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Abstract

Autism Spectrum Disorder (ASD) is a group of neurodevelopmental disorders characterized by the
early onset of social communication impairments, repetitive behaviors, highly restricted interests
and/or sensory behaviour anomalies. Epilepsy is a brain disorder, or family of disorders, diagnosed
after the occurrence of at least one epileptic seizure (unpredictable interruptions of normal brain
function) and characterized by an increased predisposition to the generation of epileptic seizures
with neurobiological, cognitive, psychological, and social consequences. There is a high
comorbidity rate between ASD and epilepsy, as they share several common risk factors. Both ASD
and epilepsy show neurodevelopmental deficits related to inhibitory and excitatory circuits, with
dysfunctions in the GABAergic and glutamatergic systems observed in both conditions. Alterations
of expression or function ofell adhesion molecules (CAMs), such as integrins, can impair neural
network excitability and dysregulate synaptic transmission. Integrins are biomechanical receptors
that connect both physically and functionally the extracellular matrix (ECM) to the intracellular
cytoskeleton, regulating synaptic connectivity and plasticity in response to extracellular cues. Each
AYGSANRY KSGSNRBRAYSNI Aa O2YLIRASR 2F +y h | yR
AYGSNI OGa 6A0GK (GKS h+ &ddzodzyAld G2 F2N¥Y GKS bz
AONBY3IGKSYyAy3a 2F SEOAGEG2NE aéyl LASaE Ay -O2NIA
insufficiency impairs network excitability and synchrony of cortical neuronal networks.

The ltgh3 KO mouse is a wedistablished model of ASPlowever,due to the maleto-female
prevalence ratio in ASDmost studies have focused primarily on males awhsequences of
FoflGA2Y 2F 1 o AydS3INRY largely LiKdSWnE Rhasy | degied TS Y |- f
behavioraly characterize WT (Itgh3), HET (Itgb'3) and KO (ltgb3) female mice focusing on

tasks involving sociability (aspects related to ASD), and the measurement of threshold for seizures
OLINRLISyaAde F2NJ SLIAfSLIAd0O® L F2dzyR GKFG @F NR I
and femaledifferently. KO and HET female mice sleal@n increasedsusceptibility to seizure but

no deficits in social interactions.

Since both male and femaleggb3 HET micexhibitedincreased seizure susceptibility, | decided to
exploit the CRISPRa technologyNd& & 41 2 NB LK@ aA 2f 23 A Ol fresdustheik y (i S 3
epileptic phenotype. Therefore, | tested the threshold for seizures induced by Bbthifemale

and maleCRISPR&eated mice, demonstratingthe effectiveness of tis technologyin reducing

seizure susceptibility.

In addition | used the CRISPRa system to increase the endogénous A yek@Be3dich i WT

mice. A G SN GA2Yy 2F LIKeaAz2t23A0Ft tS@Sta 2F i o Ay
novelty preference and habituation to social stimuli, specifically in male mice.

This studyprovidesvaluableinsightsinto K2 g 1 o AYUGS3INAY NB3IdzZ I §Sa
enhance ourunderstandingof the downstream synaptic effecteesulting from impairments in
presynaptic and postsynaptic molecules. Targeting this mechanoreceptor could offer new
possibilities for developing therapeutic strategies for ASD and related forms of epilepsy.



Introduction

1. Autism Spectrum Disorder

Autism Spectrum Disord€ASD is agroup of neurodevelopmental disordecharacterized byhe

early onset ofsocial communication impairmentepetitive behaviorshighly restricted interests
and/or sensory behaviousnomalies The severity of ASD can range from mild to seyklieota &

King, 2023)According to theDiagnostic and Statistical Manual of Mental Disordersorder to

meet the diagnostic criteria for ASD, a child must have persistent deficits in social communication
along withat least 2 of 4 types of restricted, repetitive behavidsecifically individuals withASD

show deficits in socia@motional reciprocity, deficits in nonverbal communication, and deficits in
developing, maintaining, and understanding relationshifpsterms of restricted and repetitive
patterns of behavior, children with ASD mewhibit stereotyped or repetitive motor movements,
insistence on sameness (inflexible adherence to routines or ritualized patterns of behavior), highly
restricted interests with abnormally increased focus, or hymerhyporeactivity to sensory input
(e.g.indifference to pain/temperature, adverse response to specific sounds or text(iasita &

King, 2023)Additionally co-occurring psychiatric or neurological disorders are common in people
with autism, such as attentiedeficit hyperactivity disorder (ADHDMtellectual impairments,
increasedanxiety, depression and epilep@yord et al., 2020)Compared with people without ASD,
individuals with ASD have higher rates of depression (20% vs. 7%), anxiety (11% vs. 5%), and
epilepsy (21% with coccurring intellectual disability vs. 0.8%)koye et al., 2023)

ASD igypically diagnosed in early childhood between the ages of 18 and 24 moaiid,its
prevalence has been steadily increasin@urrently, the percentage of children with ASD
estimated to be between 1% and 2%eidan et al., 2022)with a 4:1 ratio of male to female
prevalencgBaio et al., 2018)

The etiology of ASD isery complex.Sudiesof twins suggest thageneticsplay asignificantrole in

the pathogenesis of ASith heritability estimates ranigg from 64% to 91%In addition to
genetic factors, various environmental influences contribute to the onset of, ASfluding
prenatal and perinatal factors the microbial gut-brain axis, and othersRisk factors for ASBay
include mrental history of psychiatric disorders, parental agmeaternal characteristics of
metabolic syndrome, use of antidepressant valproic acid (VPA) medicatadsthe effects of
infection andinflammation. Environmental factors can directbffect specific susceptibility genes,
leading to epigenetic modifications such as DNA methylation and chanigeshistones
(phosphorylation and acetylation), which increase the risk of developingAi§re J (Sharma et

al., 2018; Zhuang et al., 2024)

The symptoms of ASD vary widely in terms etiology, phenotype, and outcome. These factors
contribute to clinical heterogeneity, which manifests as diverse deficitsngrairments in
behavioral features and communicative skills. The remarkable heterogeneity of ASD is due to the
combination of multiple genes, environmental factors, mental health disorders, comodsicihd

sex differencesThis complexitynakesthe clinical diagnosis and the individualization of treatment

for ASDmore challenging and diversifi€édhuang et al., 2024)
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Figurel. Potential influences of ASIASD is a heterogenous group of neurodevelopmental disoieasacterized b
social communication impairments, repetitive behaviors, restricted range of interest, and other clinical conside
ASD is a multifactorial disease that involves the interactions of genetic and environmental factors. The genet
include genetics, epigenetic, and sex differences factors. In contrast, the environmental factors comprise
exposure and postnatal exposure. These factors lead to abnormal neuron development, changes in the stru
function of the brain, resulting in ASRhuang et al.,2024)

Neurobiologicalstudiesof behavioral functioning in ASBdicate thataltered brain connectivitys

a key feature of its pathophysiologyspecifically, there ia longdistance under-connectivity
between cortical and subcorticareasand compensatory shorter circuit ovaronnectivity(Kana

et al., 2009; Sharma et al., 2018)oreover, ncreased connectivity was found between sensory
cortices, thalamus and basal gangl@erliani et al., 2015ps well adbetween mentalizing and
mirror neurons (Fishman et al., 2015)This over-connectivity in certain circuits may be a
compensatory mechanisrfor the brain's difficulty in interpreting social cues through different
pathways and integrating musensory stimul{(Sharma et al., 2018)

The postsynaptic density (PSD) of synapsestains variouscaffolding proteins, receptors, and
signdling molecules thatre strongly relatel to ASD(Zhuang et al., 2024)ndeed, most high
confidence ASD risk gendsesides thosdor chromatin remodelling proteinand transcriptional
regulators encode synaptic proteins Kigure 2) (De Rubeis et al., 2014; Sestan & State, 2018)
Theseinclude cell adhesion molecules (CAMs) and components of the extracellular matrix (ECM),
adzOK a o6b ®ywsHNAglin(Hblttetdal, 2010pmmneéuroligin JYlisaukkenja

et al., 2005)



Additionally, excitatory/inhibitory (E/l)imbalances are often observed in animal models of ASD
andtheir correction normalizes ASlixe phenotypes in these animalBozdagi et al., 2013; Lee et
al., 2017; Won et al., 201Z}hisimbalance between excitation and inhibitipoaused by changes
in the availability of glutamate and/or GABA signal transmissocamtributes to pathological
synaptic transmission aratered neural circuits in ASThe levels of glutamate receptors may be
regulated by the endocytosis of PSD scaffolding proteinsgeneral, the balance between
excitation and inhibitiorrelies onthe integrity of PSDor transmitting signals between neurons.
Several genes encoding PBidteins have been identifiedas carrying disruptive mutations in
psychiatric disorder patients, including A&@buang et al., 2024)
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Figure2. High confidence mcoded proteins associated with autism risBimplified schematic of the major cellL
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projection neurons. These proteins have a diverse intracellular distribution: those at the synapse have role
adhesion, scaffolding and signallingomeof these proteins are localized to the nucleus and mediate chror
modificationand transcriptional controfmodified fromLord et al.,2020).



2. Epilepsy and seizures

Epilepsy is a brain disorder, or family of disorders, diagnosed after the occurrence of at least one
epileptic seizure (unpredictable interruptions of normal brain function) and characterized by an
increased predisposition to the generation of epileptic seizures with neurobiological, cognitive,
psychological, and social consequengiéisher et al., 2005, 2014According to the World Health
Organization, epilepsy affects approximately 50 million people worldwide, with an estimated 5
million people diagnosed each year, with differences between -ligbme (49 per 100 000
people diagnosed) and low/middieacome countries (139 per 100 000 people diagnosed)
(https://lwww.who.int/news-room/fact-sheets/detail/epilepsy.

Several attempts have been made to organise and classify seizures and epilepsies, and in 2017 the
International League Against Epilepsy (ILAE), updated its classification system to better organize
and categorize seizures and epilepsies. The new Classification of the Epilepsies is a multilevel
classification, designed to classify epilepsy in different clinical environments. It defines three
diagnostic levels including seizure type, epilepsy type, and epilepsy syndrome, also considering the
risks of comorbidities such as learning, psychological, and behavioral prolitegnse(3 (Fisher,

2017; Scheffer et al., 2017; Wirrell et al., 2022)

At the first level, seizures can be categorized as focal, generalized, or of unknown onset based on
the extent of the brain area involved in seizure initiation. Focal seizures are elicited within
neuronal cortical or subcortical networks localized to one hemisphere. On the contrary,
generalized seizures rapidly engage bilaterally distributed networks, in both cortical and
4dz0 O2NIOAOIT AGNUzOGdZINBad® ¢KS (GSNY ddzyly26yé A
determine the seizure type. The second level classifies epilepsy types as focal (including unifocal
and multifocal disorders, and seizures involving one brain hemisphere), generalized (generalized
spikewave activity on electroencephalogram), combined generalized and focal (for patients who
have both types of seizures), and unknown (when it is not possible to identify the type based on
clinical data). The third level is to diagnose possible epilepsy syndromes, a cluster of features that
tend to occur together. Finally, each stage includes an etiology axis (structural, genetic, infectious,
metabolic, immune, and unknown) and a comorbidity akig\re 3 (Fisher, 2017; Scheffer et al.,
2017)

Epilepsies can have six different etiologistsuctural,genetic, infectiousgnetabolic, immune, and
currently unknown etiologyMyers et al., 2018; Scheffer et al., 201@Ggnetic factors account for
about 30% of all epilepsy cases, including both inherited or new pathogenic mutations
(monogenic) and polygenic inheritance with or without environmental factors. Identifying a single
genetic cause in epilepsy is challenging due to the disease's genetic and phenotypic diversity
(Rastin et al., 2023Additionally, potential epigenetic and environmental factors play a significant
role: geneenvironment interaction involvement in epilepsy is supported by evidence showing
varying concordance levels in identical tw{ievinsky et al., 2018Currently, over 500 loci have

been associated with epilepsy, and the increasing understanding of genetic causes is helping
delineate the mechanisms and new treatments of this disgdégers et al., 2018; Noebels, 2015;

Ran et al., 2015; Staley, 2015)
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The pathophysiology of epilepsy involves two main processes: epileptogenesis and ictogenesis.
Epileptogenesis is a dynamic process in which a previously normal brain network is functionally
altered, making it more susceptible to seizures. It involves the formation and spreading of tissue
that can generate spontaneous seizures, leading to the onset of an epileptic condition, and/or
progression of epilepsy after it is establish@itkéanen et al., 2015Epileptogenesis is generated
by a pathogenetic event (e.g. a traumatic injury), a genetic alteration, or an unknown cause. It
occurs before and persists beyond the first seizure (ictogenic event). Ictogenesis, on the other
hand, refers to the multphase process involved in seizure onset, progression, and termination, as
well as the transition from the interictal state (the period between seizures) into seizures
(Devinsky et al., 2018)
At the network level, an imbalance tife EI ratio can be ictogenic, becoming the leading cause of
seizures, an abnormal, excessive, or synchronous neuronal brain a¢Btatigtrom & Carmant,
2015; Staley, 2015However, this theory is still under debate for several reasons. Indeed, epilepsy
patients exhibit seizures that account for less than 1% of total brain activity, indicating the
presence of additional mechanisms contributing to the persistence of the disease and the
6



transition to seizure onset. Furthermore, injurgttduced epilepsy patients do not display a
steadystate imbalance of the E/I ratio before the traumatic event. Hence, ictogenesis could be
considered as the involvement of several pathways committed to a final pathologic state,
characterized by a setéinforcing cycle of activitdependent disinhibitior{Staley, 2015)

Both ictogenesis and epileptogenesis are associated with impairments in synaptic transmission
(Fukata & Fukata, 2017; Staley, 2Q01&veral mutations in preand postsynaptic proteins are a
leading cause of epilepsfigure 4. These mutations can modify the E/I ratio, leading to seizures
through a reduction of inhibitory mechanisms or neuronal hyperexcital{iligvinsky et al., 2018;
Fukata et al., 2006; Goodkin et al., 2008; Lazarevic et al., 2013; Naylor et al., 2013)

(a) Presynaptic neurotransmitter release
SV2A, SYNs, STX1B, SNP25B, STXBP1
CACNA1A, DNM-1
KCNA1, KCNA2

Synaptic Vesicle

(b) Postsynaptic proteins
CHRNA4, GRIN2A, GRIN2B, CACNG2

SYNGAP1, PLPPR4, SLC12A5
GABRA1, GABRB3, GABRG2, IQSEC2

(c) Trans-synaptic communication
NRXN1, DAG1
CNTNAP2, SRPX2
LGI-ADAM22-ADAM23
C1Q, Endocannabinoid (2-AG)

Glial cell

(d) Other proteins
SLC1A2 (EAAT2/Glt), VLGR1, PCDH19

Figure 4. Representative epilepsyelated synaptic proteins Various synaptic proteinhiave been implicated
epilepsy etiology. These are classified in four groups based in their synaptic localization and functions: (a) pi
neurotransmitter release machinery, (b) postsynaptic proteins, including ion channel subunits and scaffolding
(c) transsynaptic adhesion molecules and secreted proteins, (d) other epHepasied proteins including gli
glutamate transporter (EAAT2), very large G promapled receptor 1 (VLGR1), and protocadherin 19 (PCDH1
active zone; PSD, postsynaptic density (Fukata and Fukata, 2017).

3. Sexdifferences in ASD anepilepsy

Historically, scientific literature has primarily focused on male subjeotsekample, Kanner and

I & LJISNHB S NIDa peevalgntlit obexclugiveipamposedof males. Most subsequent research
also has focusedn male sampleswith limited attention to femaleoriented studies.The male
preponderancen ASDs a highly replicated findingvith a ratio of 4 males to 1 femaldespitethe
striking heterogeneity in symptoms and severitjie male bias in ASD hasulted infemales with
ASD being undestudied leadingto underdiagnosis, misdiagnosis, and consequently, inadequate
treatment causing significant distress and confusion flemaleson the autsm spectrum (de
Giambattista et al., 2021; Giarelli et al., 2010; Milner et al., 2019)



Neuroimaging studies show that females amdles differ in some aspects of brain development,
while in othesthey may be quite similar botim typically developingndividualsand ASD subjects.

Sx differences have beefiound in studies related tdorain size, volume of defined areas, corpus
callosum sizedistribution of grey and white matter, brain intrinsic functional organization,
connectivity,as well agasks involving empathy, emotions, language, and vispatial processing.

For example, analyzing brain volumetry, the temporal lobe was found to be larger in ASD
individualsthan in typically developingsubjects and in makcompared tofemales with ASD.
Moreover, females with ASD show higher intr@mispheric connectivity, similar to typically
developing males, while males with ASD exhibit lower connectivity, similar to typically developing
females(de Giambattista et al., 2021; Kirkovski et al., 2020)

Differences in socialommunication abilities between male and female children and adolescents
with ASDhave been reported in several studigde Giambattista et al., 2021; Head et al., 2014,
Sedgewick et al., 20163lthoughmales and females with ASi2nerallyexhibit similar deficits in
social communication and interaction, females with ASD shakeater capacityfor developing,
maintaining, and understanding relationshigs well asadjusting their behavior to fit into
different social contexts.This coping mechanism allowaSDaffected femalesto blend nto
society, a phenomenon sometimes referred to as "camouflag{dg" Giambattista et al., 2021)
Additionally females with ASvho have averageéQ scoresdisplayincreased functional social
behavior compared to males with ASDhis might lead to a misinterpretation of their symptoms
and consequentlyto a delay in accurate diagnosist-urthermorg sexspecific characteristics in
typically developing males and females may mask some of the core deficits of ASD. Females with
ASD and high 1Q also tend to have higher language ability, reflecting the sex difference in language
in typically developing males and femal(étlladay et al., 2015; Head et al., 2014, Lai et al., 2011)
Despite variability in ascertainment, a sex difference in ASD prevalence re#fasent studies
report that ASD is more prevalent in males possibly due tospexific single nucleotide
polymorphisms, singlaucleotide variants, micraeletions, copy number variants, and proteins.
The differences in ASD prevalence and severity between males and females can be attributed to
the "female protective effect” (FPE) theofZhuang et al., 2024)This theory is supported by
genetic analyseof ASD cohortsvhich revealed a higher burden of de novo copy number
variations (CNVsgnd de novo loss of function point mutations in females with A8@pared to
males with ASI)De Rubeis et al., 2014; Halladay et al., 2015; Jacquemont et al., 2014)

In conclusionalthough females may havea higher genetic vulnerability threshold thanales

there are subtle but potentially meaningful quantitative and qualitative ASD phenotypic
differences betweenhe sexeghat common screening testaay not always detect

The differences between sexesncerningepilepsy are widespread and can vary depending on the
specific seizure disorder and agsated factors. Women are more commonly diagnosed with
genetically based idiopathic generalized epilepsies, as well as cryptogenic locafiektied
epilepsies where the cause is notear. In contrasi men are more frequently diagnosed with
localizationrelated symptomatic epilepsies and injunduced epilepsiesStudiesalso show that
males have a higher incidence of epilepsy and an increased risk of develbeidgseaseover

their lifetime. However, sociological factors may influence this trend. In countries where epilepsy



is highly stigmatized, womemay be more likelfthan men toconcealtheir epilepsy diagnosis
(Fiest et al., 2017; Reddy et al., 2021)
Sexual dimorphisnn cerebral connectivity is evident from birth to old age. Studies indicate that
the male braincan handle better intrahemispheric neuronal communication due to a higher
abundance of white matter connections between cortical regions. In contrast, the female brain
exhibits greater interhemispheric connectivity and local clustefingalhalikar et al., 2014; Luders
et al., 2009) These differences are present from adolescence through adulthood and may
contribute to the higher incidence of idiopathic generalized epilepsies in wo(Redldy et al.,
2021) Variations inbrain connectivity also exist within the limbic system and are therefore
relevant to temporal lobe epilepsy (TLEAdditionally, dfferences in the lateralization and
generalization of the seizures may be related to differential connectivity within the limbic system
(Figure5). The typical male brain has a larger amygdala and thalacougpared to its female
counterpart while the female brairhas a larger hippocampus, caudate nuclei, regionadygr
matter, and cortices(Luders et al., 2009)Within the amygdala, men have better rigsitled
connectivity while women have more ledided neuronal connectionfilpatrick et al., 2006)
Overal|] these structural variationgnd functional differences in brain connectivity may help
explain the sexelated variations in epilepsjReddy et al., 2021)
Several mechanismscontribute to sexbased differences in epilepsand seizure sensitivity
includng body weight, steroid hormonesnd endogenous neurosteroidscytochrome P450
activity, neurotransmitter systems, and sexually dimorphic neuronal networks in the Buaiong
these, the impact of steroid hormones and endogenous neurosteroids on neuronal excitability and
seizure susceptibility are the most widely investigaf€thristian et al., 2020; Del Rio et al., 2018;
Reddy, 2014; Reddy et al., 2021)
Neurosteroidsare synthesized from steroid hormone precursors in the brain and act as positive
allosteric modulators of inhibitory GARAeceptors Theyare powerful modulators of synaptic and
extrasynaptic GABAreceptors. At low concentrations, neurosteroids allosterically potentiate
GABA receptors while at high concentrations, they can directly activate GAB#eptors The
availability of steroid hormones, such as progesterone and testosterone, stfeefproduction of
neurosteroids in the brainTherefore, ex-based differences in the endocrine system play a role in
producing inhibitory neurosteroidéChuang & Reddy, 2018; Goodkin et al., 2008; Reddy et al.,
2021)
Steroid hormones are synthesized and secreted from ovarian, gonadal and adrenal sources and
play acrucialrole in controlling neuronal excitability and seizure susceptibility. In men, the main
circulating steroids are androgenic steroids (testosterone and dihydrotestosterone) and adrenal
corticosteroids (cortisol and aldosteronéi women, the primary reproductive steroid hormones
are estrogens and progesteronehich arereleased during the menstrual cycle. Progesterbas
anticonvulsantproperties through three main mechanisms: negatively impacting glutamatergic
excitatory transmission, binding to progesterone receptors (PRs),banty metabolized to the
inhibitory neurosteroidgBrinton et al., 2008; Del Rio et al., 2018; Motta et al., 20b3yeneral,
estrogens have proconvulsant and epileptogenic properties in animals and hy®emarfman &
MacLusky, 2006Even iftheir effect on seizure susceptibility varies depending on factors such as
treatment duration, dosage, hormonal status, and the seizure ma&lelirogens and testosterone

9



exhibitboth anticonvulsant and proconvulsant propertid$e netabolization of testosteronato
estrogens increases seizure susceptibility in both animal and human muodels its conversion

into the neurosteroid androstanediol inhibits seizut@g actingas a positive allosteric modulator

of GABAreceptors(Reddy et al., 2021)

In summary, although our understanding of the exact neuroendocrine factors and molecular
mechanisms remains limited, there are clear sex differences in many epilepsies and seizure
conditions and their response to antiepileptic drugs.

A)  Whole Brain

Limbic System B)

Male Female

Fémalé t Amygdala t Hippocampus

t Thalamus t Caudate nuclei
t Regional grey matter

t Cortices

C) Amygdala

indicates greater connectivity

L R L R ;
OO O Q indicates lesser connectivity

indicates greater size relative
Male Female ;
to the opposite sex

Figure 5. Sexual dimorphism within thebrain. (A) Males exhibit greater intrahemispheric connectivity, whei
females exhibit greater interhemispheric connectivifg) Within thelimbic system males feature larger amygda
and thalami, and females feature larger hippocansgiidate nucleiregional grey matter, and corticeéC) Males
exhibit greater connectivity within the right amygdala than the left, whereas females exhibit greater connectivit
left amygdalaReddy et al., 2021)
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4. Comorbidity between ASD and Epilepsy

Comorbidities with other disorders occur in more than 70% of ASD ,ceesmdting in additional
physical and/or mental impairmentSeveraldisorders are frequently associated with ASD,
including ADHD, anxiety, bipolar disorder, epilepsy, fragilgyndrome, intellectual disability,
language deficits, obsessieempulsive disorder (OCD), motor abnormaliti@sd gastrointestinal
problems (Sharma et al., 2018)Cooccurring medical disorders and associated physiological
abnormalities in individuals with ASD may provide insigitb the underlying biological
mechanisms and causal pathways

ASD and epilepdyavea highcomorbidity rate andshare several common risk factorfifferent
studies highlight thaaround 20% of individuals with epilepsy also have ASDyeedversa, with

an even higher occurrence in those with intellectual disab{lBgsag, 2018; Jeste & Tuchman,
2015) Excluding specific pathologies, such as the Lagdkdfner syndrome, a rare form of
epilepsyassociated with language difficulties and autistic featutbgre iscurrently no plausible
mechanismsuggesting thatASDcausesepilepsy or viceversa. The coccurrence of ASD and
epilepsyis more likely due to shared genetic and environmental factors predisposing individuals to
both conditiong(Besag, 2018)

Moreover,even in the absence dlinical epilepsypatientswith ASDmay still show an increased
incidence of epileptiform electroencephalography (EEG) activity: up to 60% of children with ASD
have interictal spikedespite nothavinga history of epilepsyChez et al., 2006; J. Hughes & Melyn,
2005; R. Hughes et al., 201%)ne of the most severe forms of comorbid epilepsy in ASD is
epileptic encephalopathy, aondition in whichseizures can lead to serious cognitive and
behavioral impairments. This condition can affect infants, who are at a higher risk of being later
diagnosed with ASD and experiencing lasting cognitive impairm@nigastava & Sahin, 2017;
Tuchman et al., 2009; Tye et al., 2018)

The relationship between seizures, intellectual disability and ASD suggistt the onset of
seizures plays a significant role in developmental regression and ASD sym@omsion
anatomical, cellular, genetic, and molecular mechanismay underie the pathological
manifestationsof these comorbiditiegBozzi et al., 2018; Brookayal, 2011; Jeste & Tuchman,
2015) For instance malformationsin cortical developmentsuch adocal cortical dysplasia and
heterotopias have been foundn brain tissue of individuals withoth ASD and epilepg§8ozzi et

al., 2018) Moreover, genetic mutationassociated withrASD and epilepssuggesiabnormalities in
synagic development, maintenance antlinction, which alter the balance between neuronal
excitation and inhibitior(Bozzi et al., 2018; Stafstrom & Benke, 2015)

Neurodevelopmental deficit&n inhibitory and excitatory circuits are commda both ASD and
epilepsy with dysfunctions in the GABAergic and glutamatergic systems observed in both
conditions (Stafstrom & Benke, 2015For instance, increased activity of glutamate receptor
signalling leading to hyperexcitability has been found in cases of epilepsy an(Ba&D et al.,
2018; Oberman, 2012; Stafstrom & Benke, 201bhe ncreased excitation is linked to
dysfunctions in ion channel depolarizatiosu¢h assodium or calcium channelopathy), or
enhanced glutamate neurotransmissiondluding an increase iglutamatergic synapses, greater
glutamate releaseand changes in glutamate receptor subunit6dtafstrom & Benke, 2015)
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Moreover, metabolic,immune, and environmental disturbances mdurther compromise the
balance between neuronal excitation and inhibitioRigure 6) (Bozzi et al., 2018; Stafstrom &

Benke, 2015)

Metabolic dysfunctions
1 aminoacid synthesis

GABAergic dysfunction
1 excitatory GABA

I GABA neurons

Il GADIGABA receptors

1 GABAergic transmission

S

Genetic defects

Immune dysfunctions
f inflammation

— A)%

- Environment
heavy metals
VPA

Glutamate dysfunction '
' mGilurS signaling
—~ ' NMDA receptors

reduced inhibition
increased excitation
E/l imbalance

altered circuit plasticity

5

. s e e

altered social behavior

*

cognitive impairment

increased seizure
susceptibility

Figure6. Shematicmulti-factorial model for the expression of ASlike and epileptic behaviors in rodentASDlike
and epileptic behaviors in rodents are a result of many factors, in which GABAergic and glutamatergic signalit
contribute largely to the comorbidity origin. Many ASD genes code for proteins involved in synaptic si
transcriptional regulation, and cell adhesion. Loss of function of these genes may result in decreased inhi
impairing GABA signaling or increased excitation (by ernhgmoGlur5/NMDA receptor signaling, for examg
Metabolic, immune and environmental causes may also contribute to ASD/epilepsy pathogenesis. Conseqt
imbalance and resulting altered circuit plasticity may ultimately lead to altered social behavior, epilepsy, and «
impairment. Experimental evidence suggests that similar mechanisms may be found in human patients (Ba

2018).

Both epilepsy and ASpredispose to abnormalities in neural connectivityterfering with normal
neurodevelopment. Molecular abnormalities in synaptic structures and functicoremmonly
observedin ASD and epilepsy frequently involygoteins such asneuroligins (NLGNs) and
neurexins (NRXNsnd thescaffolding proteilSHANKS3, which play crucial roles in the formation
and function of synapsesThe NRXMNNLGNSsignalling pathwayis implicated in postsynaptic
differentiation and in controlling the balance betweeninhibitory GABAergic and excitatory
glutamatergic signéng. Mutations and chromosomal rearrangemenasfecting these proteins
have been associated with ASTCherefore,abnormal synaptic GABAergic sifiimg emerges as
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significant molecular abnormalitghared byboth ASD and epileps{Canitano et al., 2022;
Castronovo et al., 2020; Fatemi et al., 2010; Uchigashima et al., 2021; J. Wang et al., 2018)

It iswidelyrecognizedhat several structural andcaffoldng proteinsplaycriticalroles in neuronal
excitability and are associated wittboth ASD and epilepsyThese proteins anchor synaptic
machinery, regulate vesicle release, control subcellular Higgapathways, and influence
neuronal migration and network connectivithccordingly, several CAMs and ECM elements have
been implicated in both ASD and epileg&brahimiFakhari & Sahin, 2015; Stafstrom & Benke,
2015; Volk et al., 2015)

Studyingthe comorbidity between ASD and epilepsy is relevant because treating one disorder
could potentially improve symptoms of the otheas suggested by the improvement of ASD
phenotype in patients and animal models after anticonvulsant administrafi®nJ. Robinson,
2012; Stafstrom & Benke, 2019) conclusion further understandingof the molecular bais of
ASD and epilepsyomorbiditymaylead to more precise treatmerstrategies such ashe selecton

of drugs that can address both disorders.

5. ECMand CAMs

The ECM is a dynanstructural scaffoldpresent inall tissuesjncluding the brainand it playsan
active roleduring normal brairdevelopment,and function andis involved in thgpathogenesis of
severalbrain diseasedt makes upo 40% of the total brain volume during development and 20%
in adult brains The ECM is composed of a mix of proteins and carbohydrated includes
structured fibrous proteindike elastin, laminins, and collagertisat form an organized scaffold
surrounded by an amorphous gel made of hyaluronan (HA), proteoglycans, tenascins, link
proteins, and glycoproteinsThe ECMalso contains secreted molecules such as growth factors,
neurotransmitters (NTs), ions, and neuromodulatory agéhRigure?) (Soles et al., 2023)

The ECM isa plastic structure that respords to neuronal network activityand can change its
composition, structure, and functional properties by incorporating secreted molecules and shed
extracellular domains of transmembrane moleculs®reover, t activates signalling pathways in
neurons bybinding to cell surface receptors tny releasing products of its activigependent
proteolytic cleavaggDansie & Ethell, 2011; Dityatev et al., 2010; Frischknecht & Gundelfinger,
2012)

In the central nervous system (CINBdth neurons and glia contribute to the formation and
maintenance of the ECNM'he composition of the CNS ECM differs from that of other organs due
to a higher presence of nefibrous componentgSoles et al., 2023; Tewari et al., 20Z2ye of the

main structures in theneural ECM are the perineuronal nets (PNN#)ich mostly enwrap the
inhibitory parvalbumin (PV) expressing interneuroAkhoughthe composition of PNNs may vary
across different brain regions and change with apey are mainly composed of hyaluronic acid
backbonelinked to chondroitin sulfate proteoglycandinking proteins, and tenascifiBosiacki et

al., 2019; Bruckner et al., 2003; Gundelfinger et al., 2010; Soles et al., 28@Rjonally, there is a
more widespread ECM based on hyaluronic acid, with a sicolaposition to PNNs, surrounding
most neurons in the brain, including cell bodies, dendrites, the initial segment of some axons, and
synapsegBrickner et al., 2006; Gundelfinger et al., 2010)
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The secondspecificECMform in the CNSs the basement membrane (BMyhich includeshe
meningeal BMsurroundng the pial surfaces and the vascular BMrroundng blood vesse The
vascular BM is composed of laminin, collagen 1V, fibronectin, and heparan sulfate proteoglycans
and contributes to the integrity of the bloeldrain barrier (BBB)Soles et al., 2023)
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Figure 7. Schematic illustrating the ECM compositioExtracellular matrix proteins including collagen, elastin,
laminin provide structural support and fornmicroenvironments for neuronal and glial interactions in (
Perineuronal nets are formed on the cell bodies and processes of mostly inhibitory n¢Sias et al., 2023).

During development, the ECM playsceucial role in the proliferation and differentiation of
neuronal progenitors, dendritic and axonal growth, migration, cortical folding, connectivity,
synapse maturationand synaptic plasticitySoles et al., 2023)n the adult brain, the ECM
regulates neuronal activity, paytby controlling extracellular ion homeostasis, the expression of
neurotransmitter (NT) receptors and ion channels, spine numbers, and spine mgaitkovich

& Rizzoli, 2022; Soles et al., 2028lpreover, the coordinated activity-dependent activation of
multiple extracellular proteases, such as ADAMTS4/5/15, MMP9 and neurotryegualates
structural modification atthe synaptic levelmodulating the proteolysis of ECM, synaptically
expressed CAMs and neurotrophic facté8®nderegger & MatsumotMiyai, 2014; Wojtowicz et
al., 2015)

CAMs regulate neuronal growth, synapse formation, and functibg mediatiing neuronal
interactions with the extracellular environmemtirough adhesive bonds with CAMs on adjacent
membranes orwith ECM proteins CAMs binding to their extracellular ligansl activates
intracellular signling cascadesyhich leadto changes in neuronal structure and molecular
composition and function of neuronal contagtsozlova et al., 2020)

Based on their biochemical structure, CAMs canch&gorizedinto various families including
integrins, cadherins, immunoglobulin  (Ig) superfamily, selectins, contactiasd

neuroligin/neurexin family{De Wit & Ghosh, 2016; Sakurai, 2017)
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CAMs can form homodimers or higheorder oligomersand mediate interactions between
opposing cell membranes from their extracellular domgi@akurai, 2017; Schwabe et al., 2009)
Celladhesion can be tight and lofgsting, orweakand transient(Sakurai, 2017)Generally, the
cytosoHacing domains of CAMs interact with sets of multifunctional adapter proteins, which
directly or indirectly bindto the cytoskeleton.Additionally, sme CAMs recruit intracellular
signdling pathwaymoleculesto regulateprotein activity and gene expressiohhis means that the
environment surrounding a cell can affets shape and function through CAMsa process called

G 2 dz-RW R S T Eheisdginternal cellular signing can | £ a2 Ay Tt dzZSy OS
surroundings in a processmown asit A Y & A2 S S fHYNSDIDE}

In summary, interactions between CAMs and ECM with their receptorsrai@al during brain
development, brain wiring, and synapse physiology. Perturbations in their functianmpact
animal behaviormaking themattractive targets for therapeutic interventio(De Wit & Ghosh,

2016; Sakurai, 2017; M. Williams et al., 2010)

The ECM undergoes alterations such as degradation, overproduction, and changes in composition
in various neurological disorders includihgt T KSAYSNR& RA&SIFaASsT | dzyGAy
disease, schizophrenia, ASD, and epilgf@gynnehBarkay & Wiley, 2009; Pintér & Alpar, 2022;
Soles et al., 2023Moreover, human genetic studies using whole exome/genome sequencing have
highlighted that mutations in genes for CAMs are associated with psychiatric disorders such as
{53 SLAfSLAeEe:Y AyiaStfSOldzrt RAa&Ll GBethnkul,&011;! f 1 K
Sakurai, 2017; Zhong et al., 201Bburthermore,dysregulation of protein synthesisssociated

with abnormalities in the expression or processing of CAMs been observed in different
neurodevelopmental and neurodegenerative disorders, includk®p) fragile X syndrome, and

I £ T KSAYS Ndzovalehal, 8023) S

As previously mentioned, thE/l imbalance is a putative mechanism for ASD and epilépwley,

2015) Several CAMs, such as neuroligins/neurexinshNewronatCAM(NCAM) have been shown

to regulate the formation and function of excitatory and inhibitory synag3edbuchi et al., 2007)

In addition, alterations irthe activity of matrix metalloproteinases (MMPw@hich promotethe
turnover of ECM componentsand directly degrade ECM proteins such as aggrecan, laminin,
entactin, and fibronectincan modulate the E/I ratio. Indeed, by degradaggrecan, laminin, and
fibronectinin the PNNsMMP-2 and MMP9 can contribute to PV interneuron dysfunction, aBd
imbalancein the affected brain region§Chaunsali et al., 2021; N. Cui et al., 2017; Soles et al.,
2023)

Finally, homeostaticplasticity is essential to counterbalance destabilizing stimuli, such as
developmental plasticity, learning, or lesion, amal keep neural activitywithin physiological
boundaries(Turrigiano, 2012)At the cellular level, homeostatic plasticity is achiefedexample

by altering surface receptor levels, or vesicle release (&ékurai, 2017)

In conclusion,CAMs and ECM molecules are important for normal brain function taed
dysregulation is involved several brain disordersncluding ASD and epileps& more detailed
understanding of how specific CAMs or ECM elements regyledper brain functioncould
improve ourability to modulate neuronal circuitdn addition, snce ECM molecules and their
receptors are easily targeted by antibodies, peptides, glycosaminoglycans, and other compounds,
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they represent goodpotential targes for the development ofnew therapies(Dityatev et al.,
2021)

6. Role of ntegrins in synaptic development, maturation and plasticity

Integrins aremechanical transducsrthat physically and functionallgonnectthe ECM and the
intracellular actin cytoskeletgnor other counterreceptors on adjacent cellsThe atin
cytoskeleton has been investigated in various aspects of neurobiology. ety regulatory

proteins are mutated in neurological disorders, linking cytoskeletal dynamics to normal CNS
development and function(Joensuu et al., 2018; Park & Goda, 2016; Sekino et al., 2007;
Stachowicz, 2023)

Integrins are formedy anh and a’ -subunit that assemble through a divalenttican-mediated

bond to generate nofrcovalently associated heterodimers. Batbbunits contain a cytoplasmic
domain, a transmembrane domain composed of a single membsga@ning helix, and an
external domain associated with the ligabthding procesgPark & Goda, 2016)n mammals,

0 KSNBE KNS dayy (0 BsubunigsRwhigh assemble into 24 heterodimers with differential
binding affinities for extracellular ligand&igure 8A) (Hynes, 2002; Takada et al., 200n) the

nervous systemonly 14 of the 24 known heterodimers combinatiohave been found expressed

in the hippocampus, cerebellum, thalamus, brainstem, and cofteegg et al., 2003; X. Wu &
Reddy, 2012)L y LJ; NI A Odzf F NE A y G S 3 NdBwfidhpottaot Yolesinpn&urohay = h +
migration, synapse and dendrite development, morphogenesisl synaptic plasticityGupton &

Gertler, 2010; Hynes, 2002; X. Wu & Reddy, 200X S Ay i SaNRyY f A3IlyR aLlSO
RS S NI A y SRbugitpwhérgasSthehintracellular signalling cascadesegelatedd @ G KS |
subunit (Hynes, 2002)Therefore, integrins can be subclassifietbifour families, according to

their ligandbinding proteins: the RGD receptor famiid.h g~ - y R -cdntaining integrins)

that recognize matrix molecules containing the ABly-Asp (RGD) amiracid sequence, such as
fibronectin (FN),thrombospondin(TSP),tenascing TN)and vitronectin(VTN) the laminin receptor

family €.g." oh cl y R containing integrins); the collagen receptor famigigh m |y R h H
containing integrins)and the leucocytespecific receptorsKigure8A) (Y. Cui et al., 2024)he RGD

motif mediates the contact between integrins and the ECM, which influences cell adhesion and
sets off a chain of intracellular sighayj events that regulate cellular activity. Remarkably,
integrins also function as mechanoreceptarsnverting mechanical signals into cellular responses

(Y. Cui et al., 2024; Jaudon & Cingolani, 2024)

Eachintegrin subunit contains a large extracellular domain, a transmembrane domain and a
cytoplasmic domainFigure8B). ¢ KS h Ay G SINARY & dzo dzy A di SOAG/H X y &
LINE LIS f f S NRliKe) domain ¢k ahé Cati 0-siaAdwich domaingt KS I Ay G SANRY
contains instead, eight domaingn N-terminal plexinrsemaphorinintegrin (PSI) domain, a hybrid
R2YFAYX GKS T L R2YIFAYyS ¥F2dzNJ SLIA RS NY HINEENRWIGIK
01 Af R2 YHighrg8B) Mosesebal., 2009; Xiong et al., 200The interaction between the

J-LINR LIS f S®Idz8 dzy 1K S YR ( KS -subunit répedehsithé headof tiieK S
integrin and¥F 2 NYya (GKS hi  O02YLX SE GKI 4 (HynesA2g02)Fhe NB O i
majority of integrins are not constitutively active and exist in three major states. In the
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bent/resting state, the integrin heads and cytoplasmic tails are bent towards the lipid membrane.
The extendeetlosed statds characterized by an extension of the extracellular headpiece, but the
intracellular legs remain close to each other. The activated state, instead, is characterized by an
extendedopen conformation with the extension of both external and cytoplasmic domains
(Figure8B). Integrin activation is a transmission from a laffinity state to a higkaffinity state.

The lowaffinity state of integrins is characterized by a betdsed and extendedlosed
conformation, while the extendedpen conformation corresponds to the higlffinity state(Y. Cui

et al., 2024)Adivation can occur with two mechanisms: an internaliaaing molecule, such as

talin and vinculin, interacts with the cytoplastiha tails and induces the opening of the outer
membrane grasgacilitating the binding to the ECM (insigmit adivation), or an extracellular
fAILYR 0AYyRa (2 GKS Ay G5 NNRSubDSts dpehingSte inBaddfilat R 2
grasp and allowing the interdon with several downstream effectors (outside adivation)
(Gahmberg et al., 2022; Park & Goda, 2016; X. Wu & Reddy, 2012)

The mostweli 1 dZRA SR AYiSaANAYa Ay GKS ONIAY | NB (K2
i m adzmdzyAld AYy(OiSNIdddy AGRIKONDSOINIE hhy s | yR h
KSGSNRPRAYSNE SEOf dza(Bharbet &., 2@03; Pdtk &iGKdR, 2016) & dzo dzy A
Integrins act as linkers between cells of the nervous system, and they are also concentrated at the
interface between pre and postsynapc neurons. Thanks to this localimm, integrins are
involved in synapse fornti@n (neurite outgrowth and synaptogenesis), synapse maitang and
synapic plasicity (Kerrisk et al., 2014; Lilla & Ivaska, 2018; Park & Goda, .2@i6)ng
development, the interaiton of integrins withseveral guidance molecules (semaphorins, slit
proteins, netrins, and ephrins) pacipates in the pathfinding process atiading or repelling the
growth cone(Chavis & Westbrook, 2001; Kerrisk et al., 2014; Lilja & Ivaska, 2018; Park & Goda,
2016)

¢CKS I m Ayl $3INIngst abazdadryideiber of the integrin familnd is highly
expressed in both the hippocampus and cortex of the hraimith different roles during
development(Pinkstaff et al., 1998, 1999; Schmid et al., 2006particular;, M A Y G§SINR Y &
important role in the formation of inteneuronal connections by promoting neurite outgrowth,
axon guidanceformation and maturation of synapse¢Bamdad et al., 2004; Belvindrah et al.,
2007; Chavis & Westbrook, 2001; Clegg et al., 2003; Y. Cui et al., 2024; Ivins et al., 2000; Lilja &
lvaska, 2018; Mduller et al., 1995; Park & Goda, 20A6)early stages of synapse formation,
LINBadyl LA O i m -synapiicSnendllylad adhegidh maoligdeis (IGBMinteract
between filopodia tips and axonal terminals, presumably to maintain immature spines in a highly
dynamic state and oppose their maturation.LJ2 y ae&yl LJaS Yl dGdzNF GA2y > |
on the postsynaptic membrane mainly in mushroom spi(ésCui et al., 2024; Mortillo et al.,
2012; Ning et al., 2013)

1+ A
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Figure8. (A) Integrin classificatiorfamilies and their ligandsAccording to their ligarndbinding properties, integrir
can be divided into four groupsollagen receptorsRGD receptors, laminin, and leukoegfeecific receptors. Ti
of 01 tAYyS SyOANDt §a RRYWISINR VLAY LEN G ATy Myl SIFyWRNY &
'y R h @iy o63NB BYScheyiatidirépfsetatich di\tli (cohformational states of integritf€ui et. a
2024).

¢ KS i o Ay (iddés NGt Waveinzpmatiabie role in neuronal migratibis therefore the

h + & dabadzéduliates neuronal migration and axon pathfinding by pairing with ' YR iy
subunits (Park & Goda, 2016 recent study has also identified a subtypéJS OA FA O NRf S
AYGSaINAya Ay O2yUNRfftAY3d ySdzNAGS 2dziaNRBGgIKD N
the neuroblastoméb SdzZNPH I OSff & dzyRSNJ LINPf AFSNI 0A QS 02y
complex arborization in cells already committed to differentiat{@uccardi et al., 2022Dnce the

synapse is established, integrins continue to be expressed and participate in synapse maturation.

I econtaining integrinsare involved insynapse maturation by promoting the developmental
reduction in presynaptic neurotransmitterelease efficacy and awitch in postsynaptic NMDA
receptor (NMDAR) subunit composition from GluN2Bitaining to GluN24&ontaining receptors,

which are properties associated with mature synap&ebkavis & Westbrook, 2001; Kerrisk et al.,
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2014; Lilja & Ivaska, 2018; Park & Goda, 20¥@yeover,i o A Yy ( S$3A Nfe yh fileltining

the neuronal networksltgb3 knockout (KO)or heterozygous (HETprtical neurons displayed
reduced network activity, whileverexpressné E2 3Sy 2dza | o Ay QalrSétalKeé LIS
20220 i o A Yy U S JoddalyssinapticBsteduzfthl ofi &citatory synapsesgulating surface

delivery of AMPAype glutamate receptorsthrough a direct interaction of its intracellular tail

with GluA2containing AMPARY. Cui et al., 2024; Pozo et al., 2012)

imMm FYR 1o AYyUGSaINAya Ffaz2 O2yiNERf aeylrLIWiAO ai
receptor traffickingin opposing directiogai M AY G SINAY & AYONBIasS 3Ife0A
i o Ay (dS3NRarié &aN®1I0mBgridsalso play a significant role in regulating the
localization and signalling ajroup | metabotropic glutamate receptors (mGIuRs), which are
involved in longterm depression (LTD) and synaptic downscaling (a form of homeostatic plasticity)
(Cingolani et al., 2019; Jaudon et al., 2022; Jaudon & Cingolani, 2024)

In the adult brain, integrins exhibit significant roles in the regulation of synaptic transmission and
synaptic plasticity, which underlies learning and memg@igGeachie et al., 2011fFor example,

im AYUSaNRARya | NB AYBadayah ¢ 8.R20RyCThdn ettal., 2008; IGuief al.,1 | (
2016) s KSNBI & i o AYyUSaANARY Aa | 1Seé& NB3IdzAFG2N 27
plasticity that preserves synaptic strength in the face of external perturbatidhalhammer &
Cingolani, 2014)a 2 N5 2 S NE KOmiceAeyhibif & spdcific impairment of HSP, without
affeding LTP or LT{Zingolani et al., 2008; Cingolani & Goda, 2008; Mcgeachie et al. @®2012)+ | o
integrins regulate syndp strength through stabilizing AMPAR in the membrane, indeed, the
inhibitizy 2F 1 o A Y ( 8rddditsyRapadedisked SMPKRSs ZridbcytogiSingolani et

al., 2008 b20GFrofeéex GKS | {t NBIddive td &Rocyekleased fackoysii S 3 N.
such as tumor necrosis factaipha (TNP 0 YR &SONB (SR LINRByStESdey = |
(SPARC). These factors induce a homé@taR2 gy a OF ft Ay3d NBRdzOAy 3 (KS
and of GluA1and GIuA2 containing AMPARECingolani et al., 2008; Jones et al., 2011; Park &
Goda, 2016)

In conclusionjntegrins modulate dendritic spine morphology and maturatias,well asynaptic

plasticity, indicating thatthe surrounding environment may modulate neuronal actithyough
integrirmediated signaling Interference with integrin signaling not only affects synaptic
YFEddzN: GA2Y YR LXFaGAOAGE odzi |f&az2 FyAYFf 0SK
novel object recognition test{Warren et al., 2012) Yh 2F ho AYy(iSaINRY
hippocampal LTP, defects in hippocamjlependent working memory, and novel object
recognition testgChan et al., 2003; Kerrisk et al., 208h YA OS F2NJ i o Ay (i SIANJ
social behavior associated with AS§Darter et al., 2011)Chromosomal microdeletions, or
RdzLJ AOF GA2ya Ay@2t@Ay3 GKS 3SySa O2RAYy3I F2NJ
intellectual disability(Chaabouni et al., 2006; Preiksaitiene et al., 2012; Talkowski et al.,.2012)
LYONBFaSR fS@Sta 2F huw AYydSINKYAE imhymadtissie df y G SN
intractable epilepsyY. Wuetal.,201Y) | YR i m AYGSIANAY 41 & aK2gy
after seizuregPinkstaff et al., 1998)
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7. Integrins in ASD

Forming correct synaptic structures and neuronal connectionscrsicial for normal brain
development and adult braifunctioning Integrins play essential roles igontrolling processes

that regulate neuronal connectivity Dysfunctional neuronal connectivity emergeduring
neurodevelopment ands associated with compromised structural connectivity aaonormal
synaptic plasticity. In particulaASDis considered to be caused by reduced synaptic connectivity
during developmen{Geschwind & Levitt, 2007; Lilja & Ivaska, 2018; Zoghbi & Bear, PEIR)ts

in synapses are of particular interest becatise reorgangation of circuitry continues at individual
synapses throughout lifeSpecifically alterations in the molecular components of the PSD of
dendritic spines are considered one of the majausesf these disorder¢Chen et al., 2014; Lilja

& lvaska, 2018; Sala & Segal, 2014)

The most compelling evidence fthe A y @2 f @SYSy G 2F AyGSaANRYya Ay |
integrin (Y. Cui et al., 2024; Jaudon et al., 2022; Ma et al., 2010; Napolioni et al., 2011; Schuch et
al., 2014; Singh et al., 2013; Weiss, Kosova, et al., 200BB3 the gene encoding fathe i o
subunit, iscurrently classified as a category 2 ASD gene (strong candidate) in the manually curated
SFARI databaset{ps://www.sfari.org/). Previous studies have found a connection between the
genelTGB3and the geneSLC6A4which encodes a serotonin transport@Coutinho et al., 2007;

Park & Goda, 2016; Weiss, Kosova, et al., 2006; Weiss, Ober, et al. |’ PGBIvas identified as

a quantitative trait locus (QTL) for whole blood serotofiiveiss et al., 2004; Weiss, Kosova, et al.,
2006) Hyperserotonemiaassociated with anxiety and stresssleen observed imbout 30%of

ASD patient§¢Cook et al., 1993; Coutinho et al., 2004; Park & Goda, 2016 KA & &dzd3Sa i .
containing integrins may be involved in regulating the serotonergic sys&nte hanges in
serotonin metabolism have beerassociated with various mental conditions, such as
schizophrenia, Alzheimer's diseasetellectual disabilities and obsessiveompulsive disorder
altered serotonin regulation could bdue tochanges in circuit function or organization associated
with these disordergBrummelte et al., 2017; Park & Goda, 2016; Rodriguez et al., 2012; Stahl et
al., 1983) From a cellulastandpoin& -¢omtaining integrins might bessentialfor homeostatic
synaptic scalingnd contribute to the adaptation of neural circuits based on actiyi®ark & Goda,
2016)i o A Y (G SIANRY Liwihitiielogel fésing @@ivitNaad syriciSony of cortical
neuronal networks.Haplo-insufficiency of o AYGS3INAY AYLI ANBR O2NIA Ol
synchrony as much dke complete ablation of this gen@laudon et al., 2022pdditionally, Itgb3

KO mice exhibit shorter thin dendritic spine corticopontine neuronswhich may compromise

the overall computational output of the cortexand contributeto the pathophysiologyof ASD
(Celora et al., 2023¢ KS Ay @2t @SYSy (i 2 Furtherosuppoytad $yadedayioralk y !
studies in miceConstitutiveltgh3 KO miceshowincreased grooming in novel environments and
specific deficits in social memolLarter et al., 2011)These abnormalitiesesemblethe two

criteria used by the American Psychiatric Association to diagnose ASD in humans (repetitive
behaviors and abnormal social interactions)(https://www.psychiatry.org/patients
families/autism/whatis-autismspectrumdisordel) (Kerrisk et al., 2014Recentlywas generated

a knockin (Kl)mousecarrying the human Pro33 variant GFGBJITGBS8®U33", which activates o
integrin. ThisITGB3polymorphism influences wholblood serotonin levels. Mice carrying this
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mutation show repetitive behaviors and deficits in anxiety and social behaviors. Additionally, the
Kl also has fewer serotoninergic synapses in the midbrain, and reduced activity of the serotonin
transporter (SERTPohn et al., 2017)New evidence supports the role of integrin activation in
ASD A recent studyshowedthat SH3 and multiple ankyrin repeat domains protein 1 (SHANK1)
and SHANK3equesterGTPbound Rapl, which is required for insidat activation of various
integrins (Calderwood et al., 2013; Lilja et al., 201Mutations in SHANK proteinsespecially
SHANKS, a postsynaptic scaffold protein required for homeostatic plas{icatavarty et al.,

2020) are involved inboth syndromic and idiopathic forms of A$lonteiro & Feng, 2017)n
particular, two ASD missense mutations (R12C and L68P) of SHANKS impair Rapl binding and the
ability to regulate integrin activatiorfLilja et al., 2017)A recent report indicates thathe direct

binding of Rap1 to the F1 domain of the talin headriscial ¥ 2 NJ | O A @I GingAs et o Ay
al., 2019)

The exact role of 3 integrin in cortical circuits is still uncle&towever studies in primary cultures

and organotypichippocampalslices suggestthat the expression of this integrin is inversely
regulated by network activityl 3 integrin helps establish homeostatic negative feedback that
stabilizes network function. When there is a prolonged reduction in action potential (AP) firing, the
surface expression df3 integrin increases over 24 houfBhis presumably strengtherike celk

ECM interactions and, in a calitonomous mannerkeepsexcitatory synaptic gains elevated
maintaining neurons interconnecteceven when there is minimahPmediated communication
between them (Cingolani et al., 2008; Cingolani & Goda, 2008; Mcgeachie et al.,.2012)
Consolidating neurofeCM interactions through integrings crucial forthe stabilty of cortical
ensembles. Oncestablished these ensemblesnust retaintheir identity for extended periods,

even when not in useallowinglongterm memory storage and precise retrievdlaudon et al.,

2021)

In the mouse brain, the mRNA fo8 integrin is enriched in layer V (LV) pyramidal neurons during
the first two postnatal weeks, but its levels decline in adulthood (The Allen Brain Atlas;
https://mouse.brainmap.org/static/atlag (Belgard et al., 2011; Willsey et al., 2018enetic
studieshave suggested that developing glutamatergic projection neurons in deep cortical layers
play a central role iASD dysfunctionParikshak et al., 2013; Willsey et al., 2013)is suggests
GKFG GKS SELINBaaiAzy LI GiinSoNdit ingights into its Anyolvérnamidh y Y |
ASD. Furthermorean expression limited to brain circuits relevant to A&ficatesthati 3 integrin

could be a specific therapeutic target for developing ASD therapies. In comparison, targeting ASD
candidate proteins broadly expressed in the brain is likely to affect brain circuits not directly
implicated in ASBtiology(Jaudon et al., 2021)
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8. Integrins in epilepsy

Monogenic mutations in genes for neurotransmitter receptors or ion channels can be
epileptogeniqPoduri & Lowenstein, 201,1)ut the molecular bases of epilepsy are more complex,
involvingboth acquired and genetic factordultiple gene defects and copy number variations
(CNVs) can contribute to a state of altered cellular excitabiitytributingto epilepsy(Mullen et

al., 2013; Olson et al., 2018everal studies have shown how the expression of various integrins
and ECM proteins is uggulated or dowrregulated followingepileptic seizure¢X. Wu & Reddy,

2012) In particular, immunohistochemical studies showdkdat pilocarpineinduced status
epilepticuscanincreaseli KS SELINB&aarzy tS@Sta 2F hwmI hus honp
the hippocampush o ' yR hT1 Ywb! S@Stasz AyadSlI RIerRSONI
seizure termin#ion (Fasen et al., 2003; X. Wu & Reddy, 20R2rent comparative transcriptomic
analysis showed that among differentially expressed genes in pilocarpine and kainic acid epilepsy
models, several of them belong to the ECM/integrin signalling pathi@ay.. Han et al., 2019)

These results indicate that integraiterations are part of the molecular pathways activated during
epileptic seizures

Thei m A ysuliEtN@hich pas g A 0 K0 Mandh + & dzasdeytdngiviely studied in the
epilepsy field.During temporal lobe epilepsy, there is an increase in the expression of MMP9,
which degrades ECM proteinseleasing RGD motdontaining cryptic integrin ligands that
R2gyaidNBIY I OdANJauddnStali 2021 AMichafuE &tJaly 2009; Wilczynski et al.,
20080 ! OG A @ G Sdan potentiakeyNVISARBI&xgftdtory synaptic transmission, leading to
hyperexcitability and lowering the threshold of epileptogene@ernardTrifilo et al., 2005;

Jaudon et al., 2021; Lin et al., 2003; X. Wu & Reddy, 2db2over,thei m Ay § SANARY & dzo
a role in epileptogenesis through its expression in the glial compartmedeed, the selective
F6aSyoS 2F im AYGSaNARY Ay 3FtAlLt OStfftazx odzi y
YSdzNRyYy Il f SEOAGIOAfAGET YR aLRY (Gl yS2dzinaydsS AT dzN
necessary to maintain close ghi&uron contactwhich is important for rauptaking excessive toxic
glutamate(Jaudon et al., 2021; Patel et al., 2019)

[ A1 S%AaS3 could behubdliie8 ThNepilgpsy onseds it regulates both excitatory and
inhibitory transmissionThe levelof o Ay 0 SANAY SELINBaarzy O2NNBf |
and synchrony of cortical neuronal networrobably due toits direct interactions with both
GluA2containing AMPARs and mGIluRGEingolani et al., 2008; Jaudon et al., 2022; Pozo et al.,
2012)

Furthermor& 020K i m YR 0o AYyGS3aINAya VY2RdzZ GS A
RA NB Ol xdhigiding integvins favour glycine receptor stabilizatiomhile i econtaining

integrins counteract i{Charrier et al., 2010; Park & Goda, 20¥&they regulate both excitatory

YR AYKAOAG2NE aeéeylLlAasSar im YR i o AyiSaNaya
SELISOALEtE T o AYGSIAINRYIZ HKAOK LINE draultafepushs E OA
restrictinginhibitory synaptic drivéCingolani et al., 2008; Hennekinne et al., 20D8)ring injury

FYR AYTFELIYYIFOA2Y I { achtleddedsugdertiNg tiialthie Kctivation lévglFof i o
these integrins may play a crucial role in epileptogen¢€isarrier et al., 2010 2 i 6 f 8 £ |
integrin could be considered as a putative therapeutical target for epilepsy because its inhibition
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with RGD peptides or functied f 2 O1 Ay 3 | y (i A 6 2 Rifbi®riectirRiGeiadtiordand A T S 3
reduces the 4aminopyridineinduced epileptiform discharges in brain sli¢gs Wu et al., 2017)

I Y 2 y Jubunits, there has beeS f dzOARF G SR | NRf S Ay, whdpdirS LJa &
GAUGK FAQOS RATFTFSNBYy(G 0SilL ya dookds/ AG2dzaoS mKA LILGZO I Y
was identified in dendritic spines, postynaptic densitiesas well as irsome axon terminals and
JftALFE LINRPOSaasSa 6 b iktagknisyirdphitant ®rineurohatbdifferamtipgoy and h +
migration (Abe et al., 2018; Anton et al., 1999; Riccardi et al., 20®@litionally,h +integrin

mediates GDNF effects on dopaminergic nesrsarvival, outgrowth, dopamine turnover and

motor activity in rats(Chao et al., 2003)tgav has been implicated in epilepsy in mutant mice.
Selective ablation of this integrin in neurons and glial cells elicits seizure onset in 30% of mutant
YAOS® a2NB2@SNE (KS SLIAfSLIAO LKSy2(eLJS A& |06
OStfaz AYRAOFGAY3 GKIFIG GKS tS0St 2F HMeCokyil 6 A f
et al., 2005)

In summarythe current understanding of the sigliag pathways and mechanisms triggered by
integrins in epilepsy is still limited. Howevesttudies to date indicate that the expression and
adivity of both neuronal and glial integrins are relevant for epileptogené&siploring the role of

integrin in this pathology could lead to the idBfication of new targets to develop ati+
epileptogenic drugs, rather than @irseizure drug¢Jaudon et al., 2021; X. Wu & Reddy, 2012)

9.aA0S tFrO1AY3a i o AYyUiSANARYAE a4 Y2dzaS Y2RSft

The ideal animal model should shate human condition's phenotypic features, replicate the
disease's causal mechanism in humaarsgd mimic the treatment responsegfGrone & Baraban,
2015; Sztainberg & Zoghbi, 201@®)Jlouse models are a powerful todbr investigaing the
molecular, neuroanatomical, and behavioral consequences of gene dysfunction in ASD and
epilepsy as well as foevaluatingpotential treatments(Stafstrom & Benke, 2015)he laboratory
mouse, Mus musculus, is a social animvdh a rich and complex social behavior repertoire that
includes reciprocal interaction, social dominance, sexual behasiwd, parental care, among
others (Silverman et al., 2010; Stafstrom & Benke, 2015; Sztainberg & Zoghbi, Za&63fore,
many replicable behavioral tests have bamplemented to recapitulate ASlike behavior in mice
(Silverman et al., 2010 the case of epilepsy, since human epilepsies comprehend a wide variety
of clinical, behavioral, and electrical manifestatiotigere are various animal models for studying

it (Grone & Baraban, 2015%enerally, ictogenesis is studied both acutely provoked seizures
(induced with pentylenetetrazol (PTZ) injection) and spontaneous seizures that arise in an
epileptic animal during the chronic phase of the disor@@rone & Baraban, 2015Moreover,
comparing ASD mouse models with or without epilepsy may help identify the underlying
mechanisms of théASDepilepsy comorbidityBozzi et al., 2018)he study of ASD and epilepsy
involves many levels of basic and clinical researafcluding genetic screening of patients,
bioinformatics treatment of dataand validation of the genetic variations in animal mod@&yers

et al., 2018; Noebels, 2015; Sztainberg & Zoghbi, 2016)

The Itgh3 KO mouse is a wedlstablished model of ASDvith increased grooming in novel
environments and specific deficits in social memd@Garter et al., 2011)Due to the high
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comorbidity rate of ASD and epilepsy, our group hypothesizedItgh8 KO (Itgb3") mice could

also exhibit epileptic phenotypesVestern blot (WB) analyseshowed that he protein leve2 ¥ | o
integrin in young (pl14) and adult (p60) mice, both in the cortex and the hippocampus

reduced in heterozygou€HET Itgh3”) mice andcompletelyabolished in KO mice. Notably, the
olalrt tS@Sta 2F i o AYUuSaINAY 6SNB KAIKSNI Ay Gl
(Figure9A).i o AY G SANRY 6+ a SYNAOKSR Ay RSHUE 9B2 NI A C
adza3SadAay3a I OANDdzA (i Molettved Atgha KD mal® miG&exFibkeNJas o Ay
expected,deficits in social novelty preference (aspect related to AS§ures € and D) but also

reduced threshold for seizures induced by pentylenetetrazol (PTZ) injection (propensity for
epilepsy Figure ®,whileit KS p &2 NBRdzOU A 2y A WET mosedmed t®aE\WNR vy L.
affect seizure susceptibilitgFigure9E).

A threechamber social approach test was used to investigate sociability (social preference over an
object) and social novelty/memory (preference for the novel mouse compared to the familiar one

¢ see Material and Methods anfeigure 13A. Constitutiveltgh3 KO mice exhibéd specific deficits

in social novelty/memory, while wiltype (WT; Itgb8*) and HET micdid not show significant
differences Figure ). Additionally, a fivdrial social recognition memory test was used to
investigate cognition and sociability, namely the ability to recognize novel versus familiar animals
(considering the interaction time throughout-rBinute multiple exposureg see Materials and
Methods andFigure 14A WT and HET midecamehabituated to intruders (trial from 1st to 4th)

and no longerfound them as interesting as a completely novel intruder (5th triab3 KO mice

showed impaired social interaction compared to WT and HET mice: even if they showed a
progressive reductioim interaction time with intruder 1 and aslightincrease in interaction time

with intruder 2Itgh3 KO mice interacted less with both intruder migégure ®). To test seizure
susceptibility, mice were intraperitoneally injected with pentylenetetrazol (PTZ, 45 mg/kg); a
GABA receptor antagonist commonly used to chemically induce seizures and monitored for 10
minutes after injection to score seizure severity (see Material and Methddg)3 KO and HET

mice exhibied significantly increased seizure susceptibility compared to control nkicgie E).

Taken together, these results indicate that this transgenic mouse could be valuable for studying
ASD and seizure susceptibility.
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Figure9® a A0S 1 O0O1Ay3a io0o AYOGSINRY &K2(4) Wesfelh blot WwiRcortiBalJar
hippocampal membrane fractions frotgh3"* (WT), Itgb3*~ (HET), andtgb3’- (KO) miceand quantification c
relative protein levels (n=4 mice for genotypéR) Confocal images of mPFC coronal section from P60 WT &
Itgb3 mice and quantification of fluorescence intensity (n=3 mice for genotg@e)hreechamber social approacki)
time spent exploring a stranger mouse (S1) and an object é@ndsociability index(ii) time spent exploring the no
familiar mouse (S1) and a novel stranger mousg, @&inovelty index(\WT n-4, HET n%5, KO n=3). (D) Fivetrial
social recognition memory tess$niffing time during social interaction with intrudet (trials 14) and 2 (trial 5)(E)PT.
induced seizureseverity score as a function of time after the PTZ injectithmg/kg) Data are presented as meal
s.e.m. Statistics were performed with pairetest (B-ii left),oneg | & ! bh+! T2 2 ¢ S Emgaisol
test (B-ii righty and twog I @ ! bh+! F2f{ft 2SR 08 ¢ dz|(S and D) p¥aas, t+h<adl
***pn<0.001. Unpublished results, Cingolani laboratory.
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10.Therapy design for ASD and epilepsyd CRISPR activation (CRISPRa) technology

Treatments for ASD vadepending on the severitgnd nature ofsymptoms ancaim to minimize

their impact on daily life Treatment can be behavioral, developmental, educational, social
relational, pharmacological, or psychologieglproaches To date, Risperidone and aripiprazole
are the only United States Food and Drug Administration (FDA) approved drugs for treating ASD in
children and effective in reducing irritability and repetitive behavigfgshworiya et al., 2022;
McCracken et al., 2002; Owen et al., 2000urrently,behavioral interventions are the primary
approach for addressing the core symptoms of ASD in children, while pharmacological treatments
are mainly used to address-toorbid conditions associated with AgDkoye et al., 2023)

Forinstance serotoninergic medications regulaserotonin level, which havebeen reported to

be elevated in ASD patient$hese patients malyenefit from treatment with Selective Serotonin
Reuptake Inhibitors (SSRIs) to treat anxiety, mood issues, and irritéhistywvoriya et al., 2022; K.
Williams et al., 2013)GABA deficits arebserved in variousorms of ASD. Bumetanidea welt
established loop diuretidnhibits sodiumpotassiumchloride cotransporters (NKCC1 and NKCC2)
and has beenproposedas a potential treatmenfor autism due to its chlorideelated antagonist
effects which are associatedvith GABAergic inhibitiofAishworiya et al., 2022; Lemonnier et al.,
2012, 2017)Cannabidiol €BD has also been shown to act as a positive allosteric modulator at
GABA receptors / . 5Q& | oAfAdGe G2 SyKFIyOS SyR20lIyyl oA
transmission mayelp restore neuronal function and synaptic plasticity in patients with ASD by
improving the balance in inhibitory and excitatory transmisgiaishworiya et al., 2022; Qin et al.,
2015; Wei et al., 2016)

Social behavioral therapy in ASD focusespoymoting functional independence anamproving
quality of lifeby targetingemotional regulation, social skills, and communication developmieot
example music therapyhas shown promisingresults in enhancing social interaction and verbal
communication in children with AS[Bharma et al., 2018)

Supplementation of treatment with vitamins, herbal remedies and nutritional supplemesiish
asomega3 fatty acids, vitamins A, C, D, Hf and B12, folic acid, mineral microelements,and
probioticsseemsto havebeneficialeffectsin alleviating some symptom(&harma et al., 2018)

The current options for treating seizures includere than 20approvedarnti-seizure drugsas well

as resective surgery, neuromodulation devices, or dietary therapies. Despite these options, nearly
30% of patients still struggle to control their seizures, leadingntmcreased risk of death arttie
development of comorbiditiegDevinsky et al., 2018; Loscher & Schmidt, 200ile resective
surgery offers a longerm solution, it is only suitable for a minority of patients due to its limited
application for localized epileptogenic zon&oreover, this surgical procedure can lead to severe
adverse effects, such as memory or language deficits, mood disturbances, headachésnsfec
and strokeqLiubinas et al., 2009M\n alternative therapy for patients for whom drugs and surgery
are ineffective could be themplantaion of a neuromulation device in the vagus nerve or
thalamic anterior nucleugDevinsky et al., 2018)n addtion, dietary therapies have been
suggested as eadjuvant to pharmacetical treatments. Ketogenic and modified Atkins diets have
been observed to reduce the risk of seizures in children and additsvever,these dietary
regimes cannot be considered lotgym therapetical ogions due to adverse effects, like
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nutritional deficiency, growth impairment in children, abnormal lipid profile, osteopenia, and
kidney stonegCervenka et al., 2016)
Up to now,anti-seizure drugsemain the firstline therapy for epilepsy, nevertheless, these drugs
are symptoméc treatments that reduce seizure occurrence and severity but do nbgate the
underlying course of the disease or reverse drug resista@oasequently, new molecular targets
and therapetical strategies aretdl an unmet medical need.
Gene therapy is rapidly advancing for the treatment of disordarsh asDuchenne Muscular
Dystrophy, Spinal Muscular Atrophgnd Angelman SyndromeSo far gene therapy has shown
promising results in treating epilepsy in rat and mouse madélese therapetical strategies
exploit adeneassociated viral (AAV) vectors, fieral (LV) vectors, or clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas@diy supplement, or modify gene
expression Among the successful strategies, the overexpression of volgaged channel
subfamily A member 1 (Kv1l.1) was shown to reduce the frequency andiaturaf seizuresn
animal models, probably reducing the intrinsic excitability of neurddthough these strategies
seem promising in preclinical studies, there are currently no ongoing clinical trials testing the
effect of gene therapies for epilepg$haimardanova et al., 2022)ne of the main disadvantages
of gene therapies is the high invasiveness of viral delivery to reacBNt&making it incompatible
with human application in most casebo overcome this limitation, a new AAV vector serotype,
AAVPHP.eB, has been developed to effectively cross the Hioaith barrier (BBB) compared to
the existing gold standard AAV9. This new tool could help overcome the administration limitations
of several CNS gene therap{®déathiesen et al., 2020)
The development of precise gene editing tools has rapidly advanced, especially since the discovery
of prokaryotic CRISPR Rbuided Cas endonucleasédinek et al., 2012)Gene editing is a
technology that modifies the genome sequence to induce insertions, deletions, or base
substitutions in the genome. The most widely used gediing technology is CRISERS,
derivedfrom a bacterial immune systenit utilizes two main components: the clustered regularly
interspaced short palindromic repeats (CRISPR) and the C&iS#irmated protein 9 (Cas9)
nuclease. The specificity of CRISFR9 technology lies in the single guide RNA (sgétwaisting
of a CRISPR RNA (crRNA) complementary to approximately 20 nucleotides of the target DNA
sequence, and a traractivating RNA (tracrRNA), which forms a scaffold for Cas9 binding. The DNA
target sequence must include a downstream protospacer adjacent motif (PAM) sequence,
recognised by the chosen Cas enzyme, allowing the sgRNA to base pair with the sequence located
immediately upstream(Ansori et al., 2023; Carroll & Giacca, 2023; Jinek et al., 2012; Qi et al.,
2013) Over the years, several studies were done to modify Cas9 by mutating the structural
domainthereby generating nucleas#eadCas9 (dCas9yvhich can be linked to different effectors
including transcriptional regulatory too(3. Li et al., 2023)
A technology to induce gene expression from endogenous lociputimisingapplications in high
throughput genomic screensoverexpression of proteins of interesind more, is the CRISPR
mediated transcriptional activation (CRISPRa) technol@ISPRuses modified versions of
CRISPR effectorsuch as dCasY%used with transcriptional activators effector domaing-or
CRISPR&chnologies, the sgRNA is designed to bind the gene region immediately upstream or
downstream of a transcriptional start site (TSS), bringing dCas9 and the fused transcriptional
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effector domains close to the promoter and therebgtivatinggene expressiofQi et al., 2013)
EarlyCRISPRa systems included dCas9 fused to VP64, a tetramer of the herpesvirus factor VP16
joined by glycineserine linker{Maeder et al., 2013; Perd2inera et al., 2013Additionally, dCas9

is frequently fused to a tripartite activator consisting of VP64, p65 amy hownas VPR, which
inducesmore robust transcriptional activation than VP64 aldfégure10) (Chavez et al., 2015)
CRISPR#echnologies offer a versatile and efficient way to modulatide transcription of
endogenous genegroviding an alternative to other gene regulation methods like gene knockout,
gene overexpression, and RNA interfere(Carroll & Giacca, 2023)

activation of
transcription

"

dCas9

Target

promoter

FigurelO. Schematic representation of the CRISPRa system.
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Aim of the project

Autism Spectrum Disorder (ASI3) a neurodevelopmental disorder characterized by the early
onset of social communication impairment, repetitive behaviors, highly restricted interests and/or
sensory behaviour anomalig¢klirota & King, 2023fEpilepsy is a brain disorder diagnosed after the
occurrence of at least one epileptic seizure (unpredictable interruptions of normal brain function)
and characterized by an increased predisposition to the generation of epileptic seizures with
neurobiological, cognitive, psychological, and social consequefkasker et al., 2005, 2014)

There is a high comorbidity rate between ASD and epilepsy, as they share several common risk
factors. Both ASD and epilepsy show neurodevelopmental deficits related to inhibitory and
excitatory circuits, with dysfunctions in the GABAergic and glutamatergic systems observed in both
conditions. Alterations of cell adhesion molecules (CAMs), such as integrins, can impair neural
network excitability and dysregulate synaptic transmisgiStafstrom & Benke, 2015Jhe Itgh3
KOmouse is a welkstablished model of ASD, with increased grooming in novel environments and
specific deficits in social memo¢garter et al., 2011Pue to the high comorbidity rate of ASD and
epilepsy, we hypothesized thatltgh3 KO mice could exhibit epileptic phenotypes. We
demonstrated that Itgh3 constitutive KOmale miceexhibit deficits in social novelty preference
(aspect related to ASD) and reduced threshold for seizures induced by pentylenetetrazol (PTZ)
injection (propensity for epilepsy), while HET mice show defects only in seizure susceptibility.
Because of thdigher incidenceof ASDin males (Baio et al., 2018pehavioral studies have so far
primarily focused on males. Therefore, | decidecbehavioraly characterizeltgh3 WT, HET and

KO female mice on tasks involving sociability and semuseeptibility.

Moreover,sA Y OS | o A yhauSiGeNdy impaits nedivazk excitability and synchromile
finelldzy Ay3 GKS SELINBaaAiAzy 27F SyR2 3&yarkzakcitdbibty Ay (i &
in cortical primary neurongJaudon et al., 2022) decidedto use CRISPRa to activdtgh3
transcription inHETmice in deep cortical pyramidal neurorend test the effect of this rescue
strategy at the behaviorallevel Indeed, excitatory synaptic dysfunction, particularly in deep
cortical layers, contributes to ASiRe phenotypegParikshak et al., 2013; Willsey et al., 204:3)
previous data fron2 dzNJ ANR dzLJ A Y RA Ol (i Sa idtKi$ hirainiregionXhyisi @ 3 NR& vy
intraventricularly injected PO CaMKIICr&* WT andltgb3 HET mice with AAV expressing the
CRISPRmaachineryand either a nontargeting control gRNAGRNA Ctrlpr two gRNAdargeting

the Itgb3 promoter (QRNAs 1+2)i 2 A Y ONB | a S iegrid 2x@Bsgiéndiri deep dayer
cortical pyramidal neurongFigures 11A and 11B). | consideredfour experimental condition$or

each sex WT gRNA Ctifbasal leved 2 T | o AWTIGREASK Y@ocreased leval2 ¥ |1 o
integrin), HET gRNA CtHalved leved2 ¥ | o A&nd HETHRMAY Ifr2gored basallevek of

i o Ay (FgumeNABIrovivo/ wL {t wlk OGNBIFGYSyid 6AGK (GKS&S 3Iwk
expression ofitgb3 HET mice to WT values at both mRNA and protein |eg#dsires 11D and

116). On these mice, | performed behavior@sts to characterize the effects induced liie
Y2RdzfE F GA2Y 2F | o levilsandSdeteidniie wldthedNiPrégaldtidgyo A y G S 3 NJ
expressionin WTand HET miceouldhave a protective effet for ASDand/or epilepsy.
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Figurelld / wL{t wl YSRAIFIGSR SyKI y OB Vi (AjgRRAtargets onkhiighFpmidtey
and rAAV constructs fdn vivoexperiments.(B) Coronal section of injected P60 mouse showing EGFP expres
deep layer cortical pyramidal neuron&C) Schematic representation of thfmur experimental groups usetbr the
behavioral characterizatior{D) gRTPCR quantification dfgb3 mRNA levels in cortex of WT atigh3 HETP60 mic
expressing the indicated construct/T gRNA Ctri=5,WT gRNAs 1+#2=4, HET gRNA CtrE5,HET gRNAs 1+2= ¢
cortices).(E) Left western blots of membrane fractions from cortices of P60 miRight western blotquantificatior
of Itgb3 protein levels in cortexWT gRNA Ctri=6, WT gRNAs 1+2=6, HET gRNA Cuik5, HET gRNAs 1+2=¢
cortices).Data are presented as mean + s.efmtistics were performed wittoneg | € ! b h £ ! T2 f
posttest. *p<0.05,**p < 0.01, ***p < 0.001.
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Materials and Methods

1. Mouse strains

All experiments were performed in accordance with European and Italian legigaliboe were

housed in a temperaturand humidity-controlledroom under a 12:12 h light/dark cycle, with the

light phase starting at 7 a.m. All animals had access to food and water ad liditlumice used for
experimentation came from two separate colonies on C57BL/6J backgréuhda Y-Cré.nhice
(B6.Cgrg(CamK?2are)T291Stl/J; strain #:005359, The Jackson Laboratory) express the Cre
recombinaseunder the control of/ | a Y jprdnioter, starting from the seconthird postnatal

week.

The constitutivdtgb3 knockout (KO) mice (B6;129%20 3o oG YMI @y vWE {GIFAYy 1Y
Laboratory) were described previouq@ingolani et al., 2008; Mcgeachie et al., 204120 were
backcrossed to the C57BL/6j background >10 times at the time of experinfeniteals used for

AAV injection were obtained by crossing a homozygous transgenic Cre /mhl@ (Y-Crél9f9

with a female Itgh3"- mouse to obtain/ I a Y-Cré9ltgh3"* and / | a Y-Crd9:Itgh3"
littermates.

To assess mice genotype, the DNA was isolated from ear snips or chipped distal phalanges. To
extract DNA, | used Phire Tissue Direct PCR Master MikO(F ThermoFisher Scientific). Each
biological sample was incubated with-Bon >t 2 F | RAf-MziA®R Yy 2 B d2F TS DI |
additive at room temperature (RT) for 5 min and at 98 °C for 2 min, to favour tissue disaggregation
and cell membrane permeabilization. The extracted DNA was stored at 4 °C and used for standard
PCRoased genotyping. All animals were-genotyped after experimentation. The primer
sequences and the size of amplicons used in this project for genotyping PCRs are Tistad ih

Gene Primer sequence PCR product
ltgb3 2 ¢ ) C CCPARCTGAGGCTGAGTG WT: 417 bp
Y h y CETTA®ACACCTGCTACGGGC KO: 533 bp
WT and KO_Rv-GACGAGACTAGTGAGAGHNG HZ: both bands
/I aY-Cré h| /| NB p GEGRHTATGGCAGTAAAAAGTATC Control: 324 bp
| NB @ GUGAPATAGCATTGCTGTCACTT Cre: 100 bp
/ G NI YOTAGGECACAGAATTGAAAGATLT
Ctrl_Rwp -GTAGGTGGAAATTCTAGCATGATCC

Tablel. List of primer sequences and PCR products used for genotypi
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2. Plasmidsand intraventricular injection

Adencassociated viral (AAV) vectors used in this project have the PHP.eB serotype that allows
blood-brain-barrier permeability in case of future clinical applications. Moreover, AAV vectors
exploit the DIO (doubloxed inverse orf) system to restrict protein expression in-&qeressing

cells. In detail, pAAYSYyRSadCas9VPRDIO (SaCas®nablesthe expression of thenuclease
deadendonucleasdrom S. aureugSadCa9®) fusedto the transcriptional activato/PRunder the

control of the human synapsin promoter. pAAB-gRNA CtthSyrEGFMDIO (gCtrland pAAY
U6-(gRNA 1, gRNA-ByREGFMDIO allowthe expression of enhanced green fluorescent protein
(EGFPand either a control non targeting gRNA (gRNA Ctriyvordifferent gRNAs targetg the
ltgb3LINE Y2 0 SNJ (12 AYyONBI &85, répekiiged(Sayiddnzt al.] 2022j8A/EINE & &
(AAVVPHP.eB serotype) were prepared by the AAV Vector Unit at the International Centre for
Genetic Engineering and Biotechnology Trieste, as previously desqibent et al., 2004)
Injections were performed into the lateral ventricles (#itihs of the distance from the lambda
suture to each eye) at PO (1 per ventricle), as previously describi&dm et al., 2013)

3. RNA extraction, retrotranscription an gRACR analysis

Total RNA was extracted witfRIzolM Reagent (Cat. No. 15596026, Thermo Fisher Scieffitifin)
pre-frontal cortices(mPFCsdf / | a Y-Cré9:Itgh3"* and/ | a Y-Crd%Itgb3" injected mice,

and fromltgb3 WT and KO (8 monthsold) after the modified social recognition memory test

(see 4.4)25 mg of biological sample was homogenized in 500 pl of Trizol at RT and incubated in
the lysis reagent for 5 min at RT. Then, 100 pul of chloroform was added and the Eppendorf was
shaken vigorously.ffer an incubéion of 23 min at RT, samples were centrifuged atODD rpm

for 15 minutes at 4°C. Then, thpper agueous phaseontaining RNAvas transferred into a new
Eppendorf. At this step, 500 ul of isopropanol was added and thaisolwas mixed, by gently
inverting the tube and incubdad at RT for 5 min. The salan was centrifuged at 1000 rpm for

10min at 4°C to precipitate the RNA and the supernatant dvssarded Next, the RNA pellet was
washedtwice with500 pl of 70% ethanol, and the sample was centrifuged again.a0Q4pm for

5min at 4°CFinally the RNA pellet was adiried for 510 minandresuspended in 230 pl RNase

free waterbefore beingstored at-y nc/ ® O5b! & ¢6SNBE NBOSNARS (NI ya:
the QuariTect Reverse Transctipy YA UG O6OFG® y2d HapommI VvAIl3IAS
instrudions, and stored at20°C.Quartitative realtime PCR (QRACR) was performed in triplicate

with 10 ng of template cDNA using PowefUBYBR' Green Master Mix for gPCR (Cat. No.
A25741, ThermoFisheiScietific) on a CFX96 ReEime PCR Detigon System (Biorad) with the
following universalcondtions: 5 min at 95°C, 45 cycles of denatuma at 95°C for 15 s, and
annealing/extension at 60°C for 45 s. Primers were designed with PB&ST
(www.ncbi.nlm.nih.gov/tools/primeiblasi) to avoid significant crossomology regions with other

genes. The retave quariificatiz y 2F 3ISyS SELINBaarz2y 6l & RSOSSN
Data were normalized tglyceraldehyde8-LJK 2 & LIK I 1 S R S K & R Natl GAyih),aakl o DI |
hypoxanthine phosphoribosyltransferase 1 (Hpty)the multiple internal Ctrl gene method with
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GeNorm algorithmmRNA expression was normalizedctntrol sampleWT or Mock)within the
same gRPPCR plate. Sequences of all the primers used are listEabie?2.

Gene C2NB I NR 3234508y 0S 6pQ |WSOSNAERS a84@diBy O0S o6pQ
Arc CCCCCAGCAGTGATTCATAC GGTTTCATGCTGGCTTGTCT
CREB ACAGGAGTCTGTGGATAGTGT CCTGAGGCAGCTTGAACAAC
cFos CAGAAGGGGCAAAGTAGAGC TGATCTGTCTCCGCTTGGA
Dusp6 TTTCTTTCATAGATGAAGCCCGAG GGGTCCTTTCGAAGTCAAGC
Egrl GTCCTTTTCTGACATCGCTCTGA CGAGTCGTTTGGCTGGGATA
Egr2 GCCAAGGCCGTAGACAAAAT GTTGATCATGCCATCTCCCG
Npas4 ACCTGTCCCCAGAAGATCAC CCCCTCCACTTCCATCTTCA
Adora2a ACCCCCTGTAGAAGTCATGG GCAGCCCTTTCCTCACAAG
Drd1 AACCTACATGGCCCTTGGAT TTTGCTTCTGGGCAATCCTG
Drd2 GTCGTCTATCTGGAGGTGGT TGGAGCTGTAGCGTGTGTTA
Nrda2 AGGTTTCTTTAAGCGCACGG TCTTCGGCTTCGAGGGTAAA
Pxdn GCCTGAACACACTGCTTCTTA CCCTTAAATGCTTGCCTGTCA
PopLrib CCTCTCCACATCAGAGAACCT TTTCAGTGATGGGGGCGTAT
Actb TTGCTGACAGGATGCAGAAG AGTCCGCCTAGAAGCACTTG
Gapdh TGTGTCCGTCGTGGATCTGA CCTGCTTCACCACCTTCTTGA
Hprtl AAGCTTGCTGGTGAAAAGGA TTGCGCTCATCTTAGGCTTT

Table2. List of primer sequences used for gRTR analysis.

4. Behavioral tests

For behavioral experiments, both male and female animals aged between 3 and 6 months were
used if not indicated otherwise. Mice were caged in groups-6fstblings. All experiments were
performed during light phase. All animals were subjectedetxh test only once and were
habituated for at least 1 hour in testing room before starting. The illumination intensity was
settled at 2025 lux for all tests, excepthen differently indicatedWhenever possible, mice were
subjected to more than one behavioral procedure to reduce the total number of used animals.

4.1 Open field

The open field apparatus consisted of a square arena (40 x 40 cm) with 40 cwdlighEach
mouse was placed in the open arena and video recorded for 15 minutes from above. Total
distance travelled, average speed and time in central §&8ax 20 cm, virtually defined on the
software)were automatically calculated from the videos by tracking the mouse body with ToxTrac
software (https://sourceforge.net/projects/toxtrac) (Rodriguez et al., 2017, 2018)

4.2 Three chamber social approach task

Social preference over an object and preference for social novelty was tested using a three
chamber apparatus. The apparatus consisted of a rectangular arena (60 x 40 cm) divided by sliding
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gates into three chambers (20 x 40 cm each) with 40 cm Wwagls The test is divided into four
phases of 10 minutes each. In the first phase, the tested mouse is restricted to the central
chamber to habituate to the environment. In the second phase, the gates are opened, and the
mouse is allowed to explore and habituate to the empty lateral chambers. At the end of the
second phase, the mouse is temporarily restricted to the central chamber and the gates are
closed. In the third phase, which evaluates sociability, one inverted empty pencil cup (object, Ob)
is placed in one lateral chamber, and a stimulus mouse (stranger 1, S1) is placed under a second
inverted pencil cup in the second lateral chamber. Once the empty cup and stimulus mouse are
positioned, the gates are opened and the third phasats During this phase, the time that the

test mouse spends interacting with the stimulus mouse or with the object (including sniffing, body
contact with the cup, or eye contact with the object/mouse in very proximity) is quantified with
silent stopwatches. At the end of the third phase, the tested mouse is temporarily restricted to the
central chamber once again. The fourth phase, which assesses social novelty preference and social
memory, consists of maintaining the first stimulus mouse (S1) in the same chamber as before, so it
can now be recognized as a familiar mouse, while a second stimulus mouse (stranger 2, S2) is
positioned under the previously empty pencil cup. Once the second stimulus mouse is positioned,
the gates are opesd and the fourth phasestarts Time interacting with the now familiar mouse

(S1), or novel mouse (S2) is measured like in the previous stage. The lateral chambers where the
object/stranger 2 and the stranger 1 are positioned are randomly attributed. The stimulus mice
are age matchedC57BL/6J (obtained frothe UniTSAnimal Facilityn Basovizzathat have never

been in contact withthe tested mice. They were habituated in two -ffinute sessions to stay

under the inverted pencil cup.

4.3 Fivetrial social recognition memory test

The fivetrial social recognition memory test was used to investigate cognition and sociability,
namely the ability to recognize novel versus familiar animalssdssed by quantifyg the
interaction time over the course of multiple exposures). Each mouse was habituated in the testing
room in a closed testing cage containing fresh bedding, for at least 2 hours to allow them to mark
the territory. The test consists of five consecutivenihute encounters with an intetrial interval

(IT) of D10 minutes: a stimulus mouse (S1) was presented four consecutive times to allow
habituation; during the fifth encounter a completely novel intruder (S2) was presented to the
tested mouse. Theotal time that the test mouse spends interacting with the stimulus mouse
(including sniffing, following behaviandallogrooming) was quantified with silent stopwatches.

4.4 Modified social recognition memory test and brain dissection

The modified social recognition memory testas used to investigate social memory and social
novelty interest in mice. Each mouse was habituated in the testing room in a closed testing cage
containing fresh bedding for at least 2 hours to allow them to mark the territory. The test consists
of two 5minute encounters withan ITI of 15 hours. During the first encounter tested mice were
exposed to a stimulus mouse (S1), then for the second encounter the mouse could interact either
with the first stimulus mouse (S1), so it can now be recognized as a familiar mouse, or a second
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novel stimulus mouse (S2). The control group (mock) was manipulated in the same way but did
not enter into contact with any stimulus mouse. Ttwgal time the test mousespentinteracting

with the stimulus mouse (including sniffing, following behawanod allogrooming) was quantified

with silent stopwatches45 minutes after the second encounterjaa were anesthetized with GO

and brain was extractedTheprefrontal cortex (PFGyas rapidly isolated, immediatelfrozen in

dry ice and stored a80°C until RNA extraction.

4.5 Light/dark transition test

The light/dark transition test is a testasedon it K S Yhat@ah avérsion to brightly illuminated
areas and on their spontaneous exploratory behavior in novel environroemtmonly used to
measure anxietyike behavior in miceThe test apparatus consists of a box (20 x 40 cm) divided
into a small (one third) dark chamber and a large (two thirds) brightly illuminated chamber. The
illumination intensity was settled at 46800 lux in the lit compartment and at®lux into the dark

one. Each single mouse was placed into the lit compartment and allowed to move freely between
the two chambers for 10 minutes. The time spent in each chamber, the latency to enter the dark
chamber were quantified with silent stopwatches, while the distance travelled in lit chamber and
average speed, were automatically calculated from the videos by tracking the mouse body with
the ToxTrac software.

4.6 Elevated plus maze test

The elevated plus maze is a weditablished assay that measures anxiitg behavior It isbased

on the natural tendency of mice to spend time in enclosed spaces and fear of open ones. The
apparatus consisted of four nemansparent white Plexiglas arngstwo enclosed arms (45 x 10 x

30 cm) that formed a cross shape with the two open arms (45 x 10 cm) opposite eachTdtber.
central platform is 10 x 10 cm. The maze wéaced55 cm above the floor and dimly illuminated
(50-60 lux). Each mouse was placed on the central platform, facing an open arm, and allowed to
explore the apparatus for 5 minutes. The time spent in open and closed arms, their ratio, and the
number of entries in each arm were quantified with silent stopwatches, while the distance
travelled in each arm was automatically calculated from the videos by tracking the mouse body
with the ToxTrac software.

4.7 Tail suspension test

The tail suspension test measures behavioral despair or deprelisgobehavior. This test is based

on the fact that shorterm, inescapable stress of suspension of animals by their tails leads to an
immobile posture. The apparatus consisted of a box (55 x 40 x 30 cm) with a metal bar positioned
50 cm above the bench. Each mouse was suspended in the middle of the compartment&&h 20
cm distance between the mouse's nose and the apparatus flootttatbtal time spent immobile

was quantified duringhe 6-minute observation periodsEscape related movement, such as trying

to reach the walls of the apparatus and the suspension bar, strong shaking of the body, and
movement of the limbs akin to running, were considered mobility. Small movements confined to
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the front legs without the involvement of the hind legs, oscillations and penddikenswings
were not counted as mobility.

4.8 Novel object recognition test

The novel object recognitiofNOR)taskA & | Y SY2 NE U S aaluralpiefarénBe f@ y Y A
novel objectLeger et al., 2013)he test was performed in the open field arena and divided into
three phases: habituation, familiarization, and test phase. During the habituation phase, the day
before the test phase, each mouse freely explored the efield arena in the absence of objects

for 30 minutes. The following day, tested mice were placed in the digdth arena containing two
identical sample objects (A 4 And allowedo interact with them for 10 minutes (familiarization
phase). The animals were then removed from the arena and placatiofding cage. After 1 hour

the mice were returned to the opefield arenacontainingtwo objects, one identical to the
sample anda novel one (A + B)and were allowedto interact with them for 10 minutes (test
phase). The time spénnteracting with thetwo objects (including sniffing, body contact, or eye
contact with the object in very proximityyas quantified with silent stopwatches.

4.9 Olfactory habituation/dishabituation

The olfactory habituation/dishabituation test assesses whether an animal is able to detect and
distinguish different odorg¢Yang & Crawley, 200%ach mouse was habituated to a closed testing
cage containing fresh bedding and a plain cotton swab, for at least 30 min. The cotton swabs were
placed 45 cm above the beddinglhetime spent sniffing or nibbling cotton swabs saturated in
different odors, which was quantified with a silent stopwatch. The test consisted in 15 trials of 2
minutes eachwith aninterval of about 1 minte. Each odor was presented in three consecutive
trials to allow habituationyith a new cotton swalused for each trialHabituation is characterized

by a gradual reduction of interaction time with the cotton swab, while discrimination is identified
by a reinstatement of a high level of interaction when a new odor is presented. Mice were
exposed to water as a control, almond and banana scents forsooral odors, and two different
social scents, presented in this order. Almond and banana scents were obtained by diluting
almond and banana extracts (TRS, UK) 1:100 in water, while social scents were obtained by
sweeping the bottom of two different cages containing only stranger individuals to the testing
mice. The cages used to obtain the social scents were not changed for at least 3 days before
testing and contained-8 agedmatched males to the tested subjects.

4.10 Tube dominance test

The tube dominance test is a behavioral test used to assess social dominance in mice, based on
the assumption that dominant animals will be more likely to displace a subordinate animal in a
confined spacgFan et al., 2019)The apparatus consisted of a transparent plastic tube, 30 cm
length, with an internal diameter of 3 cm. The test is divided into two phases: training and test
phase. During the first phase, each mouse wabviduallytrained for two consecutive days to

walk through the tube for a total of ten times, alternatibhgtween bothends of the tube. After
training was completed, dominance test matches began. Mice were tested in avisairway:
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mouse pair encounters were staged using a random pair generator that tested all possible pairs.
Each mouse performed three matches per day for five consecutive days. The same pair of mice
was matched three times on the same day, with mouse entry sides counter balaneed. T
unfamiliar mice(to avoid the existence of a previous established hierarciwth different gRNA
injection or genotypewere introduced into either entrance of the tube; the match began when
both mice arrived at the center of the tubd@he match was terminated when either mouse was
pushed out. If both miceemainedin the tube after 2 min, the test was considered a dr&ach

match was scored assign point as following: O for loss, 0.5 for draw and 1 for win. At tbétaed

test, eachsubjectobtained a scorendicating the percentage afins for each day (calculated out

of the three matches) and a totalin percentageafter the five days

4.11 PTZ single injectioand consecutive injection

Pentylenetetrazol (PTZ) is a GABA receptor antagonist commonly used to chemically induce
seizures. A fresh solution of PTZ was prepared each day of experimentation with a concentration
of 2 mg/ml. Tested mice were then moved to experimental area, weighted and transferred to a
new empty cageltghb3 female micereceiveda single intraperitoeal injection ata 45 mg/kg
concentration and were observed for the subsequent 10 minutes. The behavior outcome was
scored according to the following scalesn® effect, 1=reduced maotility, Zpartial clonus (neck

and body jerk), 3generalized clonus (including extremities) and stronger (loss of balance and wild
jumping). Intraventricular injected mice (WT gRNA Ctrl, WT gRNAs 1+2, HET gRNA Ctrl and HET
gRNAs 1+2) received six consecutive intraperitoneal injectibBsmg/kg of PTZ (total 48 mg/kg)
each followed by 1@ninute observatiorperiod. The behavior outcome was scored according to a
modified scale of intensities (O=normal behavior, 1=sudden behavior arrest, 2=facial jerking,
3=neck jerks, 4=clonic seizure sitting, 5=clonic, talonic seizure, 6=clonic, toratonic activity

with loss of posture and wild jumpindjor each injection, the highest scaachedby the animal

was consideredAt the end of the tesmicewere humanely sacrificed

5. Statistical analysis

All the statisticalanalysis were performed by using GraphPad Prig@ar8phPad Stware, Inc., La

Jolla, CA, USA). Results are expressed as mean + standard error of thesmeaah (nless
specified otherwise in the figure legend. The size of the compared experimental groups is
indicatedin each figure legend. Statistical differences were assessed using paired and unpaired

{ O dzR St¢sii Epatingéncychi-square test, onavay analysis of variance (ANOVA), and-vay
Fylrfteara 2F QOFNARFYyOS o!bh+x! 0 F2f{ft26SR o0& ¢dz
figure legendDots represent individual samples. The significance level was set at p<0.05.
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Results

1. Behavioral characterization oftgb3 wild-type, heterozygous and knoe&ut female
mice

Itgh3 constitutive KAQnice exhibit deficits in social novelty preference (aspects related to ASD) and
reduced threshold for seizures induced by PTZ injection (propensity for epildpgyre( 9.
However, because of the mate-female prevalence ratio in ASBaio et al., 2018}hese tests
GSNBE LISNF2NXYSR 2yfée 2y YIfSaz FyR 0SKIFGA2NI f
in females remain unknown. Thud, decided toreplicate some tests on adult (4/6montbld) WT
(Itgb3'/*), HET Ifgb3'/-) and KOI{gh3/-) female miceBehavioral characterization of fimouse
model focused on tasks involving sociabilispects related to ASD), and the measurement of
threshold for seizures (propensity for epilepsy)

1.1Yy 2 01 2dzii YA O Sdoforektdibit defects if thé€opeNFely test

Anxiety levels can change in some ASD patients. In mice, these variations in anxiety can introduce
artifacts when attempting to interpret mouse behavior. For example, mice with anxiety tend to
explore less, which can complicate the analysis of their social beh@ilgerman et al., 2010)
Moreover, locomotor impairments can also affect the outcome of tests that relython
ambulatory behavior of micé-orthesereasors, | tested themice in an operfield testto assess
locomotor activity levels, willingness to explore (considering the total ambulatory distance and
average speed), and anxiety (considering grooming time and time spent in the center of the
arena) Normally, nice tend toavoid open spaceso when placed in an opefield areng they
usuallyspend more time in the peripheral area and sporadically explorecdrdral area.Mice

with high anxiety tend to avoid the cest even more, while mice with risk assessment
impairments tend to spend more time in the central area tlamtrols (Seibenhener & Wooten,
2015) This testdid not reveal anysignificant differences betweehgh3 WT, HETand KOfemale

mice in any of the quantified parameterduring the 15 minutes of observatioffrigure 12. In
conclusion,as previouslyobserved in malegCarter et al., 2011; Morais, 2018eduction ofi o
integrinlevekin femalesdoesnot induceabnormal general motor activity and anxiety levels.
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Figure12. Itgh3 KO and HETfemale mice exhibit normal behaviors in the open field tesfA) Tracking plots of th
center of the body of a W{blacK, anHET(green)and a KO mousged). The externablacksquare shows the limits
the arena (40 x 40 cm), the smalled square represents the central area (20 x 20 ((fd).Total distancdravelled (i)
(WT 66.59 + 2.92 m; HET 59.55 = 4.07 m; KO 66.36 + 3.14 m; p=0AX@raye speedi) (WT 7.38 £ 1.5 cm/HE’
6.72 £ 0.44 cm/s; KO 7.34 £ 0.34 cm/s; p=0.098EK)oming time(iii) (WT 27.25 + 3.36 $IET 31.74 £ 9.94 s; KO 2:
*+ 2.44 s; p=0.4382)ime spentin the center(iv) (WT 86.45 + 12.07; +lET 71.17 + 8.91 s; KO 96.04 * 10.
p=0.2780) Data are presented as mean + s.eS@atistics were performed with onavay ANOVA followed bjuke(
multiple comparison testW/Tn=8, HET n=7, KO n=10).

1.2 Itgb3 knockout female mice do not exhibit impairments in social novelty preferencand
social memory

ASD is characterized by the early onset of social communication impairmengltanationsin
social preference and social recognition are commonly found in animal models SA8DmMan

et al., 2010) We previouslyestablished thatitgh3 constitutive KO male mice exhibit deficits in
social novelty preferencand social memoryRgures 9C and D) (Carter et al., 2011; Morais,
2018) Interestingly differences in social communication abilities between male and female
children and adolescents with ASD have been reported in several stig#igSiambattista et al.,
2021; Head et al., 2014; Sedgewick et al., 20T@grefore | tested ifltgh3 KO female mice
showed similar defectsthan the malesn social behavig using athree-chambersocial approach
test (Figure 13A Figure 138 shows how much time each animal spent on the left and on the right
chamber.As expected, lagenotypes shoed no preference for any of the chambers, as illustrated
by ther habituation indexclose to0. During the following phase (testing sduidy), Itgb3 WT,
HETand KOfemale mice highly preferred to interact with a stranger moug&l)instead of an
object(Ob)and therefore exhibied a positive sociability indexwith no differences found between

genotypes(Figure 13 This behavior is similar to that observed in male miegyre9C). Finally,
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in the last phase of the test (testing social novgitgferenceand social memonymice from all
genotypes preferred to interact with a novel moug®2)rather than with a familiar mous€S1)
(Figure 13D. This is in starkontrast to ltgh3 KOmale micewhich showed asignificantly lower
value of novelty indekompared toWT (Figure 9Qi).
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Figurel3. Itgh3 KOfemale mice do not show socialovelty deficits. (A) Schematics of the behavioral task i
the mathematical formulaused to calculate habituation, sociability, and novelty indexB3Left: time spen
exploring the left and right chambers during habituation (WT p=0.8616; HET p=0.3571; KO p=0.5930:
test left versus right)right: habituation index (WTF0.008 + 0.052; HED.070 + 0.073; K@0.006 + 0.03(
p=0.6183)(C) Left:Time spent exploring a stranger mouse (S1) and an object (Ob) (WT p<0.001; HET
KO p<0.001; pairedtest Ob versus Siright: sociability indeXWT 0341+ 0.880; HET B33+ 0.(8; KO (B0t
+ 0.042, p=07703. (D) Left:time spent exploring the now familiar mouse (S1) and a novel stranger mou:
(WT p<0.001; HET-p.03 KO p<0.001; pairedtest S2 versus Jlright: novelty index\WT 0305+ 0.(888;, HE'
0.253+ 0.078; KO 0193+ 0.B1; p=02522. Data are presented as mean + s.e.m. Statistics were perf
with paired ttest (B, C, D left)andorel & ! bh+! F2tf 2SR o0& ¢dzl S& Qa
(WT n=8, HET n=7, KO n=10). *p<0.05, **p<0.01, ***p<0.001
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To further characterize the social behavior, | perfornbd fivetrial social recognition memory
test (Figure 14A. Testedemalemicefrom all three groups exhibited similar behavibabituaton

to intruders from the ' to the 4" trial) andincreased interest to @ompletely novel intruder
during the 5" trial (Figure 14B In contrast, Itgh3 KO male mice shoed impaired social
interaction, interacting less with both intruder mice, precluding the typical high augmentation in
social investigation toward the novel intruddfigure 9D).

Altogether, thesedata suggest that variations in the expression ls2F | o Ay UG SINAY

and femaledifferently. KO male mice show deficits in social novelty preferemdele thiseffect
is not observedn female mece.

. * %
A 2 min B ook ok 1 ¢ WT (n=8)
50—
r o 1 —®—HET (n=7)
—_— ] —h— =
~»~ D Trial 1-4: 2 407 Ko (=10
Intruder 1 £
10 min = 30+ —1
g
S 20+ 2-way ANOVA
' © Interaction [p=0.7843
— £ 10- Trial ok
l - Genotype |P=0.4489
R 0 1 ) 1 1 1
2 min 1 2 3 4 5
Trial 5: . — /
Intruder 2 1

e

Figure 14. Itgh3 KOfemale mice do not show social recognition memory defici{®\) Schematics of the behavio
task (B) Time spent interacting with Intruder 1 and Intrude{\&T 32.00Q: 2.507 s, 15.63& 1.627 s, 15.17%1.711
s,10.888:0.941 s, 29.612 3.651 s; HET 34.0%73.313 s, 15.8221.885 s, 14.52%2.836 s, 13.60@& 1.932 s, 38.6(
+5.474 s; KO 34.2303.042 s, 20.15& 3.075 s, 16.04@ 1.718 s, 14.47@& 1.470 s, 36.37@ 5.526 s) Data art
presented as mean + s.e.m. Statistics were performed tithg | € ! b h +! F2tt26SR 0@
test (interaction F (8, 88)=0.5893p=07843 trial: F (2.151, 47.33)=49.9%<0.001; genotype:F (2, 22)=0.83Q
p=0.4489;WT n=8, HET n=7, KO n=10). *p<0.05, **p<0.01, ***p<0.001

1.3 Itgb3 Knockoutand heterozygoudsemale miceshow higher seizure susceptibility

Itgh3 KO male mice display increasseizuresusceptibility Figure ¥), but the sexdifferencesin
epilepsy are widespread anmhfluenced bydifferent factors (Reddy et al., 2021)Therefore,
similarly to what was previously done for maléggested the threshold for seizures induced by PTZ
in female mice. WT, HET and KO were injedtdthperitoneally with 45 mg/kg of PTZ and
observed for 10 minuteduring whichtheir behaviorwas scoredaccording to a scale of intensities
(O=no effect, 1=reduced mobility, 2=partial clonus, 3=generalized clonus and stroRggne(
15A). As observed inmales, HET and K@&male mice exhibited increased seizure susceptibility,
reaching higher severity sca@ecompared to WT miceF{gure 15B Quantification of the
percentage of subjects reaching a specific phenotgpehe end of the 10-minute observation
period showed thatboth HETand KO female micgisplayed more severe phenotypes thdoe WT

group Figure 15¢
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In conclusionthese results suggest thatB RdzOU A 2y Ay ifemald nficerBadadidry f S ¢
network activityandinfluence their response to seizure susceptibjlgymilar to what we observe

in male micewithout alteringtheir social behaviorThis lack of social deficits in female mice aligns

with theories and studieshighlighting sex differencesin ASD where sociccommunication
difficultiestend to beless evident in females comparéamales(Goddard et al., 2014; Halladay et

al., 2015)

A B C
10 min
—o— WT (n=9) £ % *
3.09—=—HET (n=10) 1001 — ==
* bed KO (n=11)
— | e |
) .~ | 9 2.0- ®
i e — (] .2 60—
I.P. injection of 10 min 'E 1.5 2-way ANOVA ug ?
45 mglkg PTZ g o Interaction] ¥ 2 407 %
I O=no effect b 0.54 Time | % 20- /
1 1=reduced mobility 3 Genotype | * /
EZd2=partial clonus 0.0 T T T 0 T ? T
[13=generalized clonus and stronger 01 2 3 4 5 6 7 8 9 10 WT HET KO

Time after injection (min)

Figurel5. KO and HET female mice ftigh3 show lower threshold for seizures induced by PTZ) Schematics sce
of scoring.(B) Severity score as a function of time after the PTZ injecti@)Percentage (%) of micghowingthe
higher rank phenotype reached at the end of the 10 minutes of observabaita are presented as mean + s.¢
Statistics were performeéh Bwithtwo-g F @ ! bhx! F2ff 26SR o0& ¢ dzlinfeddén FY20
270)=1.829 p=0.@; time: F (4.011, 108.3)=195.8<0.001; genotype:F (2, 27)=3.791p=0.04) and inC with
contingency chsquare test comparing each group vs the oth&fT( n9, HET n%0, KO n=1). *p<0.05, **p<0.01
***n<0.001.

2. Rescue of epileptic phenotype itgh3 heterozygous female and male mice using
CRISPRa technology

In vitro, Itgb3 haplo-insufficiency impairs network excitability and synchrony by limiting synaptic
signalling of the metabotropic glutamate receptor mGIuR5 and restoratioh of A y byS 3 NA y
CRISPRaebalances network excitabilitfdaudon et al., 2022%ince both male and femalé&gh3

HET mice shosd increased seizure susceptibilitfFigures 9B and 3B), and in vivo CRISPRa
GNBFAGYSYyld y2NXYIFtAT S& O2 NJhAHET miceRigures i @ NHyYy SE|I
decided to examine whetherthe use of the CRISPRa technologypuld rescue the epileptic
phenotype. Therefore, &nalyzedthe threshold for seizures induced by PTZ in fenzadd male
CRISPartreated injected mice (Figures 11A and 1)CDue tothe higher seizure susceptibility of
injected mice after a single PTZ injection, | wemble to déermine the appropriatedosage fora

single intraperitoneal injectionThus | decided to perform six consecutive intraperitoneal
injections of a low dose of PTZ8 mg/kg total 48 mg/kg) each followed by 10-minute
observationperiod. WT gRNA Ctrl, WT gRNAs 1+2, HET gRNA Ctrl and HET gRid/Asl&+@nd

male mice were ranked accordingtp a modified scale of intensities (0O=mmal behavioy
1=suddenbehavior arrest 2facial jerking 3=neck jerks 4=clonic seizure sitting5=clonic, tonie

clonic seizurg6=clonic, tonicclonic activity with loss of posture and wild jumpjr(igures 16A

and 17A.
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Figurel6. Rescue of epileptic phenotype ihgh3 HETfemale mice with CRISPRaAj Schematics scale of scorin@,
Severity score as a function mimber of PTZ injection(C)Percentage (%) of michowingthe higher rank phenotyg
reached within 10 minutes of observation after each PTZ injecihata are presented as mean + s.eimA and B;
data are presented as percentage @ Statistics were performeth B with two-6 | &
multiple comparison test(interaction F (15, 100)=2.B7 p=0.0L2 injection F (3.797, 75.95)=178.2<0.001;
genotype:F (3, 20)=11.5(p=0.001), and inCwith contingency chsquare test comparing each group vs the otfi&fT
gRNA Ctmh=7, WT gRNAs 1+27, HET gRNA Cirt5,HET gRNAs 1+25). *p<0.05, **p<0.01, ***p<0.001

! bh=zx! T2t
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Figurel7. Rescue of epileptic phenotype iligh3 HETmale mice with CRISPRaAj Schematics scale of scorin@)
Severity score as a function mfimber of PTZ injection(C)Percentage (%) of michowingthe higher rank phenotyg
reached within 10 minutes of observation after each PTZ injeciiata are presented as mean + s.eimA and B;
data are presented as percentage Gh Statistics were performeih B with two-g I € | b h ! T2€ ¢
multiple comparison test(interaction F (15, 20)=1.801 p=0.G!1; injection: F (4.291, 103.0)=196.6<0.001;
genotype:F (3, 24)=8.083<0.001), and inCwith contingency chsquare test comparing each group vs the otf\afT
gRNA Cth=8 WT gRNAs 1+27, HET gRNA Cirt7,HET gRNAs 1#26). *p<0.05, **p<0.01, ***p<0.001
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In line with the results in noinjected mice Figures 9E and 1 both female and male HET gRNA

Ctrl mice showd increased seizure susceptibility compared toitheorrespondingVT gRNA Cirl

group. This phenotypeouldbe rescuedby usingthe CRISPRa technologgHET gRNAs 1+2 mice
showed a seizure susceptibility comparablethe WT gRNA Ctrl group both male and female
(Figures 18 and 17B). Quantification of thepercentage of subjects reaitty a specific phenotype

after each injectiorshowed thatHET gRNA Cimice displayed more severe phenotypes than WT
gRNA Ctrl in both sexes contrast,HET gRNAs 1+2 mieghibited phenotypesimilar to the WT

gRNA CtrlANR dzLJs O2y FANNAY I GKS LI GSy lradude seizufe / wlL
susceptibility intgb3 HET mice of both sexéSigure 16C and 17CTable3).

To determine theA YLJ- OG 2F AYONBI aAy3 i o AyiiaseMKditge SELI
effects of CRISPRaS RA I 6 SR Ay ONBI a8 Ay miee. Sthikhghs asNdwyin S E LIN.
Figures 16BCand 17BC the resultsdiffered betweenmales and femalke While WT gRNAs 1+2
female micebehaved similarly to th&/T gRNA Ctrl group, malemigeA G K 'y Ay ONBI a SF
integrin expression exhibited greatseizure susceptibility compaa to the WTgRNA Ctijroup.

In conclusion, despiteghe small number ofmice analyzed so farthese dataprovide initial

evidence of the effectiveness of the CRISPRa technatodggcreasng seizure susceptibility in
heterozygous mice in both sexds.contrast increasing endogenous o A ydkiBe3diaReyels

in wild-type mice led to differential behavialt outcomesbetween males and femaleswhile

female miceshowed noeffect, malesexhibited a deleterious rather than protectiveesponse

These data suggeshati o A yplagsTaNsdugial role iregulaing cortical networkexcitability

and synchronyand highlightthe presence okexbasedstructural and functional differences in

brain connectivity.

A Chi-square p-value B
WT gRNAs 1+2|HET gRNA Ctrl[HET gRNAs 1+2 WT gRNAs 1+2|HET gRNA Ctrl[HET gRNAs 1+2

WT gRNA Ctrl 0.51 {ns) 0.04 (*) 0.08 (ns) WT gRNA Ctrl 0.02 (*) 0.19 (ns) 0.16 (ns)

1st injection  [WT gRNAs 1+2 / 0.01 () 0.02(%) WT gRNAs 1+2 / 0.08 (ns) 0.02 (%)
HET gRNA Ctrl i ji 0.37 (ns) HET gRNA Ctrl / i 0.17 (ns)

WT gRNA Ctrl 0.40 (ns) 0.007 (**) 0.04 (*) WT gRNA Ctrl 0.008 (**) 0.003 (**) 0.09 (ns)

2nd injection [WT gRNAs 1+2 / 0.03 (%) 0.24 (ns) WT gRNAs 1+2 / 0.08 (ns) 0.02 (%)
HET gRNA Ctrl i ! 0.007 (**) HET gRNA Ctrl / i 0.07 (ns)

WT gRNA Ctrl >0.99 0.01 () 0.56 (ns) WT gRNA Ctrl 0.02 (*) 0.09 (ns) 0.66 (ns)

3rd injection [WT gRNAs 1+2 / 0.01(*) 0.92 (ns) WT gRNAs 1+2 / 0.22 (ns) 0.12 (ns)
HET gRNA Ctri / / 0.03 (") HET gRNA Ctrl / / 0.23 (ns)

WT gRNA Ctrl 0.08 (ns) 0.12 (ns) 0.03 (%) WT gRNA Ctrl 0.02 (*) 0.06 (ns) 0.21 (ns)

4th injection  [WT gRNAs 142 / 0.05 (%) 0.14 (ns) WT gRNAs 142 / 0.57 (ns) 0.14 (ns)
HET gRNA Ctri / / 0.05 (") HET gRNA Ctrl / / 0.33 (ns)

WT gRNA Ctrl 0.11 {ns) 0.68 (ns) 0.97 (ns) WT gRNA Ctrl 0.05 () 0.15 (ns) 0.46 (ns)

Sth injection  |WT gRNAs 1+2 / 0.74 (ns) 0.37 (ns) WT gRNAs 1+2 / 0.57 (ns) 0.25 (ns)
HET gRNA Ctrl / ! 0.37 (ns) HET gRNA Ctrl / i 0.69 (ns)

WT gRNA Ctrl 0.24 (ns) 0.41 (ns) 0.40 (ns) WT gRNA Ctrl 0.07 (ns) 0.31 (ns) 0.39 (ns)

th injection  [WT gRNAs 1+2 / 0.80 (ns) 0.43 (ns) WT gRNAs 1+2 / 0.30 (ns) 0.25 (ns)
f HET gRNA Ctrl i ! 0.56 (ns) HET gRNA Ctrl / i 0.51 (ns)

Table3. Detailed chisquare pvalues of female (A) and male (B) mice related to figures 16C and 17C.
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3. Behavioral characterization of mice with CRISPRadiated modulation of ltgb3
expression

31/ wL{twl F2NJio AYUGSANRY I FFSOGa a20Alf 0SKI ¢

ltgh3 knockin mice with O2y a 0 A G dzi A @St & SyKFIyOSR i o &aA3ylf
deficits in anxiety and social behaviors. Thatation that phenocopies the human Pro33 variant
LINE RdzOS & K anta§riNdeddpioks@hGtaffecowhole-blood serotonin levels influence the

risk for autism spectrum disorder A%Dohn et al., 2017)Becausewild-type male mice injected

with gRNAs increasy the physiological level2 ¥ i o AY U SIANRARY ékintreaSed b ! &
seizure susceptibility, | decided to further investigate ttansequences of elevatédo A y (i S 3 NJ
expressioron other behavios. Specifically| performed tests on WT gRNA Ctrl and WT gRNAs 1+2
male and female migdocusing on sociaklatedtasks

After testing the mice in the open field testvhich did not revealany significant differences
between the experimental groupa both sexegFigure 18, | performed severalteststo assess the
presence of possiblempairments in social communication, social preference and social
recognition Using a threehamber social approach | assessed general sociability and social
novelty preference Kigure 19A | did not observeany differencebetween the experimental
groupsduring the habituation and the sociability phasésdeed, habituation indexs were very

close to 0,as expected inthe absence of lateral preferencend sociability indegs were all
positive indicating goreference for a mouse versus an objémt both male and female mice in all

the experimental group§Figure 19B and 190n contrast, males and femalbéghaved differently

in the social novelty preference argbcial memoryphase: whildfemale WTgRNAs 1+2 mice with
increased leval2 T | o éxliybites mMehyynders similarto the femaleWTgRNA Ctrl mige

male WT gRNAs 1+2 mice did not show preference for the novel versus the familiar mouse, as
illustrated by the significant reduced novelty index compared to the WT gRNA Ctr(Figcee

19D). However, this effect was due to a lack of habituation to the familiar stimulus (as illustrated
by the similar interaction times with mouse S1 in both phases) and not to a reduction in social
novelty interest as both WT gRNA Ctrl and WT gRNAs 1+2 interacted with the S2 mouse for a
comparable amount of timeNigure 19D. In contrast, the reduction in novelty index observed in
Itgb3 KO males, is the consequence of a decreasgeracting time with the novel mouse
compared to the WT groug-{gure9Ci). Therefore even ifboth mouse modelsnanifested similar
reduction in the novelty indexhese results suggest that the underlying mechanisms are different
(Figures 9Cii and 19D

To wurther validake social novelty preference impairmembservedin male micewith increased

f S@Sta 2F i o A héaEMRsgcal racognitiSrNdrethdiyyi&sRigure 20 As

shown n Figure 20Bimales from thegRNA Ctrl group habituated tbe intruder during the first

four trials and ended upnot finding it as interesting as a completely novel intruderesented

during the 5™ trial. In contrast male mice from thegRNAs 1+2 grougid not habituate to the
familiar intruder as fast as the control grougsa significant reduction in the interacting tinveas
achievedonly after the 4 encounter Male WT gRNAs 1+2 mice presented also a significant lower
interacting time during the first encounter compared to the cont(Blgure 20{; suggesting a
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reduction in social interesthat can be related to the stress generated by the test itdelfieed,
mice could be stressed out by the direct social interactieffiect that was not detected in the
three-chamber social approadh which the intruder mouse is cagedoreover, whilethere wasa
F67%reduction in interactiortime between the first and the fourth encounter for the male gRNA
Ctrl group, ths reduction was only oF38%for the gRNAs 1+2 groufhis consequently preclude
the typical augmentation in social investigation toward the novel intrudering the 5" trial
(Figure 2@i). In contrast, as observed during the thre€eK I Y6 SNJ G Said>x OKIy3S.
expression did not affect the behavior of female miEggre 20Bii, C andilp, confirming the sex
specificity of the observed social deficits.

Takentogether these data suggeshat male WT gRNAs 1+2 miaxhibit significant deficits in
habituation to the familiar mice over timeAdditionally they show altered social interest and
impaired social discrimination, whicimay be further exacerbated duringpotentially stressful
direct interactiors.
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Figurel8. CRISPRE2 NJ i o AY (i S3aANARY R2Sa& y2i | fAFTEacking pof Kflth® dedte.
the body of a WT gRNA Ctrl mousgey)and aWT gRN#& 1+2 (blue) The external black square shows the limit
the arena (40 x 40 cm), the smaller red square represents the central area (20 x Z8)CFojal distance traveled)
(males WT gRNA Ctf0.83+ 3.99 m;WT gRN#A 1+2 60.6% 3.88 m; p=0.9816emales WT gRNA Ct8.07+ 4.51
m; WT gRN#& 1+2 62.83 3.06 m; p=0.3353)Average speedii) (males WT gRNA CtB8.73+ 0.44 cm/s;WT gRNg
1+2 6.71£ 0.43 cm/s; p=0.9753pmales WT gRNA Ctil.54+ 0.50 cm/s;WT gRNA 1+2 6.96 0.34 cm/s; p=0.330:2
Grooming time(iii) (males WT gRNA Ct#9.44+ 3.78 s;WT gRN#A 1+2 34.33 4.10 s; p=0.3997emales WT gRN
Ctr128.78+ 3.59 sWT gRNA 1+2 25.25 1.48 s; p=0.3521)ime spent in the centdiv) (males WT gRNA Ctfl03.8¢
+12.80 sSWT gRN& 1+2 77.92 6.52 s; p=0.1295emales WT gRNA Ctf1.61+ 6.85 s;WT gRNA 1+2 84.9@ 8.17
s; p=0.2262)Data are presented as mean + s.e.m. Statistics were performedinithiredt-test comparingWT gRN
Ctrl ard WT gRN#A 1+2 male and female mice separatghale: WT gRNA Ctr=18, WT gRNA 1+2n=12; female:WT
gRNA Ctth=18,WT gRNA 1+2n=20).
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gRNA 1+2 0.085% 0.059; p=0.0285females WT gRNA Ctfl.163+ 0.049;WT gRN#A 0.301+ 0.084; p=0.1649)Datz
are presented as meanste.m. Statistics were performed with pairetest B, C, D leftandunpaired ttest B, C, |
right) (male: WT gRNA Ctri=11,WT gRN#A 1+2n=14; female:WT gRNA Ctri=11,WT gRN#A 1+2n=10). *p<0.05
**p<0.01, ***p<0.001.
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Figure20d / wL{twl F2NJ i o AYyGSINRY I F7FSO@MESchanatiza of the deiaga
task (B) Time spent interacting with Intruder 1 and Intruder(r@ales: WT gRNA Ctrl 53.783.80 s, 31.7% 3.90 s
26.18+2.25s, 17.7%2.29 s, 45.5%4.23 5; WT gRNAs 1+2 4045210 s, 35.8%4.54 s, 33.993.13 s, 25.36& 4.1¢
s, 40.03% 3.60 s; interaction:F (4, 104)=5.629p<0.001; trial:F (3.539, 92.01)=27.51p<0.001; gRNAF (1
26)=0.001786p=0.97 females:WT gRNA Ctrl 53.94.53 s, 28.06 3.23 s, 23.7% 4.42s, 18.55-3.41 s, 43.7% 5.3
s; WT gRNAs 1+2 48.5%64.96 s, 29.9% 5.14 s, 16.76t 2.09 s, 13.64t 1.45 s, 33.85 4.99 s; interaction¥ (4
76)=1.217 p=0.3108; trialF (3.212, 61.03)=52.91p<0.001; gRNAE (1, 19) = 1.131p=0.3009)(C) Time interactin
during the P trial (males:WT gRNA Ctrl 53.783.80 s, WT gRNAs 4052.10 s, p=0.03emales:WT gRNA Ctrl 53.
+4.53 s, WT gRNAs 1+2 48458.96 s, p=0.43)D) Percentage (%) of reduction and increase of the time intera
with Intruder 1 and Intruder 2nfales: interaction: F (3, 78)=12.947p<0.001; trial:F (1.3598, 35.355)=87.9!
p<0.001; gRNAF (1, 26)=0.014105p=0.91; females: interaction: F (3, 57)=0.5169p=0.67: trial: F (1.09¢
20.83=99.08 p<0.001F (1, 19)=0.938(=0.35)Data are presented as mean + s.e.m. Statistics were performe:
repetitive measure tweg @ ! bhx! F2ff26SR o0& ¢ dz{BadTaandvudgiaited tedft ©)
(male:WT gRNA Ctri=14,WT gRN#& 1+2n=14; femaleWT gRNA Ctri=11,WT gRN# 1+2n=10). *p<0.05, **p<0.01
***n<0.001.
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32/ wL{twl F2NJio AyidSIaNandankaudbehavigr2z i | FFSOG RSLI

Variations in depressioand anxietycan introduce artifacts when attempting to interpret mouse
behavior such as feelings of fear, social anxiety, and social isoldfarkgoz et al., 2022;
Silverman et al., 201® { Ay OS AYyONBlIaiAy3d GKS SyR23Sy2dza S
type mice led to defict# in social behavioand because these effects were more pronounced
during direct interactionsl performed additionaltests to assess ithey could result from anxious

and/or depressive state As the female micalid not show any defect in sociainteractions |
focusedonly on mals.

The tail suspension tesysedil 2 | 4aSaa (KOS SR ShyiaSas iy Ndbility

time over a total duration of 6 minutes did not reveal any difference between thetwo
experimental groupsHigure 21A. Similarly, thelight/dark transition test,usedto assess the

anxiety levelby quantifyingthe time spent in the lit compartment during the 4finute
observationperiod, showed thatmiceg A 6 K KA 3IKSNJ £ S@St 2F i o AyaS
group (Figure 21B Thiswas further confirmed by theabsence of differences in all measured
parameters during thelevated plus maztest (Figure 21E Altogether, these results suggest that

the socialmemoryRSTAOAGA 20&aSNWSR Ay YlIiSa sAGK AyON
underlying depression or anxiety.
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Figure21® / wL{twl F2NJ i o AYyGSaANAYy R2Sa y2{A) SchHemaidd btail
suspension test anduantification of tme spentimmobile over a total time of 6 minutes (WT gRNA Ctrl 308.62.5¢
s; WT gRNAs 1+2 293508.42 s; p=0.10)B) Schematics dfght/dark transition test and quantification ofrhe spen
in the lit compartment over 10 minutes (WT gRNA Ctrl 21338295 s; WT gRNAs 1+2 194488.70 s; p=0.65)C
Schematics oflevated plus maze test and time spent in the open arm (WT gRNA Ctrl 325332 s; WT gRNAs !
58.86+ 15.98 s; p=0.18), number of entries in the open arm (WT gRNA Ctr:6.89; WT gRNAs 1+2 4.8D.73 s
p=0.06), ratio (%) of time in the open arm (WT gRNA Ctrl 4018648 %; WT gRNAs 1+2 231#55.11 %; p=0.21
distance traveled in the open arm (WT gRNA Ctrl 5%.8159 dm; WT gRNAs 1+2 32:89.40 dm s; p=0.09); tin
spent in the closed arm (WT gRNA Ctrl 15329.66 s; WT gRNAs 1+2 206t923.33 s; p=0.17), number of entries
the closed arm (WT gRNA Ctrl 660.91; WT gRNAs 1+2 5.38.82 s; p=0.32), ratio (%) of time in the closed
(WT gRNA Ctrl 59.6410.48 %; WT gRNAs 1+2 76#4R11 %; p=0.21), distance traveled in the closed arm (WT
Ctrl 72.11+10.13 dm; WT gRNAs 1+2 7048¥3.20 dm s; p=0.94pata are presented as mean + s.e.m. Statistics
performedwith unpaired ttest (A and B, WT gRNA Ctri=18, WT gRN# 1+2n=16; C WT gRNA Ctri=8, WT gRN#£
1+2n=8).

33+ NAFGA2Y 2F i o AY(GISANRY SELINBaarzy fSgSt a
In humans, memory is often accessed through spoken or written language, while in animals,
cognitive functions must be accessed through different kind of behaviors. Among them, the novel
object recognition (NORFigure 2A) is a fast and efficient test to assess different phases of
learning and memory in micAntunes & Biala, 20125ince bothtgh3 KO and WT gRNAs 1+2
mice show defects in social novelty preference and social memory, | decided to investigate if these
deficits rely on a general defect in learning and memory.

During the familiarization phase, as expected, tested mice showed no preference for either object,
as indicated by similar interacting times and preference indexes close to Fignards 2B and

22D). During the test phase, mice from all experimental groups strongly preferred interacting with
the novel object compared to the familiar one and displayed similar total interacting tigere

22C and 2E). This suggests thdtgb3 KO and WT gRNAs 1+2 mice exhibit deficits specifically in
social memory, while other forms of memory remain unaffected.
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Figure22. WT gRNAs 1+2 aritb3 KO mice do not show defect in NOR teéf) Schematics of the behavioral te
and the mathematical formukused to calculatereference and discrimination indexg®) Left: time spent explorin
object 1 and object 2luring familiarization(WT gRNA Ctp=0.36;WT gRN#A 1+2 p=0.45paired ttest Objl versu:
Obj2); middle: preferenceindex WT gRNA Ctfl.024+ 0.027;WT gRN# 1+2-0.045+ 0.057; p=0.28)tight: total time
interacting with object 1 and object @VT gRNA Ct7.61+ 1.94 s;WT gRNA 1+2 22.9% 3.56 s; p=0.25)C) Left:
time spent exploringnovel object and familiar objecturingtest phasg(WT gRNA Ctd=0.006;WT gRN#A 1+2 p=0.0:
paired ttest Novel ObjersusFamiliar Obj middle: discriminationindex (VT gRNA Ctf.096+ 0.187;WT gRN#A 1+:
0.188+0.255; p=0.77)ight: total time interacting with novel object and familiar obje@¥T gRNA Ct#8.53+£6.05 s
WT gRNA1+2 17.4& 5.31 s; p=0.20)D) As inBbut for Itgh3WT and KO micéeft: (WTp=0.41; KO p=0.0paired t
test ObjlversusObj2); middle: (WT-0.019+ 0.023; KO0.067+ 0.026; p=0.18)right: (WT27.83+6.29 s; KO 25.5F
6.50 s; p=0.81)E) As inCbut for Itgh3 WT and KO migéeft: (WTp=0.02; KO p=0.0%paired ttest Novel Objversu:
Familiar OB} middle: (WT 0.372+ 0.070; KO 0.51& 0.065; p=0.16)right: (WT 20.44+ 6.56 s; KO 21.189.89 s
p=0.95).Data are presented as mean + s.e.m. Statistics were performed with paieti®, C, DEleft) andunpairec
t-test B, C, DE middle andright) (WT gRNA Ctri=7, WT gRNA 1+2n=6; WT n8, KO n#$). *p<0.05, **p<0.01
***n<0.001.

34/ wL{t wl T 2 aifects sociak offdctBrilisdkirgination andhierarchy behavior

Olfactory cues are very important for communication in miaed abnormalities in odor
discrimination can underlie impairments in social behay®itverman et al., 2010Yherefore |
controlled ifY A OS 6 A G K I f (S NB Reoulddiscriminat& ahdifalytua® o ldiffeBeata A 2 y
odors Itgh3 constitutive KO male mice exhibi deficits in social novelty preference and social
memory Figures 9B and 9(but were able to habituate and discriminate different odors similarly

to WT Figure 3B) (Morais, 2018)

To assesswvhether injectedmice shoved defects in odor discrimination, | performed the same
olfactory habituation/dishabituation test. AgRported inFigure BA, the two experimental groups

did not show any defectvhen exposed to two nogocial odors (almond and banané).contrast

when exposed to two different social odoM/T gRNA Ctrl miogere able tohabituate and then
discriminatebetween theodors, whereasWT gRNAs 1+2 mio®uld notdiscriminate thesecond
social odor from the first oneBecauseWT gRNAs 1+2 mice were able to habituated
discriminatenon-social odors\WWT gRNAs 1+2 mice are likely to have a specific defect in social odor
discrimination ratherthan a generaldefect in the olfactory system.

To further characterized the social deficits presentWAT gRNAs 1+2 mick performed a tube
dominance test to assedhe social hierarchy Indeed, scial hierarchy is a fundamental self
organizing scheme in most animal societiebere group membersestablish dominant or
subordinate statuses to determine access to resourcedich has a profound impact on
AYRAQDGARdzZ f 4Q & dzNIA Banfetal., RELD)nterdstingly WR gRNAsKLF22mice NJ
showed a drastically lowelpercentage ofvinscompared to the control groupguring the five days

of testing suggesting a subordinate behavior when faced with stranger WT gRNAs Ctrl mice
(Figure 2A). This subordinate behavior ay explain the redued social interest observed when

WT gRNAs 1+2 male mice interact with a stranger stimulus.

Sinceltgb3 constitutive KO male micalsoexhibited deficits in social novelty preference and social
memory, | perforned the tube dominance test on WT aritjb3 KOmice.Although thephenotype

was less pronounced than the injected mice)tgh3 KOmice displayeda subordinate behavior
when faced with stranger WT micevith a trendtoward a lower overallpercentage of wis

compared to the control groug={gure 2B).
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LayerV pyramidal neurons constitute the principal output neurons of the medial mBrdCthisis

an important hub regiorfor working memory formation and fasocial competition and hierarchy

(Choi et al., 2024; Xu et al., 2020Jtogether, these results demonstrate that2rR dzf F G A 2y 2
integrin expression in both directionalong with theconsequentchanges irsynaptic efficacy or
neuronal activity in the mPFE@ffects social behavioby influencing social habituation, recognition
memory and the social hierarchy

A B
PR3 Data from E. Morais
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Figure23./ wL{t wlk F2NJ i o AYGSINRY | FFSTiedT gRNA EtF &ind WT gRNA
mice interact with cotton swabs embedded in water, or containing-soaial (almond and banana) or social sc
(social 1, social 2) odors. Statistics were performed with repetitive measwag | € | b h +! T2 ¢
multiple comparison test comparing the odor presented three times vs the sequential first time presented 1
appreciate the habituation/dishabituation behaviowdter vs almond interaction: F (3, 33)=1.042, p=0.38; odol
(2.400, 26.40)=50.07, p<0.001; gRNA: F (1, 11)=2.327, p=0midnd vs bananainteraction: F (3, 33)=0.159
p=0.92; odor: F (1.644, 18.09)=57.96, p<0.001; gRNA: F (1, 11)=0.4603, peénaha; vs social,linteraction:F (3
33)=0.1422, p=0.93; odor: F (1.093, 12.02)=43.82, p<0.001; gRNA: F (1, 11)=0.2037,speidl66; vs social ,
interaction: F (3, 33)=1.551, p=0.22; odor: F (2.235, 24.59)=7.275, p=0.003; gRNA: F (1, 11)=0.0084180pR02
interaction: F (2, 22)=1.315, p=0.29; odor: F (1.449, 15.94)=10.10, p=0.003; gRNA: F (1, 11)=2.387(B)~C1iBA
bur for Itgh3 WT and KO micedter vs almond interaction:F (3, 90)=0.9049, p=0.44; odor: F (1.106, 33.19)=1
p<0.001; genotype: F (1, 30)=0.8930, p=0a88/10nd vs bananainteraction:F (3, 90)=0.3179, p=0.81; odor: F (1.
53.78)=12.52, p<0.001; genotype: F (1, 30)=0.5023, p=0béBiana vs social,linteraction:F (3, 90)=0.6090, p=0.t
odor: F (1.696, 50.89)=33.65, p<0.001; genotype: F (1, 30)=0.007081, psdrB;1 vs social,Znteraction:F (3
90)=0.8641, p=0.46; odor: F (2.113, 63.39)=14.12, p<0.001; genotype: F (1, 30)=0.4142spsidI53jnteraction:F
(2, 60)=0.02639, p=0.97; odor: F (1.671, 50.14)=3.798, p=0.03; genotype: F (1, 30)=0.9721, p=0.33). Data an
as mean + s.e.m. (WT gRNA Ctrl n=7, WT gRNAs 1+2 n=6; WT n=17, KO n=15). *p<0.05, **p<0.01, ***p<0.0
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Figure 24 WT gRNAs 1+2 anthb3 KOmice show defecs in the tube dominance test. (Aleft: percentage (%)
wins per day (calculated out of the three matches) for WT gRNA Ctrl and WT gRNAs 1+2 (intefa@ids0)=2.71
p=0.04; encounter: F (4, 60)=2.41d81, p<0.999; gRNA: F (1, 60)=92.64, p<0.®Right: total percentage of wit
over the five days for WT gRNA Ctrl and WT gRNAs 1+2 (p<Q(BDPAk inA but for WT and Itgh3 KO micksft
(interaction: F (4, 50)=0.4667, p=0.7598; encounter: F (4, 50)=3:893¢ p<0.999; genotype: F (1, 50)=5.
p=0.02);right (p=0.1299). Data are presented as mean + s.e.m. Statistics were performed wihatwdNOV
F2tf26SR 0@ ¢dzl S Qa A¥muBI&ft) adt $hpalde ¥esl(@ERhEB2ight)) (WETgRNACTHr n:
WT gRNAs 1+2 n=7; WT n=6, KO n=6). *p<0.05, *p<0*px0.001.

35Variatonini o AY Ui S3INRY SE LINREPEDYn oESIWSenaiand geness O i &
related to ASD

Variation inphysiological level2 ¥ i o A Yy (i S TaAPaffect SoeiaNE s grefeBeyceand
social recognition memoryspecifically in males. Learning and memory result from constant
alterations of synaptic connections. Integringy interacting with ECM play a critical role in
regulating synaptic connectivity and plasticitthereby potentially contributing to memory
formation (Biose et al., 2023 2 NB2 OSNE i o AYOGSANRY LIRAAGAODSE @
activity and synchrony of cortical neuronal networksitro (Jaudon et al., 2022)n light of this, it

is tempting to speculate that similanechanism$appenin viva Therefore, because gperimental
data suggestan essential role of the upregulation of IEGs among neuronal subpopulations in
regions associated with learning and memdfyallo et al., 2018)l analyzedvariatiors in the
expression levelof somelmmediate Early Genes (IEGsH&iermine whether thecortical activity
was alteredn viva

To dothis, | perforned a modified social recognition memory tedb investigate social memory
and social novelty interest iigh3 KOand WT gRNAs 1+2 mickfter the behavioral testbrain
tissuewas isolated foRTFqPCR and transcriptomiesialysigFigure 25A

In this experimentthe tested mouse was first exposed to a conspecific and allowed to interact
with it for 5 minutes.Ninety minutes after the first encounter, the tested animal was either re
exposed to the same stimulus mous®¢ial habituatiop or to a novel one (social novelty). When
tested for socialhabituation both WT andltgh3 KO mice showeda reduction inthe time
interacting withthe stimulus mouse during the second encountard similarmemory indexes
(Figure 25B. In contrast, whermicewere tested for social noveltyyhile the WT mice interacted
with the two stimulis micefor the same amount of timeltgh3 KOmice shoved a reduction in
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interaction time during the second encountagesulting in a significantly reduced noveltydex
(Figure 25¢ Theseresults suggest thatgb3 KO micemay rememberhavinga social encounter
as they habituated when presented twice with the same mouset they are not able to
remember with whonthey interaced. Thisinability to discriminate social and familiar miceuld
explaintheir similar behaviorduring thefour trials of social habituation and the social novelty
phase ofthe three-chambertest.

Whenthe same testwas performedon WT gRNAs 1+aice,even if both groupspent less time
interacting with a stimulus mouse during the second encound, gRNAs 1+2 mice showad
memory indexhigher than the control groupsuggestingleficits in sociahabituation (Figure 25D
As observed for theltgb3 KO mice in the social noveltytest, WT gRNAs 1+fhice failed to
recognizethe novel mouse and interaetl less during the second encounter compared to the WT
gRNA Ctninice, suggesting deficits in social novelty recognit{Bigure 25t

In conclusionthese results suggesthat, becauseduring the novelty phase thewre not able to
recognize a novahouse and tend to considetr as a familiar ongboth Itgh3 KO and WT gRNAs
1+2 mice present defitsin social memory

After the behavioral test each animal was sacrificadd themedial prefrontal cortex (MPF@jas
isolated formRNAextraction andgRFPCR waperformedon a set of selectednmediateearly
genes(IEG} In the brain, neuronal gene expressiohangesn response to neuronal activity. In
particular, the expression of IEGs is rapidly and selectively upregulated in subsets of neurons in
specific brain regions associated witle brain activity (Minatohara et al., 2016)We evaluated
the expression of seven different early genesc (activity-regulated cytoskeletahssociated
protein), CREB(cCAMPRresponsive elemenbinding protein),cFos(Fos proteoncogene),Dusp6
(Dual specificity phosphatase @grl(Early growth response 1kgr2(Early growth response 2)
and Npas4 (Neuronal PAS Domain Protein Qomparing WT andtgb3 KO mice, significant
differences in the pattern ofEGswvere observedafter the different behavioral testand between
the two genotypes(Figure 26A. In particular, focumg on Arc, CREBand cFos known to be
involved in neuronal plasticity, learning, and memory in the adult br&¥T miceexhibited a
significant increase in their expression after the social novelty test, winilsuch increase was
observa in Itgh3 KO micewhoserelative mRNAexpressiorremainedcomparable tathat of the
mock group.In contrast, as shown iRigure 26Bthe CRISPRa treatmerdsulted in highebasal
levek of IEGSn the mock conditiorcompared to the WT gRNAs Ctrl gradogt it abolishedthe
MRNA expression increasebservedafter the behavioral tests.
Transcriptomics analysis performed by our collaborator E. Fornasiero (Wum™W)r andtgh3 KO
mice identified six geneshat were upregulated in WT micandergoingsocial tess comparedto
mock control miceAdora2a(Adenosine A2A receptarAeaR),Drdland Drd2(Dopamine Receptor
D1 and D2)Nr4a2 (nuclear receptor 4A2)Pxdn(Peroxidasin)Ppplrlb(Protein phosphatase 1
regulatory subunit 1B)Dopaminergic receptors regulate wide range offunctions such as
learning, attention, decision making. Alteratmin these receptorsre associated witlutisticlike
symptoms in animal models arfdhve beergeneticallyassociae¢d with ASD. For example, a recent
study, focusingon the characteriation of a novel rat model with a genetic mutation in the
dopamine D1 receptordrdl), which renders the receptor less stable, sh@d that mutants rats
56



displayed normal locomotor activity and anxidiiye behaviour, butexhibited social cognition
deficits(Homberg et al., 2016Additionally, g@netic studies reveal that polymorphisnmsthe AcAR
gene are nominaly associa¢d with ASD and influence phenotypic variability in symptom
manifestation(Shen et al., 2018)

Further validation usinggRFPCRacrossall experimental groupsevealal that the Adora2aand
Drd1 genes known to have a role in social behaviand autismlike phenotypes, displayed
differential expression pattesmbetween the twomouse models. As shown ifigure 27Athere
were no significant differences in the relative expression @éfdora2a and Drd1l geneswhen
comparing WT andtgb3 KO miceasboth genotypesshowed atendency to increaseexpression
after social interaction. In contrast’ T gRNA Ctrl and WT gRNAs i@ exhibited significant
differences in the expression @&dora2aand Drdl, with neither geneshowing an increase in
MRNA expressiom WT gRNAs 1+2 mit@lowing social stimul(Figure 275

Because the majobbehavioraldefect was detectable during the social novelty test, | plotted
correlation between the relative mRNA expressiorAdbra2aand Drd1and theinteraction time
during the second encounter. Normally, mice interact an equal amount of time during the
exposure to two different miceAs shown irFigure 28for WTmice, Adora2aand Drd1expression
was positively correlatetb the interaction time, with an increase in expression accordingly to the
increase of interacting time. This result suggeatpotential involvement of this pathway in
sociability andmemory formation. In contrast, Itgh3 KO mice showed divergent results for
Adora2a expression they exhibited a negative correlation with higher mRNA expression
corresponding toa shorter interaction time,while no correlation was observedfor Drdl
expressiondifferently from what observed in WT miceltégether, thesedata suggest a possible
interaction between Adora2aand Drd1 during social interaction and memory formation, aad
potential role ofi o A yia $eguMiling this pathwaySimilar analysis will be performed in
injected mice when a sufficient number of animals will have been tested

In conclusionthese results suggest that althoughe two mouse models exhibit similar social
memorydefecsZ G KS | 6a4Sy 0SS 2NJ Ay ONAAIS R pyfamidaNdguraos, 2 v
induces differential gene expressiom response teocial stimuliConsideringhis, | speculate that
this may reflect differing basal cortical activity ¢ KSy 1 o Ay G S 3 N, ¥orti&aE LINB &
activity is low,whereasincreasedSy R2 3 Sy 2 dza levets resulyinihyEeNaasgl network
activity which mayprevent further activation.
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Figure25. Itgh3 KO andWT gRNAs 1+2 male mice show defgict social novelty. A) Schematics of the behavio
task and the mathematical formwaised to calculatenemory and noveltyndexes.(B) Left: time spent explorin
the stimulus mouse during the first and the second encountér p<0.001; KO p=0.00paired ttest 15t versus2™
encountel); right: memoryindex(WT-0.473+ 0.070; KO0.474+ 0.087; p=0.9924)C) Left:Time spent explorir
two stranger nice (Sland S2 (WT p=0.2121; KO p=0.04aired ttest Slversus 3); right: novelty index (WT -
0.030£0.025; KG0.264+ 0.098; p=0.01)D)As inB but for WT gRNA CtdndWT gRN#&A 1+2mice left (WT gRN
Ctrl p<0.001;WT gRNA 1+2 p=0.002paired ttest 1 versus2™ encounted; right (WT gRNA CtrD.551+ 0.058
WT gRN#A 1+2-0.318+ 0.085; p=0.051p (B) As inCbut for WT gRNAndWT gRN4A 1+2mice left (WT gRNA C
p=0.7579WT gRNA 1+2 6.71 p=0.070paired ttest S1lversus ); right (WT gRNA CtrD.005+ 0.068;WT gRN#£
1+2-0.327+0.140; p=0.0585Dataare presented as mean + s.e.m. Statistics were performed with patesd B,
C, D Eleft) andunpaired ttest B, C, DEright) (social memory: Wh=7, KO n=8NT gRNA Ctrl=7,WT gRN#
1+2n=9; social novelty: Wh=8, KO n=8//T gRNA Ctri=8, WT gRN# 1+2n=8). *p<0.05, **p<0.01, ***p<0.001.
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Figure26. Variatorsini o AY i S3INRY SELINBaarzy fSgSta lHgmBKSandwr
gRNAs 1+2 male micéA) Relative mRNA expression I&8GHArc, Mock: WT 1.000 + 0.012, KO 0.837 £ 0.114; ¢
habituation: WT 1.369 + 0.133, KO 0.958 + 0.208; Social novelty: WT 1.672 £ 0.225, KO 0.94€RBBMBrk: W
1.000 £ 0.042, KO 1.180 + 0.070; Social habituation: WT 1.694 + 0.176, KO 1.257 + 0.137; Social novelty:

0.847, KO 1.405 + 0.216Fo0s Mock: WT 1.000 + 0.064, KO 1.154 + 0.189; Social habituation: WT 2.451 + 0
1.801 + 0.425; Social novelty: WT 2.741 + 0.386, KO 1.614 + D138 Mock: WT 1.000 £ 0.090, KO 0.603 + 0.
Social habituation: WT 1.081 + 0.157, KO 1.575 + 0.353; Social novelty: WT 0.992 + 0.094, KO 1.02&gtX
Mock: WT 1.000 + 0.096, KO 0.821 + 0.056; Social habituation: WT 0.991 + 0.096, KO 0.743 + 0.096; Social
1.102 +£ 0.171, KO 0.812 + 0.1ZEYyr2 Mock: WT 1.000 + 0.095, KO 0.645 + 0.094; Social habituation: WT
0.114, KO 1.199 + 0.131; Social novelty: WT 1.185 + 0.129, KO 1.083 MNpad48;Mock: WT 1.000 + 0.108,

0.727 + 0.057; Social habituation: WT 1.322 + 0.181, KO 0.975 + 0.144; Social novelty: WT 1.397 + 0.169,

0.127).
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