal electrical phenotype of
NAc MSNs and validation of this signaling pathway as a useful target for the treatment of ASD

behavioral features.
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14. CONCLUSION

Although more levels of analysis are needed to shed light on the mechanisms underlying the aberrant
behavior found in VPA-exposed rats, based on biochemical, behavioral, and electrophysiological

results, we can hypnotize the effective involvement of the mesolimbic reward system in ASD-like

phenotype displayed in our animal model.
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15. LIST OF ABBREVIATIONS

AC
aCSF
AED
AHP
AMPA
AP
ASD
BDNF
Cm
CNS
DA
DR
DS
DSB
DSM
E/1
E12
EPSC
FMR1
FXS
GABA
HDAC
HIPP
1D
IKir
IPSCs
ISI

K*

Kir

Anterior Commissure

artificial cerebrospinal fluid
Anti-Epileptic Drug
afterhyperpolarization
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
action potential

autistic spectrum disorder
Brain-Derived Neurotrophic Factor
membrane capacitance

Central Nervous System

dopamine

dopamine receptor

Dorsal Striatum

Double Strand Break

Diagnostic and Statistical Manual of Mental Disorders
Excitatory/Inhibitory balance
Embryonic Day 12

Excitatory postsynaptic current
Fragile X Mental Retardation 1 gene
Fragile X Syndrome

y-aminobutyric acid

Histone Deacetilase

Hippocampus

Intellectual Disability

Inwardly rectifying potassium currents
Inhibitory postsynaptic currents
interspike interval

Potassium ione

Inward-Rectifier Potassium Channel
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KO

LTD

LTP

MeCP2

mEPSC

ML

mTOR

mTORCI1

mTORC2

MRI

MSN

NAc

NLGN

NMDA

NRXN

NSC

PFC

PMS

PND

PSD

PTEN

RELN

RMP

Ri

SAL

SHANK

SNP

SYN

ToM

Knock-Out

Long-Term Depression

Long-Term Potentiation

X-linked gene Methyl CpG binding protein 2
miniature Excitatory Post-Synaptic Current
Mesolimbic

mammalian Target of Rapamycin
mammalian Target of Rapamycin Complex 1
mammalian Target of Rapamycin Complex 2
magnetic resonance imaging

medium spiny neuron

nucleus accumbens

neuroligin

N-methyl-D-aspartate

Neuroxin

Neural Stem Cell

Prefrontal Cortex

Phelan McDermid Syndrome

post-natal day

Post-Synaptic Density

Phosphatase and Tensin homolog gene
Reelin

resting membrane potential

input resistance

saline

multiple ankyrin repeat domain

Single Nucleotide Polymorphism

Synuclein

theory of mind
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Tscl

Tsc2

TTX

UsSv

VPA

VS

VTA

WNT2

tuberous sclerosis 1
tuberous sclerosis 2
tetodrotoxin

Ultrasonic vocalization
valproic acid

Ventral Striaum
Ventral Tegmental Area

Wingless-type member 2
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