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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 of cell 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 

ƛƴǘŜƎǊƛƴ ƘŜǘŜǊƻŘƛƳŜǊ ƛǎ ŎƻƳǇƻǎŜŘ ƻŦ ŀƴ ʰ ŀƴŘ ŀ ʲ ǎǳōǳƴƛǘΦ Lƴ ǇŀǊǘƛŎǳƭŀǊΣ ƛƴ ǘƘŜ ōǊŀƛƴΣ ʲо ƛƴǘŜƎǊƛƴ 

ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ǘƘŜ ʰ± ǎǳōǳƴƛǘ ǘƻ ŦƻǊƳ ǘƘŜ ʰ±ʲо ƛƴǘŜƎǊƛƴ ƘŜǘŜǊƻŘƛƳŜǊΣ ǿƘƛŎƘ ƳŜŘƛŀǘŜǎ ŀŘƘŜǎƛƻƴ 

ǎǘǊŜƴƎǘƘŜƴƛƴƎ ƻŦ ŜȄŎƛǘŀǘƻǊȅ ǎȅƴŀǇǎŜǎ ƛƴ ŎƻǊǘƛŎŀƭ ǇȅǊŀƳƛŘŀƭ ƴŜǳǊƻƴǎΦ {ǇŜŎƛŦƛŎŀƭƭȅΣ ʲо ƛƴǘŜƎǊƛƴ ƘŀǇƭƻ-

insufficiency impairs network excitability and synchrony of cortical neuronal networks. 

The Itgb3 KO mouse is a well-established model of ASD. However, due to the male-to-female 

prevalence ratio in ASD, most studies have focused primarily on males and consequences of 

ŀōƭŀǘƛƻƴ ƻŦ ʲо ƛƴǘŜƎǊƛƴ ŜȄǇǊŜǎǎƛƻƴ ƛƴ ŦŜƳŀƭŜǎ ǊŜƳŀƛƴ largely unknown. Thus, I decided to 

behaviorally characterize WT (Itgb3+/+), HET (Itgb3+/-) and KO (Itgb3-/ -) female mice focusing on 

tasks involving sociability (aspects related to ASD), and the measurement of threshold for seizures 

όǇǊƻǇŜƴǎƛǘȅ ŦƻǊ ŜǇƛƭŜǇǎȅύΦ L ŦƻǳƴŘ ǘƘŀǘ ǾŀǊƛŀǘƛƻƴǎ ƛƴ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƭŜǾŜƭ ƻŦ ʲо ƛƴǘŜƎǊƛƴ ŀŦŦŜŎǘ ƳŀƭŜǎ 

and females differently. KO and HET female mice showed an increased susceptibility to seizure but 

no deficits in social interactions. 

Since both male and female Itgb3 HET mice exhibited increased seizure susceptibility, I decided to 

exploit the CRISPRa technology to ǊŜǎǘƻǊŜ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ʲо ƛƴǘŜƎǊƛƴ ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ rescue their 

epileptic phenotype. Therefore, I tested the threshold for seizures induced by PTZ in both female 

and male CRISPRa-treated mice, demonstrating the effectiveness of this technology in reducing 

seizure susceptibility. 

In addition, I used the CRISPRa system to increase the endogenous ʲо ƛƴǘŜƎǊƛƴ expression in WT 

mice. AƭǘŜǊŀǘƛƻƴ ƻŦ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ƭŜǾŜƭǎ ƻŦ ʲо ƛƴǘŜƎǊƛƴ ƭŜŘ ǘƻ ǘƘŜ ƳŀƴƛŦŜǎǘŀǘƛƻƴ ƻŦ ŘŜŦŜŎǘǎ ƛƴ ǎƻŎƛŀƭ 

novelty preference and habituation to social stimuli, specifically in male mice. 

This study provides valuable insights into Ƙƻǿ ʲо ƛƴǘŜƎǊƛƴ ǊŜƎǳƭŀǘŜǎ ǎƻŎƛŀƭ ōŜƘŀǾƛƻǳǊ ŀƴŘ Ƴŀȅ 

enhance our understanding of the downstream synaptic effects resulting 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. 
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Introduction 

1. Autism Spectrum Disorder 

Autism Spectrum Disorder (ASD) is a group of neurodevelopmental disorders characterized by the 

early onset of social communication impairment, repetitive behaviors, highly restricted interests 

and/or sensory behaviour anomalies. The severity of ASD can range from mild to severe (Hirota & 

King, 2023). According to the Diagnostic and Statistical Manual of Mental Disorders in order to 

meet the diagnostic criteria for ASD, a child must have persistent deficits in social communication 

along with at least 2 of 4 types of restricted, repetitive behaviors. Specifically, individuals with ASD 

show deficits in social-emotional reciprocity, deficits in nonverbal communication, and deficits in 

developing, maintaining, and understanding relationships. In terms of restricted and repetitive 

patterns of behavior, children with ASD may exhibit 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 hyper- or hyporeactivity to sensory input 

(e.g. indifference to pain/temperature, adverse response to specific sounds or textures) (Hirota & 

King, 2023). Additionally, co-occurring psychiatric or neurological disorders are common in people 

with autism, such as attention-deficit hyperactivity disorder (ADHD), intellectual impairments, 

increased anxiety, depression and epilepsy (Lord 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 co-occurring intellectual disability vs. 0.8%) (Okoye et al., 2023). 

ASD is typically diagnosed in early childhood between the ages of 18 and 24 months, and its 

prevalence has been steadily increasing. Currently, the percentage of children with ASD is 

estimated to be between 1% and 2% (Zeidan et al., 2022), with a 4:1 ratio of male to female 

prevalence (Baio et al., 2018). 

The etiology of ASD is very complex. Studies of twins suggest that genetics play a significant role in 

the pathogenesis of ASD, with heritability estimates ranging from 64% to 91%. In addition to 

genetic factors, various environmental influences contribute to the onset of ASD, including 

prenatal and perinatal factors, the microbial gut-brain axis, and others. Risk factors for ASD may 

include parental history of psychiatric disorders, parental age, maternal characteristics of 

metabolic syndrome, use of antidepressant valproic acid (VPA) medications, and the effects of 

infection and inflammation. Environmental factors can directly affect specific susceptibility genes, 

leading to epigenetic modifications such as DNA methylation and changes in histones 

(phosphorylation and acetylation), which increase the risk of developing ASD (Figure 1) (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 deficits or impairments in 

behavioral features and communicative skills. The remarkable heterogeneity of ASD is due to the 

combination of multiple genes, environmental factors, mental health disorders, comorbidities, and 

sex differences. This complexity makes the clinical diagnosis and the individualization of treatment 

for ASD more challenging and diversified (Zhuang et al., 2024). 
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Neurobiological studies of behavioral functioning in ASD indicate that altered brain connectivity is 

a key feature of its pathophysiology. Specifically, there is a long-distance under-connectivity 

between cortical and subcortical areas and compensatory shorter circuit over-connectivity (Kana 

et al., 2009; Sharma et al., 2018). Moreover, increased connectivity was found between sensory 

cortices, thalamus and basal ganglia (Cerliani et al., 2015), as well as between mentalizing and 

mirror neurons (Fishman et al., 2015). This over-connectivity in certain circuits may be a 

compensatory mechanism for the brain's difficulty in interpreting social cues through different 

pathways and integrating multi-sensory stimuli (Sharma et al., 2018). 

The post-synaptic density (PSD) of synapses contains various scaffolding proteins, receptors, and 
signalling molecules that are strongly related to ASD (Zhuang et al., 2024). Indeed, most high-
confidence ASD risk genes, besides those for chromatin remodelling proteins and transcriptional 
regulators, encode synaptic proteins (Figure 2) (De Rubeis et al., 2014; Sestan & State, 2018). 
These include cell adhesion molecules (CAMs) and components of the extracellular matrix (ECM), 
ǎǳŎƘ ŀǎ ʲо ƛƴǘŜƎǊƛƴ όh Ω wƻŀƪ Ŝǘ ŀƭΦΣ нлмнύ, reelin (Holt et al., 2010) and neuroligin 3 (Ylisaukko-oja 
et al., 2005). 

Figure 1. Potential influences of ASD. ASD is a heterogenous group of neurodevelopmental disorders characterized by 
social communication impairments, repetitive behaviors, restricted range of interest, and other clinical considerations. 
ASD is a multifactorial disease that involves the interactions of genetic and environmental factors. The genetic factors 
include genetics, epigenetic, and sex differences factors. In contrast, the environmental factors comprise prenatal 
exposure and postnatal exposure. These factors lead to abnormal neuron development, changes in the structure and 
function of the brain, resulting in ASD (Zhuang et al.,2024). 

 



4 
 

Additionally, excitatory/inhibitory (E/I) imbalances are often observed in animal models of ASD, 
and their correction normalizes ASD-like phenotypes in these animals (Bozdagi et al., 2013; Lee et 
al., 2017; Won et al., 2012). This imbalance between excitation and inhibition, caused by changes 
in the availability of glutamate and/or GABA signal transmission, contributes to pathological 
synaptic transmission and altered neural circuits in ASD. The levels of glutamate receptors may be 
regulated by the endocytosis of PSD scaffolding proteins. In general, the balance between 
excitation and inhibition relies on the integrity of PSD for transmitting signals between neurons. 
Several genes encoding PSD proteins, have been identified as carrying disruptive mutations in 
psychiatric disorder patients, including ASD (Zhuang et al., 2024). 
 

 

 

Figure 2. High confidence encoded proteins associated with autism risk. Simplified schematic of the major cellular 
components of a neural circuit in the cerebral cortex, with a focus on pyramid-shaped glutamatergic excitatory 
projection neurons. These proteins have a diverse intracellular distribution: those at the synapse have roles in cell 
adhesion, scaffolding and signalling. Some of these proteins are localized to the nucleus and mediate chromatin 
modification and transcriptional control (modified from Lord et al.,2020). 
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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 consequences (Fisher et al., 2005, 2014). According to the World Health 

Organization, epilepsy affects approximately 50 million people worldwide, with an estimated 5 

million people diagnosed each year, with differences between high-income (49 per 100 000 

people diagnosed) and low/middle-income countries (139 per 100 000 people diagnosed) 

(https://www.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 problems (Figure 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 

ǎǳōŎƻǊǘƛŎŀƭ ǎǘǊǳŎǘǳǊŜǎΦ ¢ƘŜ ǘŜǊƳ άǳƴƪƴƻǿƴέ ƛǎ ǳǎŜŘ ǿƘŜƴ ƛƴǎǳŦŦƛŎƛŜƴǘ ƛƴŦƻǊƳŀǘƛƻƴ ƛǎ ŀǾŀƛƭŀōƭŜ ǘƻ 

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 

spike-wave 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 axis (Figure 3) (Fisher, 2017; Scheffer et al., 

2017). 

Epilepsies can have six different etiologies: structural, genetic, infectious, metabolic, immune, and 

currently unknown etiology (Myers et al., 2018; Scheffer et al., 2017). Genetic 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., 2023). Additionally, potential epigenetic and environmental factors play a significant 

role: gene-environment interaction involvement in epilepsy is supported by evidence showing 

varying concordance levels in identical twins (Devinsky et al., 2018). Currently, 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 disease (Myers et al., 2018; Noebels, 2015; 

Ran et al., 2015; Staley, 2015). 

 

https://www.who.int/news-room/fact-sheets/detail/epilepsy
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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 established (Pitkänen et al., 2015). Epileptogenesis 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 multi-phase 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 of the E/I ratio can be ictogenic, becoming the leading cause of 

seizures, an abnormal, excessive, or synchronous neuronal brain activity (Stafstrom & Carmant, 

2015; Staley, 2015). However, 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 

Figure 3. Framework for classification of the epilepsies from ILAE 2017 reports. *Denotes onset of seizure (modified 
from Scheffer et al., 2017 and Fisher et al., 2017). 
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transition to seizure onset. Furthermore, injured-induced epilepsy patients do not display a 

steady-state 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 self-reinforcing cycle of activity-dependent disinhibition (Staley, 2015). 

Both ictogenesis and epileptogenesis are associated with impairments in synaptic transmission 

(Fukata & Fukata, 2017; Staley, 2015): several mutations in pre- and postsynaptic proteins are a 

leading cause of epilepsy (Figure 4). These mutations can modify the E/I ratio, leading to seizures 

through a reduction of inhibitory mechanisms or neuronal hyperexcitability (Devinsky et al., 2018; 

Fukata et al., 2006; Goodkin et al., 2008; Lazarevic et al., 2013; Naylor et al., 2013). 

 

3. Sex differences in ASD and epilepsy 

Historically, scientific literature has primarily focused on male subjects. For example, Kanner and 

!ǎǇŜǊƎŜǊΩǎ ǎŀƳǇƭŜǎ ǿŜǊŜ prevalently or exclusively composed of males. Most subsequent research 

also has focused on male samples, with limited attention to female-oriented studies. The male 

preponderance in ASD is a highly replicated finding, with a ratio of 4 males to 1 female, despite the 

striking heterogeneity in symptoms and severity. The male bias in ASD has resulted in females with 

ASD being under-studied, leading to underdiagnosis, misdiagnosis, and consequently, inadequate 

treatment causing significant distress and confusion for females on the autism spectrum (de 

Giambattista et al., 2021; Giarelli et al., 2010; Milner et al., 2019). 

Figure 4. Representative epilepsy-related synaptic proteins. Various synaptic proteins have been implicated in 
epilepsy etiology. These are classified in four groups based in their synaptic localization and functions: (a) presynaptic 
neurotransmitter release machinery, (b) postsynaptic proteins, including ion channel subunits and scaffolding proteins, 
(c) trans-synaptic adhesion molecules and secreted proteins, (d) other epilepsy-related proteins including glial 
glutamate transporter (EAAT2), very large G protein-coupled receptor 1 (VLGR1), and protocadherin 19 (PCDH19). AZ, 
active zone; PSD, postsynaptic density (Fukata and Fukata, 2017).  
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Neuroimaging studies show that females and males differ in some aspects of brain development, 

while in others they may be quite similar both in typically developing individuals and ASD subjects. 

Sex differences have been found in studies related to brain size, volume of defined areas, corpus 

callosum size, distribution of grey and white matter, brain intrinsic functional organization, 

connectivity, as well as tasks involving empathy, emotions, language, and visuo-spatial processing. 

For example, analyzing brain volumetry, the temporal lobe was found to be larger in ASD 

individuals than in typically developing subjects and in males compared to females with ASD. 

Moreover, females with ASD show higher intra-hemispheric 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 social communication abilities between male and female children and adolescents 

with ASD have been reported in several studies (de Giambattista et al., 2021; Head et al., 2014; 

Sedgewick et al., 2016). Although males and females with ASD generally exhibit similar deficits in 

social communication and interaction, females with ASD show a greater capacity for developing, 

maintaining, and understanding relationships as well as adjusting their behavior to fit into 

different social contexts. This coping mechanism allows ASD-affected females to blend into 

society, a phenomenon sometimes referred to as "camouflaging" (de Giambattista et al., 2021). 

Additionally, females with ASD who have average IQ scores display increased functional social 

behavior compared to males with ASD. This might lead to a misinterpretation of their symptoms 

and consequently to a delay in accurate diagnosis. Furthermore, sex-specific characteristics in 

typically developing males and females may mask some of the core deficits of ASD. Females with 

ASD and high IQ also tend to have higher language ability, reflecting the sex difference in language 

in typically developing males and females (Halladay et al., 2015; Head et al., 2014; Lai et al., 2011). 

Despite variability in ascertainment, a sex difference in ASD prevalence remains. Different studies 

report that ASD is more prevalent in males possibly due to sex-specific single nucleotide 

polymorphisms, single-nucleotide variants, micro-deletions, 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) theory (Zhuang et al., 2024). This theory is supported by 

genetic analyses of ASD cohorts which revealed a higher burden of de novo copy number 

variations (CNVs) and de novo loss of function point mutations in females with ASD compared to 

males with ASD (De Rubeis et al., 2014; Halladay et al., 2015; Jacquemont et al., 2014). 

In conclusion, although females may have a higher genetic vulnerability threshold than males, 

there are subtle but potentially meaningful quantitative and qualitative ASD phenotypic 

differences between the sexes that common screening tests may not always detect. 

The differences between sexes concerning epilepsy are widespread and can vary depending on the 

specific seizure disorder and age-related factors. Women are more commonly diagnosed with 

genetically based idiopathic generalized epilepsies, as well as cryptogenic localization-related 

epilepsies where the cause is not clear. In contrast, men are more frequently diagnosed with 

localization-related symptomatic epilepsies and injury-induced epilepsies. Studies also show that 

males have a higher incidence of epilepsy and an increased risk of developing the disease over 

their lifetime. However, sociological factors may influence this trend. In countries where epilepsy 
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is highly stigmatized, women may be more likely than men to conceal their epilepsy diagnosis 

(Fiest et al., 2017; Reddy et al., 2021). 

Sexual dimorphism in cerebral connectivity is evident from birth to old age. Studies indicate that 

the male brain can 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 clustering (Ingalhalikar 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 women (Reddy et al., 

2021). Variations in brain connectivity also exist within the limbic system and are therefore 

relevant to temporal lobe epilepsy (TLE). Additionally, differences in the lateralization and 

generalization of the seizures may be related to differential connectivity within the limbic system 

(Figure 5). The typical male brain has a larger amygdala and thalamus compared to its female 

counterpart, while the female brain has a larger hippocampus, caudate nuclei, regional grey 

matter, and cortices (Luders et al., 2009). Within the amygdala, men have better right-sided 

connectivity while women have more left-sided neuronal connections (Kilpatrick et al., 2006). 

Overall, these structural variations and functional differences in brain connectivity may help 

explain the sex-related variations in epilepsy (Reddy et al., 2021). 

Several mechanisms contribute to sex-based differences in epilepsy and seizure sensitivity, 

including body weight, steroid hormones and endogenous neurosteroids, cytochrome P450 

activity, neurotransmitter systems, and sexually dimorphic neuronal networks in the brain. Among 

these, the impact of steroid hormones and endogenous neurosteroids on neuronal excitability and 

seizure susceptibility are the most widely investigated (Christian et al., 2020; Del Río et al., 2018; 

Reddy, 2014; Reddy et al., 2021). 

Neurosteroids are synthesized from steroid hormone precursors in the brain and act as positive 

allosteric modulators of inhibitory GABAA receptors. They are powerful modulators of synaptic and 

extra-synaptic GABAA receptors. At low concentrations, neurosteroids allosterically potentiate 

GABAA receptors; while at high concentrations, they can directly activate GABAA receptors. The 

availability of steroid hormones, such as progesterone and testosterone, affects the production of 

neurosteroids in the brain. Therefore, sex-based differences in the endocrine system play a role in 

producing inhibitory neurosteroids (Chuang & Reddy, 2018; Goodkin et al., 2008; Reddy et al., 

2021). 

Steroid hormones are synthesized and secreted from ovarian, gonadal and adrenal sources and 

play a crucial role in controlling neuronal excitability and seizure susceptibility. In men, the main 

circulating steroids are androgenic steroids (testosterone and dihydrotestosterone) and adrenal 

corticosteroids (cortisol and aldosterone). In women, the primary reproductive steroid hormones 

are estrogens and progesterone, which are released during the menstrual cycle. Progesterone has 

anticonvulsant properties through three main mechanisms: negatively impacting glutamatergic 

excitatory transmission, binding to progesterone receptors (PRs), and being metabolized to the 

inhibitory neurosteroids (Brinton et al., 2008; Del Río et al., 2018; Motta et al., 2013). In general, 

estrogens have proconvulsant and epileptogenic properties in animals and humans (Scharfman & 

MacLusky, 2006). Even if their effect on seizure susceptibility varies depending on factors such as 

treatment duration, dosage, hormonal status, and the seizure model. Androgens and testosterone 



10 
 

exhibit both anticonvulsant and proconvulsant properties. The metabolization of testosterone into 

estrogens increases seizure susceptibility in both animal and human models, while its conversion 

into the neurosteroid androstanediol inhibits seizures by acting as a positive allosteric modulator 

of GABAA receptors (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. 

 

 

 

 

 

 

 

 

Figure 5. Sexual dimorphism within the brain. (A) Males exhibit greater intrahemispheric connectivity, whereas 
females exhibit greater interhemispheric connectivity. (B) Within the limbic system, males feature larger amygdalae 
and thalami, and females feature larger hippocampi, caudate nuclei, regional grey matter, and cortices. (C) Males 
exhibit greater connectivity within the right amygdala than the left, whereas females exhibit greater connectivity in the 
left amygdala (Reddy et al., 2021) 

https://www.sciencedirect.com/topics/neuroscience/limbic-system
https://www.sciencedirect.com/topics/neuroscience/caudate-nucleus
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4. Comorbidity between ASD and Epilepsy 

Comorbidities with other disorders occur in more than 70% of ASD cases, resulting in additional 

physical and/or mental impairment. Several disorders are frequently associated with ASD, 

including ADHD, anxiety, bipolar disorder, epilepsy, fragile X-syndrome, intellectual disability, 

language deficits, obsessive-compulsive disorder (OCD), motor abnormalities, and gastrointestinal 

problems (Sharma et al., 2018). Co-occurring medical disorders and associated physiological 

abnormalities in individuals with ASD may provide insight into the underlying biological 

mechanisms and causal pathways. 

ASD and epilepsy have a high comorbidity rate and share several common risk factors. Different 

studies highlight that around 20% of individuals with epilepsy also have ASD, and vice versa, with 

an even higher occurrence in those with intellectual disability (Besag, 2018; Jeste & Tuchman, 

2015). Excluding specific pathologies, such as the LandauςKleffner syndrome, a rare form of 

epilepsy associated with language difficulties and autistic features, there is currently no plausible 

mechanism suggesting that ASD causes epilepsy or vice versa. The co-occurrence of ASD and 

epilepsy is more likely due to shared genetic and environmental factors predisposing individuals to 

both conditions (Besag, 2018). 

Moreover, even in the absence of clinical epilepsy, patients with ASD may still show an increased 

incidence of epileptiform electroencephalography (EEG) activity: up to 60% of children with ASD 

have interictal spikes despite not having a history of epilepsy (Chez et al., 2006; J. Hughes & Melyn, 

2005; R. Hughes et al., 2015). One of the most severe forms of comorbid epilepsy in ASD is 

epileptic encephalopathy, a condition in which seizures 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 impairments (Srivastava & Sahin, 2017; 

Tuchman et al., 2009; Tye et al., 2018). 

The relationship between seizures, intellectual disability and ASD suggests that the onset of 

seizures plays a significant role in developmental regression and ASD symptoms. Common 

anatomical, cellular, genetic, and molecular mechanisms may underlie the pathological 

manifestations of these comorbidities (Bozzi et al., 2018; Brooks-Kayal, 2011; Jeste & Tuchman, 

2015). For instance, malformations in cortical development, such as focal cortical dysplasia and 

heterotopias, have been found in brain tissue of individuals with both ASD and epilepsy (Bozzi et 

al., 2018). Moreover, genetic mutations associated with ASD and epilepsy suggest abnormalities in 

synaptic development, maintenance and function, which alter the balance between neuronal 

excitation and inhibition (Bozzi et al., 2018; Stafstrom & Benke, 2015). 

Neurodevelopmental deficits in inhibitory and excitatory circuits are common to both ASD and 

epilepsy, with dysfunctions in the GABAergic and glutamatergic systems observed in both 

conditions (Stafstrom & Benke, 2015). For instance, increased activity of glutamate receptor 

signalling leading to hyperexcitability has been found in cases of epilepsy and ASD (Bozzi et al., 

2018; Oberman, 2012; Stafstrom & Benke, 2015). The increased excitation is linked to 

dysfunctions in ion channel depolarization (such as sodium or calcium channelopathy), or 

enhanced glutamate neurotransmission (including an increase in glutamatergic synapses, greater 

glutamate release, and changes in glutamate receptor subunits) (Stafstrom & Benke, 2015). 
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Moreover, metabolic, immune, and environmental disturbances may further compromise the 

balance between neuronal excitation and inhibition (Figure 6) (Bozzi et al., 2018; Stafstrom & 

Benke, 2015). 

 

Both epilepsy and ASD predispose to abnormalities in neural connectivity, interfering with normal 

neurodevelopment. Molecular abnormalities in synaptic structures and functions commonly 

observed in ASD and epilepsy frequently involve proteins such as neuroligins (NLGNs) and 

neurexins (NRXNs), and the scaffolding protein SHANK3, which play crucial roles in the formation 

and function of synapses. The NRXN-NLGN signalling pathway is implicated in postsynaptic 

differentiation and in controlling the balance between inhibitory GABAergic and excitatory 

glutamatergic signalling. Mutations and chromosomal rearrangements affecting these proteins 

have been associated with ASD. Therefore, abnormal synaptic GABAergic signalling emerges as a 

Figure 6. Schematic multi-factorial model for the expression of ASD-like and epileptic behaviors in rodents. ASD-like 
and epileptic behaviors in rodents are a result of many factors, in which GABAergic and glutamatergic signaling deficits 
contribute largely to the comorbidity origin. Many ASD genes code for proteins involved in synaptic signaling, 
transcriptional regulation, and cell adhesion. Loss of function of these genes may result in decreased inhibition by 
impairing GABA signaling or increased excitation (by enhancing mGlur5/NMDA receptor signaling, for example). 
Metabolic, immune and environmental causes may also contribute to ASD/epilepsy pathogenesis. Consequently, E/I 
imbalance and resulting altered circuit plasticity may ultimately lead to altered social behavior, epilepsy, and cognitive 
impairment. Experimental evidence suggests that similar mechanisms may be found in human patients (Bozzi et al., 
2018). 
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significant molecular abnormality shared by both ASD and epilepsy (Canitano et al., 2022; 

Castronovo et al., 2020; Fatemi et al., 2010; Uchigashima et al., 2021; J. Wang et al., 2018). 

It is widely recognized that several structural and scaffolding proteins play critical roles in neuronal 

excitability and are associated with both ASD and epilepsy. These proteins anchor synaptic 

machinery, regulate vesicle release, control subcellular signalling pathways, and influence 

neuronal migration and network connectivity. Accordingly, several CAMs and ECM elements have 

been implicated in both ASD and epilepsy (Ebrahimi-Fakhari & Sahin, 2015; Stafstrom & Benke, 

2015; Volk et al., 2015). 

Studying the comorbidity between ASD and epilepsy is relevant because treating one disorder 

could potentially improve symptoms of the other, as suggested by the improvement of ASD 

phenotype in patients and animal models after anticonvulsant administration (S. J. Robinson, 

2012; Stafstrom & Benke, 2015). In conclusion, further understanding of the molecular basis of 

ASD and epilepsy comorbidity may lead to more precise treatment strategies, such as the selection 

of drugs that can address both disorders. 

 

5. ECM and CAMs 

The ECM is a dynamic structural scaffold present in all tissues, including the brain, and it plays an 

active role during normal brain development, and function, and is involved in the pathogenesis of 

several brain diseases. It makes up to 40% of the total brain volume during development and 20% 

in adult brains. The ECM is composed of a mix of proteins and carbohydrates and includes 

structured fibrous proteins like elastin, laminins, and collagens that form an organized scaffold 

surrounded by an amorphous gel made of hyaluronan (HA), proteoglycans, tenascins, link 

proteins, and glycoproteins. The ECM also contains secreted molecules such as growth factors, 

neurotransmitters (NTs), ions, and neuromodulatory agents (Figure 7) (Soles et al., 2023). 

The ECM is a plastic structure that responds to neuronal network activity and can change its 

composition, structure, and functional properties by incorporating secreted molecules and shed 

extracellular domains of transmembrane molecules. Moreover, it activates signalling pathways in 

neurons by binding to cell surface receptors or by releasing products of its activity-dependent 

proteolytic cleavage (Dansie & Ethell, 2011; Dityatev et al., 2010; Frischknecht & Gundelfinger, 

2012). 

In the central nervous system (CNS), both neurons and glia contribute to the formation and 

maintenance of the ECM. The composition of the CNS ECM differs from that of other organs due 

to a higher presence of non-fibrous components (Soles et al., 2023; Tewari et al., 2022). One of the 

main structures in the neural ECM are the perineuronal nets (PNNs), which mostly enwrap the 

inhibitory parvalbumin (PV) expressing interneurons. Although the composition of PNNs may vary 

across different brain regions and change with age, they are mainly composed of hyaluronic acid 

backbone linked to chondroitin sulfate proteoglycans, linking proteins, and tenascin (Bosiacki et 

al., 2019; Brückner et al., 2003; Gundelfinger et al., 2010; Soles et al., 2023). Additionally, there is a 

more widespread ECM based on hyaluronic acid, with a similar composition to PNNs, surrounding 

most neurons in the brain, including cell bodies, dendrites, the initial segment of some axons, and 

synapses (Brückner et al., 2006; Gundelfinger et al., 2010). 
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The second specific ECM form in the CNS is the basement membrane (BM), which includes the 

meningeal BM surrounding the pial surfaces and the vascular BM surrounding blood vessels. The 

vascular BM is composed of laminin, collagen IV, fibronectin, and heparan sulfate proteoglycans, 

and contributes to the integrity of the blood-brain barrier (BBB) (Soles et al., 2023). 

During development, the ECM plays a crucial role in the proliferation and differentiation of 

neuronal progenitors, dendritic and axonal growth, migration, cortical folding, connectivity, 

synapse maturation and synaptic plasticity (Soles et al., 2023). In the adult brain, the ECM 

regulates neuronal activity, partly by controlling extracellular ion homeostasis, the expression of 

neurotransmitter (NT) receptors and ion channels, spine numbers, and spine maturity (Dankovich 

& Rizzoli, 2022; Soles et al., 2023). Moreover, the coordinated activity-dependent activation of 

multiple extracellular proteases, such as ADAMTS4/5/15, MMP9 and neurotrypsin, regulates 

structural modification at the synaptic level, modulating the proteolysis of ECM, synaptically 

expressed CAMs and neurotrophic factors (Sonderegger & Matsumoto-Miyai, 2014; Wójtowicz et 

al., 2015). 

CAMs regulate neuronal growth, synapse formation, and function by mediating neuronal 

interactions with the extracellular environment through adhesive bonds with CAMs on adjacent 

membranes or with ECM proteins. CAMs binding to their extracellular ligands activates 

intracellular signalling cascades, which lead to changes in neuronal structure and molecular 

composition and function of neuronal contacts (Kozlova et al., 2020). 

Based on their biochemical structure, CAMs can be categorized into various families including 

integrins, cadherins, immunoglobulin (Ig) superfamily, selectins, contactins, and 

neuroligin/neurexin family (De Wit & Ghosh, 2016; Sakurai, 2017). 

Figure 7. Schematic illustrating the ECM composition. Extracellular matrix proteins including collagen, elastin, and 
laminin provide structural support and form microenvironments for neuronal and glial interactions in CNS. 
Perineuronal nets are formed on the cell bodies and processes of mostly inhibitory neurons (Soles et al., 2023). 
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CAMs can form homodimers or higher-order oligomers and mediate interactions between 

opposing cell membranes from their extracellular domains (Sakurai, 2017; Schwabe et al., 2009). 

Cell adhesion can be tight and long-lasting, or weak and transient (Sakurai, 2017). Generally, the 

cytosol-facing domains of CAMs interact with sets of multifunctional adapter proteins, which 

directly or indirectly bind to the cytoskeleton. Additionally, some CAMs recruit intracellular 

signalling pathway molecules to regulate protein activity and gene expression. This means that the 

environment surrounding a cell can affect its shape and function through CAMs in a process called 

άƻǳǘǎƛŘŜ-ƛƴ ŜŦŦŜŎǘǎέ. Conversely, internal cellular signalling can ŀƭǎƻ ƛƴŦƭǳŜƴŎŜ ǘƘŜ ŎŜƭƭΩǎ 

surroundings in a process known as άƛƴǎƛŘŜ-ƻǳǘ ŜŦŦŜŎǘǎέ (Hynes, 2002). 

In summary, interactions between CAMs and ECM with their receptors are crucial during brain 

development, brain wiring, and synapse physiology. Perturbations in their function can impact 

animal behavior, making them attractive targets for therapeutic intervention (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 including !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜΣ IǳƴǘƛƴƎǘƻƴΩǎ ŘƛǎŜŀǎŜΣ tŀǊƪƛƴǎƻƴΩǎ 

disease, schizophrenia, ASD, and epilepsy (Bonneh-Barkay & Wiley, 2009; Pintér & Alpár, 2022; 

Soles et al., 2023). Moreover, human genetic studies using whole exome/genome sequencing have 

highlighted that mutations in genes for CAMs are associated with psychiatric disorders such as 

!{5Σ ŜǇƛƭŜǇǎȅΣ ƛƴǘŜƭƭŜŎǘǳŀƭ ŘƛǎŀōƛƭƛǘȅΣ !ƭȊƘŜƛƳŜǊΩǎ 5ƛǎŜŀǎŜ ŀƴŘ ǎŎƘƛȊƻǇƘǊŜƴƛŀ (Betancur, 2011; 

Sakurai, 2017; Zhong et al., 2015). Furthermore, dysregulation of protein synthesis, associated 

with abnormalities in the expression or processing of CAMs, has been observed in different 

neurodevelopmental and neurodegenerative disorders, including ASD, fragile X syndrome, and 

!ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ (Kozlova et al., 2020). 

As previously mentioned, the E/I imbalance is a putative mechanism for ASD and epilepsy (Staley, 

2015). Several CAMs, such as neuroligins/neurexins and Neuronal-CAM (NCAM), have been shown 

to regulate the formation and function of excitatory and inhibitory synapses (Tabuchi et al., 2007). 

In addition, alterations in the activity of matrix metalloproteinases (MMPs) which promote the 

turnover of ECM components and directly degrade ECM proteins such as aggrecan, laminin, 

entactin, and fibronectin, can modulate the E/I ratio. Indeed, by degrading aggrecan, laminin, and 

fibronectin in the PNNs, MMP-2 and MMP-9 can contribute to PV interneuron dysfunction, and E/I 

imbalance in the affected brain regions (Chaunsali et al., 2021; N. Cui et al., 2017; Soles et al., 

2023). 

Finally, homeostatic plasticity is essential to counterbalance destabilizing stimuli, such as 

developmental plasticity, learning, or lesion, and to keep neural activity within physiological 

boundaries (Turrigiano, 2012). At the cellular level, homeostatic plasticity is achieved, for example, 

by altering surface receptor levels, or vesicle release rate (Sakurai, 2017). 

In conclusion, CAMs and ECM molecules are important for normal brain function and their 

dysregulation is involved in several brain disorders, including ASD and epilepsy. A more detailed 

understanding of how specific CAMs or ECM elements regulate proper brain function could 

improve our ability to modulate neuronal circuits. In addition, since ECM molecules and their 

receptors are easily targeted by antibodies, peptides, glycosaminoglycans, and other compounds, 
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they represent good potential targets for the development of new therapies (Dityatev et al., 

2021). 

 

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

Integrins are mechanical transducers that physically and functionally connect the ECM and the 

intracellular actin cytoskeleton, or other counter-receptors on adjacent cells. The actin 

cytoskeleton has been investigated in various aspects of neurobiology. Many actin 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 formed by an  hand a -̡subunit that assemble through a divalent cation-mediated 

bond to generate non-covalently associated heterodimers. Both subunits contain a cytoplasmic 

domain, a transmembrane domain composed of a single membrane-spanning helix, and an 

external domain associated with the ligand-binding process (Park & Goda, 2016). In mammals, 

ǘƘŜǊŜ ŀǊŜ му ʰ-ǎǳōǳƴƛǘǎ ŀƴŘ у ʲ-subunits, which assemble into 24 heterodimers with differential 

binding affinities for extracellular ligands (Figure 8A) (Hynes, 2002; Takada et al., 2007). In the 

nervous system, only 14 of the 24 known heterodimers combinations have been found expressed 

in the hippocampus, cerebellum, thalamus, brainstem, and cortex (Clegg et al., 2003; X. Wu & 

Reddy, 2012). Lƴ ǇŀǊǘƛŎǳƭŀǊΣ ƛƴǘŜƎǊƛƴǎ ʰоΣ ʰрΣ ʰуΣ ʰ±Σ ʲмΣ ŀƴŘ ʲо have important roles in neuronal 

migration, synapse and dendrite development, morphogenesis, and synaptic plasticity (Gupton & 

Gertler, 2010; Hynes, 2002; X. Wu & Reddy, 2012). ¢ƘŜ ƛƴǘŜƎǊƛƴ ƭƛƎŀƴŘ ǎǇŜŎƛŦƛŎƛǘȅ ƻŦ ǘƘŜ ʰʲ ŘƛƳŜǊ ƛǎ 

ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ ʰ-subunit, whereas the intracellular signalling cascades are regulated ōȅ ǘƘŜ ʲ-

subunit (Hynes, 2002). Therefore, integrins can be subclassified into four families, according to 

their ligand-binding proteins: the RGD receptor family (e.g. h р-Σ ʰу- ŀƴŘ ʰ±-containing integrins) 

that recognize matrix molecules containing the Arg-Gly-Asp (RGD) amino-acid sequence, such as 

fibronectin (FN), thrombospondin (TSP), tenascins (TN) and vitronectin (VTN); the laminin receptor 

family (e.g. h о, ʰс ŀƴŘ ʰт containing integrins); the collagen receptor family (e.g. h м ŀƴŘ ʰн 

containing integrins); and the leucocyte-specific receptors (Figure 8A) (Y. Cui et al., 2024). The RGD 

motif mediates the contact between integrins and the ECM, which influences cell adhesion and 

sets off a chain of intracellular signalling events that regulate cellular activity. Remarkably, 

integrins also function as mechanoreceptors, converting mechanical signals into cellular responses 

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

Each integrin subunit contains a large extracellular domain, a transmembrane domain and a 

cytoplasmic domain (Figure 8B). ¢ƘŜ ʰ ƛƴǘŜƎǊƛƴ ǎǳōǳƴƛǘ Ŏƻƴǘŀƛƴǎ ŦƻǳǊ ŘƻƳŀƛƴǎΥ ŀƴ b-ǘŜǊƳƛƴŀƭ Ψʲ-

ǇǊƻǇŜƭƭŜǊΩΣ ŀ Ψ¢ƘƛƎƘΩ όLƎ-like) domain, Calf-1 and Calf-н ʲ-sandwich domains. ¢ƘŜ ʲ ƛƴǘŜƎǊƛƴ ǎǳōǳƴƛǘ 

contains, instead, eight domains: an N-terminal plexin-semaphorin-integrin (PSI) domain, a hybrid 

ŘƻƳŀƛƴΣ ǘƘŜ ʲL ŘƻƳŀƛƴΣ ŦƻǳǊ ŜǇƛŘŜǊƳŀƭ ƎǊƻǿǘƘ ŦŀŎǘƻǊ ό9DCύ ŘƻƳŀƛƴǎΣ ŀƴŘ ŀ ƳŜƳōǊŀƴŜ-ǇǊƻȄƛƳŀƭ ʲ 

ǘŀƛƭ ŘƻƳŀƛƴ όʲ¢5ύ (Figure 8B) (Moser et al., 2009; Xiong et al., 2001). The interaction between the 

-̡ǇǊƻǇŜƭƭŜǊ ƻŦ ǘƘŜ ʰ-ǎǳōǳƴƛǘ ŀƴŘ ǘƘŜ ʲL ŘƻƳŀƛƴ ƻŦ ǘƘŜ ʲ-subunit represents the head of the 

integrin and ŦƻǊƳǎ ǘƘŜ ʰʲ ŎƻƳǇƭŜȄ ǘƘŀǘ ƛǎ ƛƴ ŘƛǊŜŎǘ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ 9/a (Hynes, 2002). The 

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 extended-closed state is 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 

extended-open conformation with the extension of both external and cytoplasmic domains 

(Figure 8B). Integrin activation is a transmission from a low-affinity state to a high-affinity state. 

The low-affinity state of integrins is characterized by a bent-closed and extended-closed 

conformation, while the extended-open conformation corresponds to the high-affinity state (Y. Cui 

et al., 2024). Activation can occur with two mechanisms: an internal activating molecule, such as 

talin and vinculin, interacts with the cytoplasmatic tails and induces the opening of the outer 

membrane grasp facilitating the binding to the ECM (inside-out activation), or an extracellular 

ƭƛƎŀƴŘ ōƛƴŘǎ ǘƻ ǘƘŜ ƛƴǘŜǊŦŀŎŜ ƻŦ ŜȄǘŜǊƴŀƭ ŘƻƳŀƛƴǎ ƻŦ ʰ- ŀƴŘ ʲ-subunits opening the intracellular 

grasp and allowing the interaction with several downstream effectors (outside-in activation) 

(Gahmberg et al., 2022; Park & Goda, 2016; X. Wu & Reddy, 2012). 

The most well-ǎǘǳŘƛŜŘ ƛƴǘŜƎǊƛƴǎ ƛƴ ǘƘŜ ōǊŀƛƴ ŀǊŜ ǘƘƻǎŜ ŎƻƴǘŀƛƴƛƴƎ ŜƛǘƘŜǊ ǘƘŜ ʲм ƻǊ ǘƘŜ ʲо ǎǳōǳƴƛǘΦ 

ʲм ǎǳōǳƴƛǘ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ǎŜǾŜǊŀƭ ʰ ǎǳōǳƴƛǘǎ όʰоΣ ʰрΣ ʰуΣ ŀƴŘ ʰ±ύΣ ǿƘƛƭŜ ʲо ǎǳōǳƴƛǘ ŦƻǊƳǎ 

ƘŜǘŜǊƻŘƛƳŜǊǎ ŜȄŎƭǳǎƛǾŜƭȅ ǿƛǘƘ ǘƘŜ ʰ± ǎǳōǳƴƛǘ (Chan et al., 2003; Park & Goda, 2016).  

Integrins act as linkers between cells of the nervous system, and they are also concentrated at the 

interface between pre- and postsynaptic neurons. Thanks to this localization, integrins are 

involved in synapse formation (neurite outgrowth and synaptogenesis), synapse maturation, and 

synaptic plasticity (Kerrisk et al., 2014; Lilja & Ivaska, 2018; Park & Goda, 2016). During 

development, the interaction of integrins with several guidance molecules (semaphorins, slit 

proteins, netrins, and ephrins) participates in the pathfinding process of att racting or repelling the 

growth cone (Chavis & Westbrook, 2001; Kerrisk et al., 2014; Lilja & Ivaska, 2018; Park & Goda, 

2016). 

¢ƘŜ ʲм ƛƴǘŜƎǊƛƴ ǎǳōǳƴƛǘ is the most abundant member of the integrin family and is highly 

expressed in both the hippocampus and cortex of the brain, with different roles during 

development (Pinkstaff et al., 1998, 1999; Schmid et al., 2005). In particular, ̡ м ƛƴǘŜƎǊƛƴǎ Ǉƭŀȅ ŀƴ 

important role in the formation of interneuronal connections by promoting neurite outgrowth, 

axon guidance, formation and maturation of synapses (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 & 

Ivaska, 2018; Müller et al., 1995; Park & Goda, 2016). At early stages of synapse formation, 

ǇǊŜǎȅƴŀǇǘƛŎ ʲм ƛƴǘŜƎǊƛƴǎ ŀƴŘ Ǉƻǎǘ-synaptic intercellular adhesion molecule 5 (ICAM-5) interact 

between filopodia tips and axonal terminals, presumably to maintain immature spines in a highly 

dynamic state and oppose their maturation. ¦Ǉƻƴ ǎȅƴŀǇǎŜ ƳŀǘǳǊŀǘƛƻƴΣ ʲм ƛƴǘŜƎǊƛƴǎ ŎƻƴŎŜƴǘǊŀǘŜ 

on the postsynaptic membrane mainly in mushroom spines (Y. Cui et al., 2024; Mortillo et al., 

2012; Ning et al., 2013). 
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¢ƘŜ ʲо ƛƴǘŜƎǊƛƴ ǎǳōǳƴƛǘ does not have an appreciable role in neuronal migration, it is therefore the 

ʰ± ǎǳōǳƴƛǘ that regulates neuronal migration and axon pathfinding by pairing with ʲр ŀƴŘ ʲу 

subunits (Park & Goda, 2016). A recent study has also identified a subtype-ǎǇŜŎƛŦƛŎ ǊƻƭŜ ŦƻǊ ʰ± 

ƛƴǘŜƎǊƛƴǎ ƛƴ ŎƻƴǘǊƻƭƭƛƴƎ ƴŜǳǊƛǘŜ ƻǳǘƎǊƻǿǘƘΦ ʰ±ʲо ƛƴǘŜƎǊƛƴ ƛǎ ƛƴǾƻƭǾŜŘ ƛƴ ƴŜǳǊƻƴŀƭ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ƻŦ 

the neuroblastoma bŜǳǊƻнŀ ŎŜƭƭǎ ǳƴŘŜǊ ǇǊƻƭƛŦŜǊŀǘƛǾŜ ŎƻƴŘƛǘƛƻƴǎΣ ǿƘŜǊŜŀǎ ʰ±ʲр ƛƴǘŜƎǊƛƴ ǇǊƻƳƻǘŜǎ 

complex arborization in cells already committed to differentiation (Riccardi et al., 2022). Once the 

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

ʲо-containing integrins are involved in synapse maturation by promoting the developmental 

reduction in presynaptic neurotransmitter release efficacy and a switch in postsynaptic NMDA 

receptor (NMDAR) subunit composition from GluN2B-containing to GluN2A-containing receptors, 

which are properties associated with mature synapses (Chavis & Westbrook, 2001; Kerrisk et al., 

Figure 8. (A) Integrin classification families and their ligands. According to their ligand-binding properties, integrins 
can be divided into four groups: collagen receptors, RGD receptors, laminin, and leukocyte-specific receptors. The 
ōƭŀŎƪ ƭƛƴŜ ŜƴŎƛǊŎƭŜǎ ƛƴǘŜƎǊƛƴǎ ŎƻƴǘŀƛƴƛƴƎ ŀƴ ʰ-L ŘƻƳŀƛƴΦ LƳǇƻǊǘŀƴǘ ƛƴǘŜƎǊƛƴǎ ƛƴ ƴŜǳǊƻƴǎ ƛƴŎƭǳŘŜ ʰоʲмΣ ʰрʲмΣ ʰуʲмΣ ʰǾʲо 
ŀƴŘ ʰǾʲу όƎǊŜŜƴ ƛƴ ǘƘŜ ŦƛƎǳǊŜύΦ (B) Schematic representation of the conformational states of integrins. (Cui et. al, 
2024). 

 

https://www.sciencedirect.com/topics/neuroscience/collagen-receptor
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2014; Lilja & Ivaska, 2018; Park & Goda, 2016). Moreover, ̡ о ƛƴǘŜƎǊƛƴ Ǉƭŀȅs a role in fine-tuning 

the neuronal networks: Itgb3 knock-out (KO) or heterozygous (HET) cortical neurons displayed 

reduced network activity, while overexpressing ŜȄƻƎŜƴƻǳǎ ʲо ƛƴŘǳŎŜŘ ƘȅǇŜǊŀŎǘƛǾƛǘȅ (Jaudon et al., 

2022)Φ ʲо ƛƴǘŜƎǊƛƴǎ ǊŜƎǳƭŀǘŜ basal synaptic strength of excitatory synapses regulating surface 

delivery of AMPA-type glutamate receptors, through a direct interaction of its intracellular tail 

with GluA2-containing AMPARs (Y. Cui et al., 2024; Pozo et al., 2012). 

ʲм ŀƴŘ ʲо ƛƴǘŜƎǊƛƴǎ ŀƭǎƻ ŎƻƴǘǊƻƭ ǎȅƴŀǇǘƛŎ ǎǘǊŜƴƎǘƘ ŀǘ ƛƴƘƛōƛǘƻǊȅ ǎȅƴŀǇǎŜǎ ōȅ ǊŜƎǳƭŀǘƛƴƎ ƎƭȅŎƛƴŜ 

receptor trafficking in opposing directions: ʲм ƛƴǘŜƎǊƛƴǎ ƛƴŎǊŜŀǎŜ ƎƭȅŎƛƴŜ ǊŜŎŜǇǘƻǊ ŀƳƻǳƴǘǎΣ ǿƘƛƭǎǘ 

ʲо ƛƴǘŜƎǊƛƴǎ ŘŜŎǊŜŀǎŜ ƛǘ (Charrier et al., 2010). Integrins also play a significant role in regulating the 

localization and signalling of group I metabotropic glutamate receptors (mGluRs), which are 

involved in long-term 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 memory (McGeachie et al., 2011). For example, 

ʲм ƛƴǘŜƎǊƛƴǎ ŀǊŜ ƛƳǇƭƛŎŀǘŜŘ ƛƴ [¢t ǎǘŀōƛƭƛȊŀǘƛƻƴ (Babayan et al., 2012; Chan et al., 2006; Liu et al., 

2016) ǿƘŜǊŜŀǎ ʲо ƛƴǘŜƎǊƛƴ ƛǎ ŀ ƪŜȅ ǊŜƎǳƭŀǘƻǊ ƻŦ ƘƻƳŜƻǎǘŀǘƛŎ ǎȅƴŀǇǘƛŎ ǇƭŀǎǘƛŎƛǘȅ όI{tύΣ ŀ ŦƻǊƳ ƻŦ 

plasticity that preserves synaptic strength in the face of external perturbations (Thalhammer & 

Cingolani, 2014). aƻǊŜƻǾŜǊΣ ʲо ƛƴǘŜƎǊƛƴ KO mice exhibit a specific impairment of HSP, without 

affecting LTP or LTD (Cingolani et al., 2008; Cingolani & Goda, 2008; Mcgeachie et al., 2012)Φ ʰ±ʲо 

integrins regulate synaptic strength through stabilizing AMPAR in the membrane, indeed, the 

inhibitiƻƴ ƻŦ ʲо ƛƴǘŜƎǊƛƴ ǿƛǘƘ ŜŎƘƛǎǘŀtin elicits Rap1-mediated AMPARs endocytosis (Cingolani et 

al., 2008)Φ bƻǘŀōƭȅΣ ǘƘŜ I{t ǊŜƎǳƭŀǘŜŘ ōȅ ʲо ƛƴǘŜƎǊƛƴǎ ƛǎ ŀƭǎƻ ǎŜƴǎƛtive to astrocyte-released factors 

such as tumor necrosis factor-alpha (TNF-ʰύ ŀƴŘ ǎŜŎǊŜǘŜŘ ǇǊƻǘŜƛƴΣ ŀŎƛŘƛŎ ŀƴŘ ǊƛŎƘ ƛƴ cysteine 

(SPARC). These factors induce a homeostatiŎ ŘƻǿƴǎŎŀƭƛƴƎ ǊŜŘǳŎƛƴƎ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʲо ƛƴǘŜƎǊƛƴǎ 

and of GluA1- and GluA2- containing AMPARs (Cingolani et al., 2008; Jones et al., 2011; Park & 

Goda, 2016). 
In conclusion, integrins modulate dendritic spine morphology and maturation, as well as synaptic 

plasticity, indicating that the surrounding environment may modulate neuronal activity through 

integrin-mediated signaling. Interference with integrin signaling not only affects synaptic 

ƳŀǘǳǊŀǘƛƻƴ ŀƴŘ ǇƭŀǎǘƛŎƛǘȅ ōǳǘ ŀƭǎƻ ŀƴƛƳŀƭ ōŜƘŀǾƛƻǊΦ Yh ƻŦ ʲм ƛƴǘŜƎǊƛƴ ƛǎ ŀŎŎƻƳǇŀƴƛŜŘ ōȅ ŘŜŦŜŎǘǎ ƛƴ 

novel object recognition tests (Warren et al., 2012)Φ Yh ƻŦ ʰо ƛƴǘŜƎǊƛƴ ȅƛŜƭŘǎ ŘŜŦŜŎǘǎ ƛƴ 

hippocampal LTP, defects in hippocampus-dependent working memory, and novel object 

recognition tests (Chan et al., 2003; Kerrisk et al., 2013). Yh ƳƛŎŜ ŦƻǊ ʲо ƛƴǘŜƎǊƛƴ ŜȄƘƛōƛǘ ŘŜŦƛŎƛǘǎ ƛƴ 

social behavior associated with ASD (Carter et al., 2011). Chromosomal microdeletions, or 

ŘǳǇƭƛŎŀǘƛƻƴǎ ƛƴǾƻƭǾƛƴƎ ǘƘŜ ƎŜƴŜǎ ŎƻŘƛƴƎ ŦƻǊ ʰо ŀƴŘ ʲм ƛƴǘŜƎǊƛƴ ƘŀǾŜ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘ ƛƴ ŎŀǎŜǎ ƻŦ 

intellectual disability (Chaabouni et al., 2006; Preiksaitiene et al., 2012; Talkowski et al., 2012). 

LƴŎǊŜŀǎŜŘ ƭŜǾŜƭǎ ƻŦ ʰн ƛƴǘŜƎǊƛƴǎ ƛƴ ǘƘŜ ŀƴǘŜǊƛƻǊ ǘŜƳǇƻǊŀƭ ƴŜƻŎƻǊǘŜȄ ǿŜǊŜ ŦƻǳƴŘ in human tissue of 

intractable epilepsy (Y. Wu et al., 2011)Σ ŀƴŘ ʲм ƛƴǘŜƎǊƛƴ ǿŀǎ ǎƘƻǿƴ ǘƻ ōŜ ƛƴŎǊŜŀǎŜŘ ƛƴ Ǌŀǘ ōǊŀƛƴǎ 

after seizures (Pinkstaff et al., 1998).  
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7. Integrins in ASD 

Forming correct synaptic structures and neuronal connections is crucial for normal brain 

development and adult brain functioning. Integrins play essential roles in controlling processes 

that regulate neuronal connectivity. Dysfunctional neuronal connectivity emerges during 

neurodevelopment and is associated with compromised structural connectivity and abnormal 

synaptic plasticity. In particular, ASD is considered to be caused by reduced synaptic connectivity 

during development (Geschwind & Levitt, 2007; Lilja & Ivaska, 2018; Zoghbi & Bear, 2012). Deficits 

in synapses are of particular interest because the reorganization of circuitry continues at individual 

synapses throughout life. Specifically, alterations in the molecular components of the PSD of 

dendritic spines are considered one of the major causes of these disorders (Chen et al., 2014; Lilja 

& Ivaska, 2018; Sala & Segal, 2014). 

The most compelling evidence for the ƛƴǾƻƭǾŜƳŜƴǘ ƻŦ ƛƴǘŜƎǊƛƴǎ ƛƴ !{5 ŎƻƳŜǎ ŦǊƻƳ ǎǘǳŘƛŜǎ ƻƴ ʲо 

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., 2006). ITGB3, the gene encoding for the ʲо 

subunit, is currently classified as a category 2 ASD gene (strong candidate) in the manually curated 

SFARI database (https://www.sfari.org/). Previous studies have found a connection between the 

gene ITGB3 and the gene SLC6A4, which encodes a serotonin transporter (Coutinho et al., 2007; 

Park & Goda, 2016; Weiss, Kosova, et al., 2006; Weiss, Ober, et al., 2006). ITGB3 was identified as 

a quantitative trait locus (QTL) for whole blood serotonin (Weiss et al., 2004; Weiss, Kosova, et al., 

2006). Hyperserotonemia, associated with anxiety and stress, has been observed in about 30% of 

ASD patients (Cook et al., 1993; Coutinho et al., 2004; Park & Goda, 2016)Φ ¢Ƙƛǎ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ʲо-

containing integrins may be involved in regulating the serotonergic system. Since changes in 

serotonin metabolism have been associated with various mental conditions, such as 

schizophrenia, Alzheimer's disease, intellectual disabilities, and obsessive-compulsive disorder, 

altered serotonin regulation could be due to changes in circuit function or organization associated 

with these disorders (Brummelte et al., 2017; Park & Goda, 2016; Rodríguez et al., 2012; Stahl et 

al., 1983). From a cellular standpointΣ ʲо-containing integrins might be essential for homeostatic 

synaptic scaling and contribute to the adaptation of neural circuits based on activity (Park & Goda, 

2016). ʲо ƛƴǘŜƎǊƛƴ ǇƻǎƛǘƛǾŜƭȅ ŎƻǊǊŜƭŀǘŜs with the overall firing activity and synchrony of cortical 

neuronal networks. Haplo-insufficiency of ʲо ƛƴǘŜƎǊƛƴ ƛƳǇŀƛǊǎ ŎƻǊǘƛŎŀƭ ƴŜǘǿƻǊƪ ŜȄŎƛǘŀōƛƭƛǘȅ ŀƴŘ 

synchrony as much as the complete ablation of this gene (Jaudon et al., 2022). Additionally, Itgb3 

KO mice  exhibit shorter thin dendritic spines in corticopontine neurons, which may compromise 

the overall computational output of the cortex and contribute to the pathophysiology of ASD 

(Celora et al., 2023). ¢ƘŜ ƛƴǾƻƭǾŜƳŜƴǘ ƻŦ ʲо ƛƴǘŜƎǊƛƴ ƛƴ !{5 ƛǎ further supported by behavioral 

studies in mice. Constitutive Itgb3 KO mice show increased grooming in novel environments and 

specific deficits in social memory (Carter et al., 2011). These abnormalities resemble the 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/what-is-autism-spectrum-disorder) (Kerrisk et al., 2014). Recently was generated 

a knock-in (KI) mouse carrying the human Pro33 variant of ITGB3 (ITGB3Leu33Pro), which activates ̡ о 

integrin. This ITGB3 polymorphism influences whole-blood serotonin levels. Mice carrying this 

https://www.sfari.org/
https://www.psychiatry.org/patients-families/autism/what-is-autism-spectrum-disorder
https://www.psychiatry.org/patients-families/autism/what-is-autism-spectrum-disorder
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mutation show repetitive behaviors and deficits in anxiety and social behaviors. Additionally, the 

KI also has fewer serotoninergic synapses in the midbrain, and reduced activity of the serotonin 

transporter (SERT) (Dohn et al., 2017). New evidence supports the role of integrin activation in 

ASD. A recent study showed that SH3 and multiple ankyrin repeat domains protein 1 (SHANK1) 

and SHANK3 sequester GTP-bound Rap1, which is required for inside-out activation of various 

integrins (Calderwood et al., 2013; Lilja et al., 2017). Mutations in SHANK proteins, especially 

SHANK3, a postsynaptic scaffold protein required for homeostatic plasticity (Tatavarty et al., 

2020), are involved in both syndromic and idiopathic forms of ASD (Monteiro & Feng, 2017). In 

particular, two ASD missense mutations (R12C and L68P) of SHANK3 impair Rap1 binding and the 

ability to regulate integrin activation (Lilja et al., 2017). A recent report indicates that the direct 

binding of Rap1 to the F1 domain of the talin head is crucial ŦƻǊ ŀŎǘƛǾŀǘƛƴƎ ʲо ƛƴǘŜƎǊƛƴ (Gingras et 

al., 2019). 

The exact role of ̡3 integrin in cortical circuits is still unclear. However, studies in primary cultures 

and organotypic hippocampal slices suggest that the expression of this integrin is inversely 

regulated by network activity. ̡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 of ̡3 integrin increases over 24 hours. This presumably strengthens the cell-

ECM interactions and, in a cell-autonomous manner, keeps excitatory synaptic gains elevated, 

maintaining neurons interconnected even when there is minimal AP-mediated communication 

between them (Cingolani et al., 2008; Cingolani & Goda, 2008; Mcgeachie et al., 2012). 

Consolidating neuron-ECM interactions through integrins is crucial for the stability of cortical 

ensembles. Once established, these ensembles must retain their identity for extended periods, 

even when not in use, allowing long-term memory storage and precise retrieval (Jaudon et al., 

2021). 

In the mouse brain, the mRNA for ̡3 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.brain-map.org/static/atlas) (Belgard et al., 2011; Willsey et al., 2013). Genetic 

studies have suggested that developing glutamatergic projection neurons in deep cortical layers 

play a central role in ASD dysfunctions (Parikshak et al., 2013; Willsey et al., 2013). This suggests 

ǘƘŀǘ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ǇŀǘǘŜǊƴ ƻŦ ʲо ƛƴǘŜƎǊƛƴ Ƴŀȅ ǇǊƻǾƛŘŜ important insights into its involvement in 

ASD. Furthermore, an expression limited to brain circuits relevant to ASD indicates that 3̡ 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 ASD etiology (Jaudon et al., 2021). 

 
 
 
 
 
 

https://mouse.brain-map.org/static/atlas
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8. Integrins in epilepsy 

Monogenic mutations in genes for neurotransmitter receptors or ion channels can be 

epileptogenic (Poduri & Lowenstein, 2011), but the molecular bases of epilepsy are more complex, 

involving both acquired and genetic factors. Multiple gene defects and copy number variations 

(CNVs) can contribute to a state of altered cellular excitability, contributing to epilepsy (Mullen et 

al., 2013; Olson et al., 2014). Several studies have shown how the expression of various integrins 

and ECM proteins is up-regulated or down-regulated following epileptic seizures (X. Wu & Reddy, 

2012). In particular, immunohistochemical studies showed that pilocarpine-induced status 

epilepticus can increase ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƭŜǾŜƭǎ ƻŦ ʰмΣ ʰнΣ ʰпΣ ʰрΣ ʲмΣ ʲо ŀƴŘ ʲп ƛƴǘŜƎǊƛƴ ǎǳōǳƴƛǘǎ ƛƴ 

the hippocampus. ʰо ŀƴŘ ʰт Ƴwb! ƭŜǾŜƭǎΣ ƛƴǎǘŜŀŘΣ ŘŜŎǊŜŀǎŜ ŘǳǊƛƴƎ ǎŜƛȊǳǊŜǎ ōǳǘ ƛƴŎǊŜŀǎŜ ŀfter 

seizure termination (Fasen et al., 2003; X. Wu & Reddy, 2012). Recent 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 pathway (C. L. Han et al., 2019). 

These results indicate that integrin alterations are part of the molecular pathways activated during 

epileptic seizures.  

The ̡ м ƛƴǘŜƎǊƛƴ subunit, which pairs ǿƛǘƘ ʰм-ʰмм and ʰ± ǎǳōǳƴƛǘǎ, is extensively studied in the 

epilepsy field. During temporal lobe epilepsy, there is an increase in the expression of MMP9, 

which degrades ECM proteins, releasing RGD motif-containing cryptic integrin ligands that 

ŘƻǿƴǎǘǊŜŀƳ ŀŎǘƛǾŀǘŜ ʲм ƛƴǘŜƎǊƛƴǎ (Jaudon et al., 2021; Michaluk et al., 2009; Wilczynski et al., 

2008)Φ !ŎǘƛǾŀǘŜŘ ʲм ƛƴǘŜƎǊƛƴǎ can potentiate NMDARs excitatory synaptic transmission, leading to 

hyperexcitability and lowering the threshold of epileptogenesis (Bernard-Trifilo et al., 2005; 

Jaudon et al., 2021; Lin et al., 2003; X. Wu & Reddy, 2012). Moreover, the ̡ м ƛƴǘŜƎǊƛƴ ǎǳōǳƴƛǘ Ǉƭŀȅǎ 

a role in epileptogenesis through its expression in the glial compartment. Indeed, the selective 

ŀōǎŜƴŎŜ ƻŦ ʲм ƛƴǘŜƎǊƛƴ ƛƴ Ǝƭƛŀƭ ŎŜƭƭǎΣ ōǳǘ ƴƻǘ ƛƴ ƴŜǳǊƻƴǎΣ ƭŜŀŘǎ ǘƻ ǊŜŀŎǘƛǾŜ ŀǎǘǊƻƎƭƛƻǎƛǎΣ ƛƴŎǊŜŀǎŜŘ 

ƴŜǳǊƻƴŀƭ ŜȄŎƛǘŀōƛƭƛǘȅΣ ŀƴŘ ǎǇƻƴǘŀƴŜƻǳǎ ǎŜƛȊǳǊŜǎΦ ¢ƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʲм ƛƴǘŜƎǊƛƴ ƛƴ ŀǎǘǊƻŎȅǘŜǎ may be 

necessary to maintain close glia-neuron contact, which is important for re-uptaking excessive toxic 

glutamate (Jaudon et al., 2021; Patel et al., 2019). 

[ƛƪŜǿƛǎŜΣ ʲо ƛƴǘŜƎǊƛƴ could be involved in epilepsy onset as it regulates both excitatory and 

inhibitory transmission. The level of ̡ о ƛƴǘŜƎǊƛƴ ŜȄǇǊŜǎǎƛƻƴ ŎƻǊǊŜƭŀǘŜǎ ǿƛǘƘ ǘƘŜ ƻǾŜǊŀƭƭ ŦƛǊƛƴƎ ǊŀǘŜ 

and synchrony of cortical neuronal network, probably due to its direct interactions with both 

GluA2-containing AMPARs and mGluR5 (Cingolani et al., 2008; Jaudon et al., 2022; Pozo et al., 

2012). 

FurthermoreΣ ōƻǘƘ ʲм ŀƴŘ ʲо ƛƴǘŜƎǊƛƴǎ ƳƻŘǳƭŀǘŜ ƛƴƘƛōƛǘƻǊȅ ǎȅƴŀǇǘƛŎ ǎǘǊŜƴƎǘƘ ƛƴ ƻǇǇƻǎƛƴƎ 

ŘƛǊŜŎǘƛƻƴǎΦ ʲм-containing integrins favour glycine receptor stabilization, while ʲо-containing 

integrins counteract it (Charrier et al., 2010; Park & Goda, 2016). As they regulate both excitatory 

ŀƴŘ ƛƴƘƛōƛǘƻǊȅ ǎȅƴŀǇǎŜǎΣ ʲм ŀƴŘ ʲо ƛƴǘŜƎǊƛƴǎ ŀǊŜ ŜȄǇŜŎǘŜŘ ǘƻ ŀŦŦŜŎǘ ƴŜǳǊƻƴŀƭ ƴŜǘǿƻǊƪ ŜȄŎƛǘŀōƛƭƛǘȅΣ 

ŜǎǇŜŎƛŀƭƭȅ ʲо ƛƴǘŜƎǊƛƴΣ ǿƘƛŎƘ ǇǊƻƳƻǘŜǎ ŜȄŎƛǘŀǘƻǊȅ ǎȅƴŀǇǘƛŎ ǘǊŀƴǎƳƛǎǎƛƻƴ ǿƘƛƭŜ simultaneously 

restricting inhibitory synaptic drive (Cingolani et al., 2008; Hennekinne et al., 2013). During injury 

ŀƴŘ ƛƴŦƭŀƳƳŀǘƛƻƴΣ ƭƛƎŀƴŘǎ ŦƻǊ ōƻǘƘ ʲм ŀƴŘ ʲо are released, suggesting that the activation levels of 

these integrins may play a crucial role in epileptogenesis (Charrier et al., 2010). bƻǘŀōƭȅΣ ʲм 

integrin could be considered as a putative therapeutical target for epilepsy because its inhibition 
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with RGD peptides or function-ōƭƻŎƪƛƴƎ ŀƴǘƛōƻŘƛŜǎ ŘŜǎǘŀōƛƭƛȊŜǎ ʰрʲм-fibronectin interaction and 

reduces the 4-aminopyridine-induced epileptiform discharges in brain slices (X. Wu et al., 2017). 

!ƳƻƴƎ ʰ-subunits, there has been ŜƭǳŎƛŘŀǘŜŘ ŀ ǊƻƭŜ ƛƴ ŜǇƛƭŜǇǎȅ ŦƻǊ ǘƘŜ ʰ± ƛƴǘŜƎǊƛƴ, which pairs 

ǿƛǘƘ ŦƛǾŜ ŘƛŦŦŜǊŜƴǘ ōŜǘŀ ǎǳōǳƴƛǘǎ όʲмΣ ʲоΣ ʲрΣ ʲс ŀƴŘ ʲуύ. Lƴ ǘƘŜ ƳƻǳǎŜ ƘƛǇǇƻŎŀƳǇǳǎΣ ʰ± ƛƴǘŜƎǊƛƴ 

was identified in dendritic spines, post-synaptic densities, as well as in some axon terminals and 

Ǝƭƛŀƭ ǇǊƻŎŜǎǎŜǎ όbƛǎƘƛƳǳǊŀ Ŝǘ ŀƭΦΣ мффуύΦ ʰ± integrin is important for neuronal differentiation and 

migration (Abe et al., 2018; Anton et al., 1999; Riccardi et al., 2022). Additionally, h ± integrin 

mediates GDNF effects on dopaminergic neurons survival, outgrowth, dopamine turnover and 

motor activity in rats (Chao et al., 2003). Itgav 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 

ƳƛŎŜΦ aƻǊŜƻǾŜǊΣ ǘƘŜ ŜǇƛƭŜǇǘƛŎ ǇƘŜƴƻǘȅǇŜ ƛǎ ŀōǎŜƴǘ ǿƘŜƴ ʰ± ƛƴǘŜƎǊƛƴ ƛǎ ǎǇŜŎƛŦƛŎŀƭƭȅ ŘŜƭŜǘŜŘ ƛƴ Ǝƭƛŀƭ 

ŎŜƭƭǎΣ ƛƴŘƛŎŀǘƛƴƎ ǘƘŀǘ ǘƘŜ ƭŜǾŜƭ ƻŦ ŜȄŎƛǘŀōƛƭƛǘȅ ƛǎ Ƴŀƛƴƭȅ ŎƻƴǘǊƻƭƭŜŘ ōȅ ƴŜǳǊƻƴŀƭ ʰ± ƛƴǘŜƎǊƛƴ (McCarty 

et al., 2005). 

In summary, the current understanding of the signalling pathways and mechanisms triggered by 

integrins in epilepsy is still limited. However, studies to date indicate that the expression and 

activity of both neuronal and glial integrins are relevant for epileptogenesis. Exploring the role of 

integrin in this pathology could lead to the identification of new targets to develop anti-

epileptogenic drugs, rather than anti-seizure drugs (Jaudon et al., 2021; X. Wu & Reddy, 2012). 

 

9. aƛŎŜ ƭŀŎƪƛƴƎ ʲо ƛƴǘŜƎǊƛƴǎ ŀǎ ƳƻǳǎŜ ƳƻŘŜƭǎ ŦƻǊ !{5 ŀƴŘ ǎŜƛȊǳǊŜ ǎǳǎŎŜǇǘƛōƛƭƛǘȅ  

The ideal animal model should show the human condition's phenotypic features, replicate the 

disease's causal mechanism in humans, and mimic the treatment responses (Grone & Baraban, 

2015; Sztainberg & Zoghbi, 2016). Mouse models are a powerful tool for investigating the 

molecular, neuroanatomical, and behavioral consequences of gene dysfunction in ASD and 

epilepsy, as well as for evaluating potential treatments (Stafstrom & Benke, 2015). The laboratory 

mouse, Mus musculus, is a social animal with a rich and complex social behavior repertoire that 

includes reciprocal interaction, social dominance, sexual behavior, and parental care, among 

others (Silverman et al., 2010; Stafstrom & Benke, 2015; Sztainberg & Zoghbi, 2016). Therefore, 

many replicable behavioral tests have been implemented to recapitulate ASD-like behavior in mice 

(Silverman et al., 2010). In the case of epilepsy, since human epilepsies comprehend a wide variety 

of clinical, behavioral, and electrical manifestations, there are various animal models for studying 

it (Grone & Baraban, 2015). Generally, ictogenesis is studied in both acutely provoked seizures 

(induced with pentylenetetrazol (PTZ) injection) and in spontaneous seizures that arise in an 

epileptic animal during the chronic phase of the disorder (Grone & Baraban, 2015). Moreover, 

comparing ASD mouse models with or without epilepsy may help identify the underlying 

mechanisms of the ASD-epilepsy comorbidity (Bozzi et al., 2018). The study of ASD and epilepsy 

involves many levels of basic and clinical research, including genetic screening of patients, 

bioinformatics treatment of data, and validation of the genetic variations in animal models (Myers 

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

The Itgb3 KO mouse is a well-established model of ASD, with increased grooming in novel 

environments and specific deficits in social memory (Carter et al., 2011). Due to the high 
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comorbidity rate of ASD and epilepsy, our group hypothesized that Itgb3 KO (Itgb3-/-) mice could 

also exhibit epileptic phenotypes. Western blot (WB) analyses showed that the protein levels ƻŦ ʲо 

integrin in young (p14) and adult (p60) mice, both in the cortex and the hippocampus were 

reduced in heterozygous (HET, Itgb3+/-) mice and completely abolished in KO mice. Notably, the 

ōŀǎŀƭ ƭŜǾŜƭǎ ƻŦ ʲо ƛƴǘŜƎǊƛƴ ǿŜǊŜ ƘƛƎƘŜǊ ƛƴ ǘƘŜ ŎƻǊǘŜȄ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ƘƛǇǇƻŎŀƳǇǳǎ ŀǘ ōƻǘƘ ŀƎŜǎ 

(Figure 9A). ʲо ƛƴǘŜƎǊƛƴ ǿŀǎ ŜƴǊƛŎƘŜŘ ƛƴ ŘŜŜǇ ŎƻǊǘƛŎŀƭ ƭŀȅŜǊΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ƛƴ ƭŀȅŜǊ ± όFigure 9B), 

ǎǳƎƎŜǎǘƛƴƎ ŀ ŎƛǊŎǳƛǘ ǎǇŜŎƛŦƛŎ ǊƻƭŜ ŦƻǊ ʲо ƛƴǘŜƎǊƛƴΦ Moreover, Itgb3 KO male mice exhibited, as 

expected, deficits in social novelty preference (aspect related to ASD; Figures 9C and 9D) but also 

reduced threshold for seizures induced by pentylenetetrazol (PTZ) injection (propensity for 

epilepsy; Figure 9E), while ǘƘŜ рл҈ ǊŜŘǳŎǘƛƻƴ ƛƴ ʲо ƛƴǘŜƎǊƛƴ ǇǊŜǎŜƴǘŜŘ ƛƴ HET mice seemed to only 

affect seizure susceptibility (Figure 9E). 

A three-chamber 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 

ς see Material and Methods and Figure 13A). Constitutive Itgb3 KO mice exhibited specific deficits 

in social novelty/memory, while wild-type (WT; Itgb3+/+) and HET mice did not show significant 

differences (Figure 9C). Additionally, a five-trial 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 2-minute multiple exposures ς see Materials and 

Methods and Figure 14A). WT and HET mice became habituated to intruders (trial from 1st to 4th) 

and no longer found them as interesting as a completely novel intruder (5th trial). Itgb3 KO mice 

showed impaired social interaction compared to WT and HET mice: even if they showed a 

progressive reduction in interaction time with intruder 1 and an slight increase in interaction time 

with intruder 2 Itgb3 KO mice interacted less with both intruder mice (Figure 9D). 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 Methods). Itgb3 KO and HET 

mice exhibited significantly increased seizure susceptibility compared to control mice (Figure 9E). 

Taken together, these results indicate that this transgenic mouse could be valuable for studying 

ASD and seizure susceptibility. 
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Figure 9Φ aƛŎŜ ƭŀŎƪƛƴƎ ʲо ƛƴǘŜƎǊƛƴ ǎƘƻǿ !{5 ŀƴŘ ŜǇƛƭŜǇǎȅ ǊŜƭŀǘŜŘ ōŜƘŀǾƛƻǊǎΦ (A) Western blot of cortical and 
hippocampal membrane fractions from Itgb3+/+ (WT), Itgb3+/- (HET), and Itgb3-/ - (KO) mice and quantification of 
relative protein levels (n=4 mice for genotype). (B) Confocal images of mPFC coronal section from P60 WT and KO 
Itgb3 mice and quantification of fluorescence intensity (n=3 mice for genotype) (C) Three-chamber social approach; (i) 
time spent exploring a stranger mouse (S1) and an object (Ob), and sociability index; (ii) time spent exploring the now 
familiar mouse (S1) and a novel stranger mouse (S2), and novelty index (WT n=14, HET n=15, KO n=13). (D) Five-trial 
social recognition memory test: sniffing time during social interaction with intruders 1 (trials 1-4) and 2 (trial 5). (E) PTZ 
induced seizure: severity score as a function of time after the PTZ injection (45 mg/kg). Data are presented as mean + 
s.e.m. Statistics were performed with paired t-test (Bi-ii left), one-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ comparison 
test (Bi-ii right) and two-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘ (C and D). *p<0.05, **p<0.01, 
***p<0.001. Unpublished results, Cingolani laboratory.  
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10. Therapy design for ASD and epilepsy and CRISPR activation (CRISPRa) technology 

Treatments for ASD vary depending on the severity and nature of symptoms and aim to minimize 

their impact on daily life. Treatment can be behavioral, developmental, educational, social-

relational, pharmacological, or psychological approaches. 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 behaviors (Aishworiya et al., 2022; 

McCracken et al., 2002; Owen et al., 2009). Currently, behavioral interventions are the primary 

approach for addressing the core symptoms of ASD in children, while pharmacological treatments 

are mainly used to address co-morbid conditions associated with ASD (Okoye et al., 2023). 

For instance, serotoninergic medications regulate serotonin levels, which have been reported to 

be elevated in ASD patients. These patients may benefit from treatment with Selective Serotonin 

Reuptake Inhibitors (SSRIs) to treat anxiety, mood issues, and irritability (Aishworiya et al., 2022; K. 

Williams et al., 2013). GABA deficits are observed in various forms of ASD. Bumetanide, a well-

established loop diuretic, inhibits sodium-potassium-chloride co-transporters (NKCC1 and NKCC2) 

and has been proposed as a potential treatment for autism due to its chloride-related antagonist 

effects, which are associated with GABAergic inhibition (Aishworiya et al., 2022; Lemonnier et al., 

2012, 2017). Cannabidiol (CBD) has also been shown to act as a positive allosteric modulator at 

GABAA receptors. /.5Ωǎ ŀōƛƭƛǘȅ ǘƻ ŜƴƘŀƴŎŜ ŜƴŘƻŎŀƴƴŀōƛƴƻƛŘ ƭŜǾŜƭǎ ŀƴŘ ŦŀŎƛƭƛǘŀǘŜ D!.!ŜǊƎƛŎ 

transmission may help restore neuronal function and synaptic plasticity in patients with ASD by 

improving the balance in inhibitory and excitatory transmission (Aishworiya et al., 2022; Qin et al., 

2015; Wei et al., 2016). 

Social behavioral therapy in ASD focuses on promoting functional independence and improving 

quality of life by targeting emotional regulation, social skills, and communication development. For 

example, music therapy has shown promising results in enhancing social interaction and verbal 

communication in children with ASD. (Sharma et al., 2018). 

Supplementation of treatment with vitamins, herbal remedies and nutritional supplements, such 

as omega-3 fatty acids, vitamins A, C, D, E, B6 and B12, folic acid, mineral microelements, and 

probiotics seems to have beneficial effects in alleviating some symptoms (Sharma et al., 2018). 

The current options for treating seizures include more than 20 approved anti-seizure drugs, as well 

as resective surgery, neuromodulation devices, or dietary therapies. Despite these options, nearly 

30% of patients still struggle to control their seizures, leading to an increased risk of death and the 

development of comorbidities (Devinsky et al., 2018; Löscher & Schmidt, 2011). While resective 

surgery offers a long-term solution, it is only suitable for a minority of patients due to its limited 

application for localized epileptogenic zones. Moreover, this surgical procedure can lead to severe 

adverse effects, such as memory or language deficits, mood disturbances, headaches, infections, 

and strokes (Liubinas et al., 2009). An alternative therapy for patients for whom drugs and surgery 

are ineffective could be the implantation of a neurostimulation device in the vagus nerve or 

thalamic anterior nucleus (Devinsky et al., 2018). In addition, dietary therapies have been 

suggested as co-adjuvant to pharmaceutical treatments. Ketogenic and modified Atkins diets have 

been observed to reduce the risk of seizures in children and adults. However, these dietary 

regimes cannot be considered long-term therapeutical options due to adverse effects, like 
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nutritional deficiency, growth impairment in children, abnormal lipid profile, osteopenia, and 

kidney stones (Cervenka et al., 2016). 

Up to now, anti-seizure drugs remain the first-line therapy for epilepsy, nevertheless, these drugs 

are symptomatic treatments that reduce seizure occurrence and severity but do not mitigate the 

underlying course of the disease or reverse drug resistance. Consequently, new molecular targets 

and therapeutical strategies are still an unmet medical need. 

Gene therapy is rapidly advancing for the treatment of disorders such as Duchenne Muscular 

Dystrophy, Spinal Muscular Atrophy, and Angelman Syndrome. So far, gene therapy has shown 

promising results in treating epilepsy in rat and mouse models. These therapeutical strategies 

exploit adeno-associated viral (AAV) vectors, lentiviral (LV) vectors, or clustered regularly 

interspaced short palindromic repeats (CRISPR)/Cas9 to edit, supplement, or modify gene 

expression. Among the successful strategies, the overexpression of voltage-gated channel 

subfamily A member 1 (Kv1.1) was shown to reduce the frequency and duration of seizures in 

animal models, probably reducing the intrinsic excitability of neurons. Although these strategies 

seem promising in preclinical studies, there are currently no ongoing clinical trials testing the 

effect of gene therapies for epilepsy (Shaimardanova et al., 2022). One of the main disadvantages 

of gene therapies is the high invasiveness of viral delivery to reach the CNS, making it incompatible 

with human application in most cases. To overcome this limitation, a new AAV vector serotype, 

AAV-PHP.eB, has been developed to effectively cross the blood-brain barrier (BBB) compared to 

the existing gold standard AAV9. This new tool could help overcome the administration limitations 

of several CNS gene therapies (Mathiesen et al., 2020). 

The development of precise gene editing tools has rapidly advanced, especially since the discovery 

of prokaryotic CRISPR RNA-guided Cas endonucleases (Jinek 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 gene-editing technology is CRISPR/Cas9, 

derived from a bacterial immune system. It utilizes two main components: the clustered regularly 

interspaced short palindromic repeats (CRISPR) and the CRISPR-associated protein 9 (Cas9) 

nuclease. The specificity of CRISPR-Cas9 technology lies in the single guide RNA (sgRNA) consisting 

of a CRISPR RNA (crRNA) complementary to approximately 20 nucleotides of the target DNA 

sequence, and a trans-activating 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 

domain thereby generating nuclease dead-Cas9 (dCas9), which can be linked to different effectors 

including transcriptional regulatory tools (T. Li et al., 2023). 

A technology to induce gene expression from endogenous loci with promising applications in high 

throughput genomic screens, overexpression of proteins of interest, and more, is the CRISPR-

mediated transcriptional activation (CRISPRa) technology. CRISPRa uses modified versions of 

CRISPR effectors, such as dCas9, fused with transcriptional activators effector domains. For 

CRISPRa technologies, 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 thereby activating gene expression (Qi et al., 2013). 

Early CRISPRa systems included dCas9 fused to VP64, a tetramer of the herpesvirus factor VP16 

joined by glycine-serine linkers (Maeder et al., 2013; Perez-Pinera et al., 2013). Additionally, dCas9 

is frequently fused to a tripartite activator consisting of VP64, p65 and RTA, known as VPR, which 

induces more robust transcriptional activation than VP64 alone (Figure 10) (Chavez et al., 2015). 

CRISPRa technologies offer a versatile and efficient way to modulate the transcription of 

endogenous genes, providing an alternative to other gene regulation methods like gene knockout, 

gene overexpression, and RNA interference (Carroll & Giacca, 2023). 

 
  

Figure 10. Schematic representation of the CRISPRa system. 
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Aim of the project 

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by the early 

onset of social communication impairment, repetitive behaviors, highly restricted interests and/or 

sensory behaviour anomalies (Hirota & King, 2023). Epilepsy 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 consequences (Fisher 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 transmission (Stafstrom & Benke, 2015). The Itgb3 

KO mouse is a well-established model of ASD, with increased grooming in novel environments and 

specific deficits in social memory (Carter et al., 2011). Due to the high comorbidity rate of ASD and 

epilepsy, we hypothesized that Itgb3 KO mice could exhibit epileptic phenotypes. We 

demonstrated that Itgb3 constitutive KO male mice exhibit 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 the higher incidence of ASD in males (Baio et al., 2018), behavioral studies have so far 

primarily focused on males. Therefore, I decided to behaviorally characterize Itgb3 WT, HET and 

KO female mice on tasks involving sociability and seizure susceptibility. 

Moreover, sƛƴŎŜ ʲо ƛƴǘŜƎǊƛƴ ƘŀǇƭƻ-insufficiency impairs network excitability and synchrony, while 

fine-ǘǳƴƛƴƎ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ŜƴŘƻƎŜƴƻǳǎ ʲо ƛƴǘŜƎǊƛƴ ōȅ /wL{twŀ ǊŜōŀƭŀƴŎŜs network excitability 

in cortical primary neurons (Jaudon et al., 2022), I decided to use CRISPRa to activate Itgb3 

transcription in HET mice in deep cortical pyramidal neurons and test the effect of this rescue 

strategy at the behavioral level. Indeed, excitatory synaptic dysfunction, particularly in deep 

cortical layers, contributes to ASD-like phenotypes (Parikshak et al., 2013; Willsey et al., 2013) and 

previous data from ƻǳǊ ƎǊƻǳǇ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ʲо ƛƴǘŜƎǊƛƴ ƛǎ ŜƴǊƛŎƘŜŘ in this brain region. Thus, we 

intraventricularly injected P0 CaMKIICreTg/+ WT and Itgb3 HET mice with AAV expressing the 

CRISPRa machinery and either a non-targeting control gRNA (gRNA Ctrl) or two gRNAs targeting 

the Itgb3 promoter (gRNAs 1+2) ǘƻ ƛƴŎǊŜŀǎŜ ŜƴŘƻƎŜƴƻǳǎ ʲо integrin expression in deep layer 

cortical pyramidal neurons (Figures 11A and 11B). I considered four experimental conditions for 

each sex: WT gRNA Ctrl (basal levels ƻŦ ʲо ƛƴǘŜƎǊƛƴύ, WT gRNAs 1+2 (increased levels ƻŦ ʲо 

integrin), HET gRNA Ctrl (halved levels ƻŦ ʲо ƛƴǘŜƎǊƛƴύ and HET gRNAs 1+2 (restored basal levels of 

ʲо ƛƴǘŜƎǊƛƴύ (Figure 11C). In vivo /wL{twŀ ǘǊŜŀǘƳŜƴǘ ǿƛǘƘ ǘƘŜǎŜ Ǝwb!ǎ ǊŜǎǘƻǊŜŘ ŎƻǊǘƛŎŀƭ ʲо ƛƴǘŜƎǊƛƴ 

expression of Itgb3 HET mice to WT values at both mRNA and protein levels (Figures 11D and 

11E). On these mice, I performed behavioral tests to characterize the effects induced by the 

ƳƻŘǳƭŀǘƛƻƴ ƻŦ ʲо ƛƴǘŜƎǊƛƴ ŜȄǇǊŜǎǎƛƻƴ levels and determine whether upregulating ̡о ƛƴǘŜƎǊƛƴ 

expression in WT and HET mice could have a protective effect for ASD and/or epilepsy. 
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Figure 11Φ /wL{twŀ ƳŜŘƛŀǘŜŘ ŜƴƘŀƴŎŜƳŜƴǘ ƻŦ ʲо ƛƴǘŜƎǊƛƴ ŜȄǇǊŜǎǎƛƻƴ in vivo. (A) gRNA targets on the Itgb3 promoter 
and rAAV constructs for in vivo experiments. (B) Coronal section of injected P60 mouse showing EGFP expression in 
deep layer cortical pyramidal neurons. (C) Schematic representation of the four experimental groups used for the 
behavioral characterization. (D) qRT-PCR quantification of Itgb3 mRNA levels in cortex of WT and Itgb3 HET P60 mice 
expressing the indicated constructs (WT gRNA Ctrl n=5, WT gRNAs 1+2 n=4, HET gRNA Ctrl n=5, HET gRNAs 1+2 n = 5 
cortices). (E) Left: western blots of membrane fractions from cortices of P60 mice. Right: western blot quantification 
of Itgb3 protein levels in cortex (WT gRNA Ctrl n=6, WT gRNAs 1+2 n=6, HET gRNA Ctrl n=5, HET gRNAs 1+2 n = 5 
cortices). Data are presented as mean + s.e.m. Statistics were performed with one-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ 
post-test. *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 legislations. Mice were 

housed in a temperature and humidity-controlled room 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 libitum. All mice used for 

experimentation came from two separate colonies on C57BL/6J background. /ŀaYLLʰ-Cre mice 

(B6.Cg-Tg(CamK2a-cre)T29-1Stl/J; strain #:005359, The Jackson Laboratory) express the Cre 

recombinase under the control of /ŀaYLLʰ promoter, starting from the second-third postnatal 

week. 

The constitutive Itgb3 knock-out (KO) mice (B6;129S2-LǘƎōоǘƳмIȅƴѷWΣ {ǘŀƛƴ ІΥллпссфΣ ¢ƘŜ WŀŎƪǎƻƴ 

Laboratory) were described previously (Cingolani et al., 2008; Mcgeachie et al., 2012) and were 

backcrossed to the C57BL/6j background >10 times at the time of experiments. Animals used for 

AAV injection were obtained by crossing a homozygous transgenic Cre male (/ŀaYLLʰ-CreTg/Tg) 

with a female Itgb3+/- mouse to obtain /ŀaYLLʰ-CreTg/+;Itgb3+/+ and /ŀaYLLʰ-CreTg/+;Itgb3+/- 

littermates. 

To assess mice genotype, the DNA was isolated from ear snips or chipped distal phalanges. To 

extract DNA, I used Phire Tissue Direct PCR Master Mix (F-170L, ThermoFisher Scientific). Each 

biological sample was incubated with 30-рл ˃ƭ ƻŦ ŀ Řƛƭǳǘƛƻƴ ōǳŦŦŜǊ ŀƴŘ лΦс-м ˃ƭ ƻŦ ŀ 5b! ǊŜƭŜŀǎŜ 

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 

PCR-based genotyping. All animals were re-genotyped after experimentation. The primer 

sequences and the size of amplicons used in this project for genotyping PCRs are listed in Table 1. 

 

 

 

 

 

 

 

 

Gene  Primer sequence PCR product 

Itgb3 ²¢ψCǿ рΩ-CCTGCCTGAGGCTGAGTG-оΩ 

YhψCǿ рΩ-CTTAGACACCTGCTACGGGC-оΩ 

WT and KO_Rv рΩ-CACGAGACTAGTGAGACGTG-оΩ 

WT: 417 bp 

KO: 533 bp 

HZ: both bands 

/ŀaYLLʰ-Cre /ǊŜψCǿ рΩ-GCGGTCTGGCAGTAAAAACTATC-оΩ  

/ǊŜψwǾ рΩ-GTGAAACAGCATTGCTGTCACTT-оΩ  

/ǘǊƭψCǿ рΩ-CTAGGCCACAGAATTGAAAGATCT-оΩ  

Ctrl_Rv рΩ-GTAGGTGGAAATTCTAGCATCATCC-оΩ 

Control: 324 bp  

Cre: 100 bp 

Table 1. List of primer sequences and PCR products used for genotyping. 
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2. Plasmids and intraventricular injection 

Adeno-associated 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 (double-floxed inverse orf) system to restrict protein expression in Cre-expressing 

cells. In detail, pAAV-hSyn-Sa-dCas9-VPR-DIO (SaCas9) enables the expression of the nuclease 

dead endonuclease from S. aureus (Sa-dCas9) fused to the transcriptional activator VPR under the 

control of the human synapsin promoter. pAAV-U6-gRNA Ctrl-hSyn-EGFP-DIO (gCtrl) and pAAV-

U6-(gRNA 1, gRNA 2)-hSyn-EGFP-DIO allow the expression of enhanced green fluorescent protein 

(EGFP) and either a control non targeting gRNA (gRNA Ctrl) or two different gRNAs targeting the 

Itgb3 ǇǊƻƳƻǘŜǊ ǘƻ ƛƴŎǊŜŀǎŜ ŜƴŘƻƎŜƴƻǳǎ ʲо ŜȄǇǊŜǎǎƛƻƴ, respectively (Jaudon et al., 2022). rAAVs 

(AAV-PHP.eB serotype) were prepared by the AAV Vector Unit at the International Centre for 

Genetic Engineering and Biotechnology Trieste, as previously described (Arsic et al., 2004). 

Injections were performed into the lateral ventricles (two-fifths of the distance from the lambda 

suture to each eye) at P0 (1.5 µL per ventricle), as previously described (Kim et al., 2013). 

 

3. RNA extraction, retrotranscription an qRT-PCR analysis 

Total RNA was extracted with TRIzolTM Reagent (Cat. No. 15596026, Thermo Fisher Scientific) from 

pre-frontal cortices (mPFCs) of /ŀaYLLʰ-CreTg/+;Itgb3+/+ and /ŀaYLLʰ-CreTg/+;Itgb3+/- injected mice, 

and from Itgb3 WT and KO (3-6 months-old) after the modified social recognition memory test 

(see 4.4). 25 mg of biological sample was homogenized in 500 µl of Trizol at RT and incubated in 

the lysis reagent for 5 min at RT. Then, 100 µl of chloroform was added and the Eppendorf was 

shaken vigorously. After an incubation of 2-3 min at RT, samples were centrifuged at 10.000 rpm 

for 15 minutes at 4°C. Then, the upper aqueous phase containing RNA was transferred into a new 

Eppendorf. At this step, 500 µl of isopropanol was added and the solution was mixed, by gently 

inverting the tube and incubated at RT for 5 min. The solution was centrifuged at 10.000 rpm for 

10min at 4°C to precipitate the RNA and the supernatant was discarded. Next, the RNA pellet was 

washed twice with 500 µl of 70% ethanol, and the sample was centrifuged again at 14.000 rpm for 

5min at 4°C. Finally, the RNA pellet was air-dried for 5-10 min and resuspended in 20-30 µl RNase-

free water before being stored at -улϲ/Φ Ŏ5b!ǎ ǿŜǊŜ ǊŜǾŜǊǎŜ ǘǊŀƴǎŎǊƛōŜŘ ŦǊƻƳ м ˃Ǝ ƻŦ wb! ǳǎƛƴƎ 

the QuantiTect Reverse Transcriptiƻƴ Yƛǘ όŎŀǘΦ ƴƻΦ нлроммΣ vƛŀƎŜƴύΣ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions, and stored at -20°C. Quantitative real-time PCR (qRT-PCR) was performed in triplicate 

with 10 ng of template cDNA using PowerUpTM SYBRTM Green Master Mix for qPCR (Cat. No. 

A25741, ThermoFisher Scientific) on a CFX96 Real-Time PCR Detection System (Biorad) with the 

following universal conditions: 5 min at 95°C, 45 cycles of denaturation at 95°C for 15 s, and 

annealing/extension at 60°C for 45 s. Primers were designed with Primer-BLAST 

(www.ncbi.nlm.nih.gov/tools/primer-blast) to avoid significant cross-homology regions with other 

genes. The relative quantificatiƻƴ ƻŦ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ǘƘŜ ɲɲ/ǘ ƳŜǘƘƻŘΦ 

Data were normalized to glyceraldehyde-3-ǇƘƻǎǇƘŀǘŜ ŘŜƘȅŘǊƻƎŜƴŀǎŜ όDŀǇŘƘύΣ ʲ-actin (Actb), and 

hypoxanthine phosphoribosyltransferase 1 (Hprt1) by the multiple internal Ctrl gene method with 

http://www.ncbi.nlm.nih.gov/tools/primer-blast
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GeNorm algorithm. mRNA expression was normalized to control samples (WT or Mock) within the 

same qRT-PCR plate. Sequences of all the primers used are listed in Table 2. 

 

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 of 2-5 siblings. All experiments were 
performed during light phase. All animals were subjected to each test only once and were 
habituated for at least 1 hour in testing room before starting. The illumination intensity was 
settled at 20-25 lux for all tests, except when differently indicated. Whenever 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 × 40 cm) with 40 cm high walls. Each 

mouse was placed in the open arena and video recorded for 15 minutes from above. Total 

distance travelled, average speed and time in central area (20 x 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 

Gene  CƻǊǿŀǊŘ ǎŜǉǳŜƴŎŜ όрΩĄоΩύ wŜǾŜǊǎŜ ǎŜǉǳŜƴŎŜ όрΩĄоΩύ 

Arc CCCCCAGCAGTGATTCATAC GGTTTCATGCTGGCTTGTCT 

CREB ACAGGAGTCTGTGGATAGTGT CCTGAGGCAGCTTGAACAAC 

cFos CAGAAGGGGCAAAGTAGAGC TGATCTGTCTCCGCTTGGA 

Dusp6 TTTCTTTCATAGATGAAGCCCGAG GGGTCCTTTCGAAGTCAAGC 

Egr1 GTCCTTTTCTGACATCGCTCTGA CGAGTCGTTTGGCTGGGATA 

Egr2 GCCAAGGCCGTAGACAAAAT GTTGATCATGCCATCTCCCG 

Npas4 ACCTGTCCCCAGAAGATCAC CCCCTCCACTTCCATCTTCA 

Adora2a ACCCCCTGTAGAAGTCATGG GCAGCCCTTTCCTCACAAG 

Drd1 AACCTACATGGCCCTTGGAT TTTGCTTCTGGGCAATCCTG 

Drd2 GTCGTCTATCTGGAGGTGGT TGGAGCTGTAGCGTGTGTTA 

Nr4a2 AGGTTTCTTTAAGCGCACGG TCTTCGGCTTCGAGGGTAAA 

Pxdn GCCTGAACACACTGCTTCTTA CCCTTAAATGCTTGCCTGTCA 

Ppp1r1b CCTCTCCACATCAGAGAACCT TTTCAGTGATGGGGGCGTAT 

Actb TTGCTGACAGGATGCAGAAG AGTCCGCCTAGAAGCACTTG 

Gapdh TGTGTCCGTCGTGGATCTGA CCTGCTTCACCACCTTCTTGA 

Hprt1 AAGCTTGCTGGTGAAAAGGA TTGCGCTCATCTTAGGCTTT 

Table 2. List of primer sequences used for qRT-PCR analysis. 

https://sourceforge.net/projects/toxtrac/
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gates into three chambers (20 x 40 cm each) with 40 cm high walls. 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 phase starts. 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 opened and the fourth phase starts. 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 matched C57BL/6J (obtained from the UniTS Animal Facility in Basovizza) that have never 

been in contact with the tested mice. They were habituated in two 15-minute sessions to stay 

under the inverted pencil cup. 

4.3 Five-trial social recognition memory test 

The five-trial social recognition memory test was used to investigate cognition and sociability, 

namely the ability to recognize novel versus familiar animals (assessed by quantifying 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 consecutive 2-minute encounters with an inter-trial interval 

(ITI) of Ḑ10 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. The total time that the test mouse spends interacting with the stimulus mouse 

(including sniffing, following behavior and allogrooming) was quantified with silent stopwatches. 

4.4 Modified social recognition memory test and brain dissection 

The modified social recognition memory test was 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 5-minute encounters with an ITI of 1.5 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. The total time the test mouse spent interacting 

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

with silent stopwatches. 45 minutes after the second encounter, mice were anesthetized with CO2 

and brain was extracted. The prefrontal cortex (PFC) was rapidly isolated, immediately frozen in 

dry ice and stored at -80°C until RNA extraction. 

4.5 Light/dark transition test 

The light/dark transition test is a test based on ǘƘŜ ƳƛŎŜΩǎ natural aversion to brightly illuminated 

areas and on their spontaneous exploratory behavior in novel environment commonly used to 

measure anxiety-like behavior in mice. The 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 400-500 lux in the lit compartment and at 0-5 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 well-established assay that measures anxiety-like behavior. It is based 

on the natural tendency of mice to spend time in enclosed spaces and fear of open ones. The 

apparatus consisted of four non-transparent white Plexiglas arms ς two enclosed arms (45 x 10 x 

30 cm) that formed a cross shape with the two open arms (45 x 10 cm) opposite each other. The 

central platform is 10 x 10 cm. The maze was placed 55 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 depression-like behavior. This test is based 

on the fact that short-term, 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 with 20-25 

cm distance between the mouse's nose and the apparatus floor and the total time spent immobile 

was quantified during the 6-minute observation periods. Escape 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 pendulum-like swings 

were not counted as mobility. 

4.8 Novel object recognition test 

The novel object recognition (NOR) task ƛǎ ŀ ƳŜƳƻǊȅ ǘŜǎǘ ōŀǎŜŘ ƻƴ ƳƛŎŜΩǎ natural preference for 

novel objects (Leger et al., 2013). The 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 open-field arena in the absence of objects 

for 30 minutes. The following day, tested mice were placed in the open-field arena containing two 

identical sample objects (A + A) and allowed to interact with them for 10 minutes (familiarization 

phase). The animals were then removed from the arena and placed in a holding cage. After 1 hour 

the mice were returned to the open-field arena containing two objects, one identical to the 

sample and a novel one (A + B) and were allowed to interact with them for 10 minutes (test 

phase). The time spent interacting with the two objects (including sniffing, body contact, or eye 

contact with the object in very proximity) was 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 odors (Yang & Crawley, 2009). Each 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 4-5 cm above the bedding. The time 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 each with an interval of about 1 minute. Each odor was presented in three consecutive 

trials to allow habituation, with a new cotton swab used for each trial. Habituation 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 for non-social 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 3-4 aged-matched 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 space (Fan 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 was individually trained for two consecutive days to 
walk through the tube for a total of ten times, alternating between both ends of the tube. After 
training was completed, dominance test matches began. Mice were tested in a pair-wise way: 
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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 balanced. Two 
unfamiliar mice (to avoid the existence of a previous established hierarchy), with different gRNA 
injection or genotype were introduced into either entrance of the tube; the match began when 
both mice arrived at the center of the tube. The match was terminated when either mouse was 
pushed out. If both mice remained in the tube after 2 min, the test was considered a draw. Each 
match was scored assign point as following: 0 for loss, 0.5 for draw and 1 for win. At the end of the 
test, each subject obtained a score indicating the percentage of wins for each day (calculated out 
of the three matches) and a total win percentage after the five days. 

4.11 PTZ single injection and 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 cage. Itgb3 female mice received a single intraperitoneal injection at a 45 mg/kg 

concentration and were observed for the subsequent 10 minutes. The behavior outcome was 

scored according to the following scale: 0=no effect, 1=reduced motility, 2=partial clonus (neck 

and body jerk), 3=generalized 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 injections of 8 mg/kg of PTZ (total 48 mg/kg) 

each followed by 10-minute observation period. The behavior outcome was scored according to a 

modified scale of intensities (0=normal behavior, 1=sudden behavior arrest, 2=facial jerking, 

3=neck jerks, 4=clonic seizure sitting, 5=clonic, tonic-clonic seizure, 6=clonic, tonic-clonic activity 

with loss of posture and wild jumping). For each injection, the highest score reached by the animal 

was considered. At the end of the test mice were humanely sacrificed. 

 

5. Statistical analysis 

All the statistical analysis were performed by using GraphPad Prism 8 (GraphPad Software, Inc., La 

Jolla, CA, USA). Results are expressed as mean ± standard error of the mean (s.e.m.) unless 

specified otherwise in the figure legend. The size of the compared experimental groups is 

indicated in each figure legend. Statistical differences were assessed using paired and unpaired 

{ǘǳŘŜƴǘΩǎ ǘ-test, contingency chi-square test, one-way analysis of variance (ANOVA), and two-way 

ŀƴŀƭȅǎƛǎ ƻŦ ǾŀǊƛŀƴŎŜ ό!bh±!ύ ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘǎΣ ŀǎ ƛƴŘƛŎŀǘŜŘ ƛƴ ǘƘŜ 

figure legend. Dots represent individual samples. The significance level was set at p<0.05. 
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Results 

1. Behavioral characterization of Itgb3 wild-type, heterozygous and knock-out female 

mice 

Itgb3 constitutive KO mice exhibit deficits in social novelty preference (aspects related to ASD) and 
reduced threshold for seizures induced by PTZ injection (propensity for epilepsy) (Figure 9). 
However, because of the male-to-female prevalence ratio in ASD (Baio et al., 2018), these tests 
ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ƻƴƭȅ ƻƴ ƳŀƭŜǎΣ ŀƴŘ ōŜƘŀǾƛƻǊŀƭ ŎƻƴǎŜǉǳŜƴŎŜǎ ƻŦ ŀōƭŀǘƛƻƴ ƻŦ ʲо ƛƴǘŜƎǊƛƴ ŜȄǇǊŜǎǎƛƻƴ 
in females remain unknown. Thus, I decided to replicate some tests on adult (4/6month-old) WT 
(Itgb3+/+), HET (Itgb3+/ -) and KO (Itgb3-/ -) female mice. Behavioral characterization of this mouse 
model focused on tasks involving sociability (aspects related to ASD), and the measurement of 
threshold for seizures (propensity for epilepsy). 
 

1.1 YƴƻŎƪƻǳǘ ƳƛŎŜ ŦƻǊ ʲо ƛƴǘŜƎǊƛƴ do not exhibit defects in the open field 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 behavior (Silverman et al., 2010). 

Moreover, locomotor impairments can also affect the outcome of tests that rely on the 

ambulatory behavior of mice. For these reasons, I tested the mice in an open field test to 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, mice tend to avoid open spaces, so when placed in an open field arena, they 

usually spend more time in the peripheral area and sporadically explore the central area. Mice 

with high anxiety tend to avoid the center even more, while mice with risk assessment 

impairments tend to spend more time in the central area than controls (Seibenhener & Wooten, 

2015). This test did not reveal any significant differences between Itgb3 WT, HET and KO female 

mice in any of the quantified parameters during the 15 minutes of observation (Figure 12). In 

conclusion, as previously observed in males (Carter et al., 2011; Morais, 2018), reduction of ʲо 

integrin levels in females does not induce abnormal general motor activity and anxiety levels. 
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1.2 Itgb3 knockout female mice do not exhibit impairments in social novelty preference and 

social memory 

ASD is characterized by the early onset of social communication impairment, and alterations in 

social preference and social recognition are commonly found in animal models of ASD (Silverman 

et al., 2010). We previously established that Itgb3 constitutive KO male mice exhibit deficits in 

social novelty preference and social memory (Figures 9C and 9D) (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 studies (de Giambattista et al., 

2021; Head et al., 2014; Sedgewick et al., 2016). Therefore, I tested if Itgb3 KO female mice 

showed similar defects than the males in social behavior, using a three-chamber social approach 

test (Figure 13A). Figure 13B shows how much time each animal spent on the left and on the right 

chamber. As expected, all genotypes showed no preference for any of the chambers, as illustrated 

by their habituation index close to 0. During the following phase (testing sociability), Itgb3 WT, 

HET and KO female mice highly preferred to interact with a stranger mouse (S1) instead of an 

object (Ob) and therefore exhibited a positive sociability index, with no differences found between 

genotypes (Figure 13C). This behavior is similar to that observed in male mice (Figure 9Ci). Finally, 

Figure 12. Itgb3 KO and HET female mice exhibit normal behaviors in the open field test. (A) Tracking plots of the 
center of the body of a WT (black), an HET (green) and a KO mouse (red). The external black square shows the limits of 
the arena (40 x 40 cm), the smaller red square represents the central area (20 x 20 cm). (B) Total distance travelled (i) 
(WT 66.59 ± 2.92 m; HET 59.55 ± 4.07 m; KO 66.36 ± 3.14 m; p=0.7972). Average speed (ii) (WT 7.38 ± 1.5 cm/s; HET 
6.72 ± 0.44 cm/s; KO 7.34 ± 0.34 cm/s; p=0.0945). Grooming time (iii) (WT 27.25 ± 3.36 s: HET 31.74 ± 9.94 s; KO 21.80 
± 2.44 s; p=0.4382). Time spent in the center (iv) (WT 86.45 ± 12.07 s; HET 71.17 ± 8.91 s; KO 96.04 ± 10.08 s; 
p=0.2780). Data are presented as mean + s.e.m. Statistics were performed with one-way ANOVA followed by TukeyΩǎ 
multiple comparison test (WT n=8, HET n=7, KO n=10). 
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in the last phase of the test (testing social novelty preference and social memory) mice from all 

genotypes preferred to interact with a novel mouse (S2) rather than with a familiar mouse (S1) 

(Figure 13D). This is in stark contrast to Itgb3 KO male mice which showed a significantly lower 

value of novelty index compared to WT (Figure 9 Cii). 

Figure 13. Itgb3 KO female mice do not show social novelty deficits. (A) Schematics of the behavioral task and 
the mathematical formulas used to calculate habituation, sociability, and novelty indexes. (B) Left: time spent 
exploring the left and right chambers during habituation (WT p=0.8616; HET p=0.3571; KO p=0.5930; paired t-
test left versus right); right: habituation index (WT -0.008 ± 0.052; HET -0.070 ± 0.073; KO -0.006 ± 0.030; 
p=0.6183). (C) Left: Time spent exploring a stranger mouse (S1) and an object (Ob) (WT p<0.001; HET p<0.001; 
KO p<0.001; paired t-test Ob versus S1); right: sociability index (WT 0.341 ± 0.030; HET 0.333 ± 0.038; KO 0.305 
± 0.042; p=0.7703). (D) Left: time spent exploring the now familiar mouse (S1) and a novel stranger mouse (S2) 
(WT p<0.001; HET p=0.03; KO p<0.001; paired t-test S2 versus S1); right: novelty index (WT 0.305 ± 0.038; HET 
0.253 ± 0.078; KO 0.193 ± 0.031; p=0.2522). Data are presented as mean + s.e.m. Statistics were performed 
with paired t-test (B, C, D left) and one-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘ ό.Σ /Σ 5 ǊƛƎƘǘύ 
(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, I performed the five-trial social recognition memory 

test (Figure 14A). Tested female mice from all three groups exhibited similar behavior: habituation 

to intruders (from the 1st to the 4th trial) and increased interest to a completely novel intruder 

during the 5th trial (Figure 14B). In contrast, Itgb3 KO male mice showed impaired social 

interaction, interacting less with both intruder mice, precluding the typical high augmentation in 

social investigation toward the novel intruder (Figure 9D). 

Altogether, these data suggest that variations in the expression levels ƻŦ ʲо ƛƴǘŜƎǊƛƴ ŀŦŦŜŎǘ ƳŀƭŜǎ 

and females differently. KO male mice show deficits in social novelty preference, while this effect 

is not observed in female mice. 

 

1.3 Itgb3 Knockout and heterozygous female mice show higher seizure susceptibility 

Itgb3 KO male mice display increased seizure susceptibility (Figure 9E), but the sex differences in 

epilepsy are widespread and influenced by different factors (Reddy et al., 2021). Therefore, 

similarly to what was previously done for males, I tested the threshold for seizures induced by PTZ 

in female mice. WT, HET and KO were injected intraperitoneally with 45 mg/kg of PTZ and 

observed for 10 minutes during which their behavior was scored according to a scale of intensities 

(0=no effect, 1=reduced mobility, 2=partial clonus, 3=generalized clonus and stronger) (Figure 

15A). As observed in males, HET and KO female mice exhibited increased seizure susceptibility, 

reaching higher severity scores compared to WT mice (Figure 15B). Quantification of the 

percentage of subjects reaching a specific phenotype at the end of the 10-minute observation 

period showed that both HET and KO female mice displayed more severe phenotypes than the WT 

group (Figure 15C). 

Figure 14. Itgb3 KO female mice do not show social recognition memory deficits. (A) Schematics of the behavioral 
task. (B) Time spent interacting with Intruder 1 and Intruder 2 (WT 32.000 ± 2.507 s, 15.638 ± 1.627 s, 15.175 ± 1.711 
s, 10.888 ± 0.941 s, 29.613 ± 3.651 s; HET 34.057 ± 3.313 s, 15.829 ± 1.885 s, 14.529 ± 2.836 s, 13.600 ± 1.932 s, 38.600 
± 5.474 s; KO 34.230 ± 3.042 s, 20.150 ± 3.075 s, 16.040 ± 1.718 s, 14.470 ± 1.470 s, 36.370 ± 5.526 s). Data are 
presented as mean + s.e.m. Statistics were performed with two-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ 
test (interaction: F (8, 88)=0.5893, p=0.7843; trial: F (2.151, 47.33)=49.93, p<0.001; genotype: F (2, 22)=0.8308, 
p=0.4489; WT n=8, HET n=7, KO n=10). *p<0.05, **p<0.01, ***p<0.001. 
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In conclusion, these results suggest that a ǊŜŘǳŎǘƛƻƴ ƛƴ ʲо ƛƴǘŜƎǊƛƴ ƭŜǾŜƭǎ ƛƴ female mice may alter 

network activity and influence their response to seizure susceptibility, similar to what we observe 

in male mice, without altering their social behavior. This lack of social deficits in female mice aligns 

with theories and studies highlighting sex differences in ASD, where socio-communication 

difficulties tend to be less evident in females compared to males (Goddard et al., 2014; Halladay et 

al., 2015). 

 

 

2. Rescue of epileptic phenotype in Itgb3 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 mGluR5 and restoration of ʲо ƛƴǘŜƎǊƛƴ by 

CRISPRa rebalances network excitability (Jaudon et al., 2022). Since both male and female Itgb3 

HET mice showed increased seizure susceptibility (Figures 9B and 15B), and in vivo CRISPRa 

ǘǊŜŀǘƳŜƴǘ ƴƻǊƳŀƭƛȊŜǎ ŎƻǊǘƛŎŀƭ ʲо ƛƴǘŜƎǊƛƴ ŜȄǇǊŜǎǎƛƻƴ ƛƴ Itgb3 HET mice (Figures 11D and 11E), I 

decided to examine whether the use of the CRISPRa technology could rescue the epileptic 

phenotype. Therefore, I analyzed the threshold for seizures induced by PTZ in female and male 

CRISPRa-treated injected mice (Figures 11A and 11C). Due to the higher seizure susceptibility of 

injected mice after a single PTZ injection, I was unable to determine the appropriate dosage for a 

single intraperitoneal injection. Thus, I decided to perform six consecutive intraperitoneal 

injections of a low dose of PTZ (8 mg/kg, total 48 mg/kg) each followed by a 10-minute 

observation period. WT gRNA Ctrl, WT gRNAs 1+2, HET gRNA Ctrl and HET gRNAs 1+2, female and 

male mice were ranked accordingly to a modified scale of intensities (0=normal behavior, 

1=sudden behavior arrest, 2=facial jerking, 3=neck jerks, 4=clonic seizure sitting, 5=clonic, tonic-

clonic seizure, 6=clonic, tonic-clonic activity with loss of posture and wild jumping) (Figures 16A 

and 17A). 

Figure 15. KO and HET female mice for Itgb3 show lower threshold for seizures induced by PTZ. (A) Schematics scale 
of scoring. (B) Severity score as a function of time after the PTZ injection. (C) Percentage (%) of mice showing the 
higher rank phenotype reached at the end of the 10 minutes of observation. Data are presented as mean + s.e.m. 
Statistics were performed in B with two-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘ (interaction: F (20, 
270)=1.829, p=0.02; time: F (4.011, 108.3)=195.8, p<0.001; genotype: F (2, 27)=3.791, p=0.04) and in C with 
contingency chi-square test comparing each group vs the other (WT n=9, HET n=10, KO n=11). *p<0.05, **p<0.01, 
***p<0.001.  
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Figure 16. Rescue of epileptic phenotype in Itgb3 HET female mice with CRISPRa. (A) Schematics scale of scoring. (B) 
Severity score as a function of number of PTZ injection. (C) Percentage (%) of mice showing the higher rank phenotype 
reached within 10 minutes of observation after each PTZ injection. Data are presented as mean + s.e.m. in A and B; 
data are presented as percentage in C. Statistics were performed in B with two-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ 
multiple comparison test (interaction: F (15, 100)=2.173, p=0.012; injection: F (3.797, 75.95)=178.2, p<0.001; 
genotype: F (3, 20)=11.50, p=0.001), and in C with contingency chi-square test comparing each group vs the other (WT 
gRNA Ctrl n=7, WT gRNAs 1+2 n=7, HET gRNA Ctrl n=5, HET gRNAs 1+2 n=5). *p<0.05, **p<0.01, ***p<0.001. 
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Figure 17. Rescue of epileptic phenotype in Itgb3 HET male mice with CRISPRa. (A) Schematics scale of scoring. (B) 
Severity score as a function of number of PTZ injection. (C) Percentage (%) of mice showing the higher rank phenotype 
reached within 10 minutes of observation after each PTZ injection. Data are presented as mean + s.e.m. in A and B; 
data are presented as percentage in C. Statistics were performed in B with two-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ 
multiple comparison test (interaction: F (15, 120)=1.801, p=0.041; injection: F (4.291, 103.0)=196.6, p<0.001; 
genotype: F (3, 24)=8.083, p<0.001), and in C with contingency chi-square test comparing each group vs the other (WT 
gRNA Ctrl n=8, WT gRNAs 1+2 n=7, HET gRNA Ctrl n=7, HET gRNAs 1+2 n=6). *p<0.05, **p<0.01, ***p<0.001. 
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In line with the results in non-injected mice (Figures 9E and 15), both female and male HET gRNA 

Ctrl mice showed increased seizure susceptibility compared to their corresponding WT gRNA Ctrl 

group. This phenotype could be rescued by using the CRISPRa technology as HET gRNAs 1+2 mice 

showed a seizure susceptibility comparable to the WT gRNA Ctrl group in both male and female 

(Figures 16B and 17B). Quantification of the percentage of subjects reaching a specific phenotype 

after each injection showed that HET gRNA Ctrl mice displayed more severe phenotypes than WT 

gRNA Ctrl in both sexes. In contrast, HET gRNAs 1+2 mice exhibited phenotypes similar to the WT 

gRNA Ctrl ƎǊƻǳǇΣ ŎƻƴŦƛǊƳƛƴƎ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ƻŦ /wL{twŀ ŦƻǊ ʲо ƛƴǘŜƎǊƛƴ ǘƻ reduce seizure 

susceptibility in Itgb3 HET mice of both sexes (Figure 16C and 17C; Table 3). 

To determine the ƛƳǇŀŎǘ ƻŦ ƛƴŎǊŜŀǎƛƴƎ ʲо ƛƴǘŜƎǊƛƴ ŜȄǇǊŜǎǎƛƻƴ ŀōƻǾŜ ²¢ ƭŜǾŜƭǎΣ I analyzed the 

effects of CRISPRa-ƳŜŘƛŀǘŜŘ ƛƴŎǊŜŀǎŜ ƛƴ ʲо ƛƴǘŜƎǊƛƴ ŜȄǇǊŜǎǎƛƻƴ ƛƴ ²¢ mice. Strikingly, as shown in 

Figures 16B,C and 17B,C, the results differed between males and females. While WT gRNAs 1+2 

female mice behaved similarly to the WT gRNA Ctrl group, male mice ǿƛǘƘ ŀƴ ƛƴŎǊŜŀǎŜŘ ŎƻǊǘƛŎŀƭ ʲо 

integrin expression exhibited greater seizure susceptibility compared to the WT gRNA Ctrl group. 

In conclusion, despite the small number of mice analyzed so far, these data provide initial 

evidence of the effectiveness of the CRISPRa technology in decreasing seizure susceptibility in 

heterozygous mice in both sexes. In contrast, increasing endogenous ̡о ƛƴǘŜƎǊƛƴ expression levels 

in wild-type mice led to differential behavioral outcomes between males and females: while 

female mice showed no effect, males exhibited a deleterious rather than protective response. 

These data suggest that ʲо ƛƴǘŜƎǊƛƴ plays a crucial role in regulating cortical network excitability 

and synchrony, and highlight the presence of sex-based structural and functional differences in 

brain connectivity. 

 

Table 3. Detailed chi-square p-values of female (A) and male (B) mice related to figures 16C and 17C. 
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3. Behavioral characterization of mice with CRISPRa-mediated modulation of Itgb3 

expression 

3.1 /wL{twŀ ŦƻǊ ʲо ƛƴǘŜƎǊƛƴ ŀŦŦŜŎǘǎ ǎƻŎƛŀƭ ōŜƘŀǾƛƻǊ ǎǇŜŎƛŦƛŎŀƭƭȅ ƛƴ ƳŀƭŜ ƳƛŎŜ 

Itgb3 knock-in mice with ŎƻƴǎǘƛǘǳǘƛǾŜƭȅ ŜƴƘŀƴŎŜŘ ʲо ǎƛƎƴŀƭƛƴƎ ǎƘƻǿ ǊŜǇŜǘƛǘƛǾŜ ōŜƘŀǾƛƻǊǎ ŀƴŘ 

deficits in anxiety and social behaviors. The mutation that phenocopies the human Pro33 variant 

ǇǊƻŘǳŎŜǎ ƘȅǇŜǊŀŎǘƛǾŜ ʲо integrin receptors that affect whole-blood serotonin levels influence the 

risk for autism spectrum disorder ASD (Dohn et al., 2017). Because wild-type male mice injected 

with gRNAs increasing the physiological levels ƻŦ ʲо ƛƴǘŜƎǊƛƴ ό²¢ Ǝwb!ǎ мҌнύ ǎƘƻǿed increased 

seizure susceptibility, I decided to further investigate the consequences of elevated ̡о ƛƴǘŜƎǊƛƴ 

expression on other behaviors. Specifically, I performed tests on WT gRNA Ctrl and WT gRNAs 1+2 

male and female mice, focusing on social-related tasks. 

After testing the mice in the open field test, which did not reveal any significant differences 

between the experimental groups in both sexes (Figure 18), I performed several tests to assess the 

presence of possible impairments in social communication, social preference and social 

recognition. Using a three-chamber social approach I assessed general sociability and social 

novelty preference (Figure 19A). I did not observe any difference between the experimental 

groups during the habituation and the sociability phases. Indeed, habituation indexes were very 

close to 0, as expected in the absence of lateral preference, and sociability indexes were all 

positive, indicating a preference for a mouse versus an object for both male and female mice in all 

the experimental groups (Figure 19B and 19C). In contrast, males and females behaved differently 

in the social novelty preference and social memory phase: while female WT gRNAs 1+2 mice with 

increased levels ƻŦ ʲо ƛƴǘŜƎǊƛƴ exhibited novelty indexes similar to the female WT gRNA Ctrl mice, 

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 Ctrl mice (Figure 

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 time (Figure 19D). In contrast, the reduction in novelty index observed in 

Itgb3 KO males, is the consequence of a decreased interacting time with the novel mouse 

compared to the WT group (Figure 9Cii). Therefore, even if both mouse models manifested similar 

reduction in the novelty index, these results suggest that the underlying mechanisms are different 

(Figures 9Cii and 19D).  

To further validate social novelty preference impairment observed in male mice with increased 

ƭŜǾŜƭǎ ƻŦ ʲо ƛƴǘŜƎǊƛƴΣ L ǇŜǊŦƻǊƳŜŘ the five-trial social recognition memory test (Figure 20A). As 

shown in Figure 20Bi, males from the gRNA Ctrl group habituated to the intruder during the first 

four trials and ended up not finding it as interesting as a completely novel intruder presented 

during the 5th trial. In contrast, male mice from the gRNAs 1+2 group did not habituate to the 

familiar intruder as fast as the control group, as a significant reduction in the interacting time was 

achieved only after the 4th encounter. Male WT gRNAs 1+2 mice presented also a significant lower 

interacting time during the first encounter compared to the control (Figure 20C), suggesting a 
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reduction in social interest that can be related to the stress generated by the test itself. Indeed, 

mice could be stressed out by the direct social interaction, effect that was not detected in the 

three-chamber social approach in which the intruder mouse is caged. Moreover, while there was a 

Ғ67% reduction in interaction time between the first and the fourth encounter for the male gRNA 

Ctrl group, this reduction was only of Ғ38% for the gRNAs 1+2 group. This consequently precluded 

the typical augmentation in social investigation toward the novel intruder during the 5th trial 

(Figure 20Di). In contrast, as observed during the three-ŎƘŀƳōŜǊ ǘŜǎǘΣ ŎƘŀƴƎŜǎ ƛƴ ʲо ƛƴǘŜƎǊƛƴ 

expression did not affect the behavior of female mice (Figure 20Bii, C and Dii), confirming the sex 

specificity of the observed social deficits. 

Taken together these data suggest that male WT gRNAs 1+2 mice exhibit significant deficits in 

habituation to the familiar mice over time. Additionally, they show altered social interest and 

impaired social discrimination, which may be further exacerbated during potentially stressful 

direct interactions.  

Figure 18. CRISPRa ŦƻǊ ʲо ƛƴǘŜƎǊƛƴ ŘƻŜǎ ƴƻǘ ŀŦŦŜŎǘ ōŜƘŀǾƛƻǊ ƛƴ ǘƘŜ ƻǇŜƴ ŦƛŜƭŘ ǘŜǎǘΦ (A) Tracking plots of the center of 
the body of a WT gRNA Ctrl mouse (grey) and a WT gRNAs 1+2 (blue). The external black square shows the limits of 
the arena (40 x 40 cm), the smaller red square represents the central area (20 x 20 cm). (B) Total distance traveled (i) 
(males: WT gRNA Ctrl 60.83 ± 3.99 m; WT gRNAs 1+2 60.69 ± 3.88 m; p=0.9816; females: WT gRNA Ctrl 68.07 ± 4.51 
m; WT gRNAs 1+2 62.83 ± 3.06 m; p=0.3353). Average speed (ii) (males: WT gRNA Ctrl 6.73 ± 0.44 cm/s; WT gRNAs 
1+2 6.71 ± 0.43 cm/s; p=0.9753; females: WT gRNA Ctrl 7.54 ± 0.50 cm/s; WT gRNAs 1+2 6.96 ± 0.34 cm/s; p=0.3303). 
Grooming time (iii) (males: WT gRNA Ctrl 29.44 ± 3.78 s; WT gRNAs 1+2 34.33 ± 4.10 s; p=0.3997; females: WT gRNA 
Ctrl 28.78 ± 3.59 s; WT gRNAs 1+2 25.25 ± 1.48 s; p=0.3521). Time spent in the center (iv) (males: WT gRNA Ctrl 103.89 
± 12.80 s; WT gRNAs 1+2 77.92 ± 6.52 s; p=0.1295; females: WT gRNA Ctrl 71.61 ± 6.85 s; WT gRNAs 1+2 84.90 ± 8.17 
s; p=0.2262). Data are presented as mean + s.e.m. Statistics were performed with unpaired t-test comparing WT gRNA 
Ctrl and WT gRNAs 1+2 male and female mice separately (male: WT gRNA Ctrl n=18, WT gRNAs 1+2 n=12; female: WT 
gRNA Ctrl n=18, WT gRNAs 1+2 n=20). 
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Figure 19. CRISPRa ŦƻǊ ʲо ƛƴǘŜƎǊƛƴ affects social novelty preference in male mice. (A) Schematics of the behavioral 
task and the mathematical formulas used to calculate habituation, sociability, and novelty indexes. (B) Left: time spent 
exploring the left and right chambers during habituation (males: WT gRNA Ctrl p=0.451; WT gRNAs 1+2 p=0.146; 
females: WT gRNA Ctrl p=0.379; WT gRNAs p=0.526; paired t-test left versus right); right: habituation index (males: 
WT gRNA Ctrl 0.043 ± 0.051; WT gRNAs 1+2 0.098 ± 0.059; p=0.528; females: WT gRNA Ctrl 0.040 ± 0.039; WT gRNAs -
0.054 ± 0.085; p=0.317).(C) Left: Time spent exploring a stranger mouse (S1) and an object (Ob) (males: WT gRNA Ctrl 
p<0.001; WT gRNAs 1+2 p<0.001; females: WT gRNA Ctrl p<0.001; WT gRNAs p<0.001; paired t-test Ob versus S1); 
right: sociability index (males: WT gRNA Ctrl 0.505 ± 0.048; WT gRNAs 1+2 0.430 ± 0.045; p=0.262; females: WT gRNA 
Ctrl 0.417 ± 0.048; WT gRNAs 0.347 ± 0.044; p=0.302) (D) Left: time spent exploring the now familiar mouse (S1) and a 
novel stranger mouse (S2) (males: WT gRNA Ctrl p=0.005; WT gRNAs 1+2 6.71 p=0.6618; females: WT gRNA Ctrl 
p=0.03; WT gRNAs p=0.02; paired t-test S2 versus S1); right: novelty index (males: WT gRNA Ctrl 0.307 ± 0.076; WT 
gRNAs 1+2 0.085 ± 0.059; p=0.0285; females: WT gRNA Ctrl 0.163 ± 0.049; WT gRNAs 0.301 ± 0.084; p=0.1649). Data 
are presented as mean + s.e.m. Statistics were performed with paired t-test (B, C, D left) and unpaired t-test (B, C, D 
right) (male: WT gRNA Ctrl n=11, WT gRNAs 1+2 n=14; female: WT gRNA Ctrl n=11, WT gRNAs 1+2 n=10). *p<0.05, 
**p<0.01, ***p<0.001. 
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Figure 20Φ /wL{twŀ ŦƻǊ ʲо ƛƴǘŜƎǊƛƴ ŀŦŦŜŎǘǎ ǎƻŎƛŀƭ ǊŜŎƻƎƴƛǘƛƻƴ ƳŜƳƻǊȅ ƛƴ ƳŀƭŜ ƳƛŎŜΦ (A) Schematics of the behavioral 
task. (B) Time spent interacting with Intruder 1 and Intruder 2 (males: WT gRNA Ctrl 53.78 ± 3.80 s, 31.79 ± 3.90 s, 
26.18 ± 2.25 s, 17.75 ± 2.29 s, 45.51 ± 4.23 s; WT gRNAs 1+2 40.59 ± 4.10 s, 35.87 ± 4.54 s, 33.99 ± 3.13 s, 25.36 ± 4.19 
s, 40.03 ± 3.60 s; interaction: F (4, 104)=5.629, p<0.001; trial: F (3.539, 92.01)=27.51, p<0.001; gRNA: F (1, 
26)=0.001786, p=0.97; females: WT gRNA Ctrl 53.94 ± 4.53 s, 28.06 ± 3.23 s, 23.75 ± 4.42s, 18.55 ± 3.41 s, 43.71 ± 5.32 
s; WT gRNAs 1+2 48.56 ± 4.96 s, 29.91 ± 5.14 s, 16.76 ± 2.09 s, 13.64 ± 1.45 s, 33.85 ± 4.99 s; interaction: F (4, 
76)=1.217. p=0.3108; trial: F (3.212, 61.03)=52.97, p<0.001; gRNA: F (1, 19) = 1.131, p=0.3009). (C) Time interacting 
during the 1st trial (males: WT gRNA Ctrl 53.78 ± 3.80 s, WT gRNAs 40.59 ± 4.10 s, p=0.03; females: WT gRNA Ctrl 53.94 
± 4.53 s, WT gRNAs 1+2 48.56 ± 4.96 s, p=0.43). (D) Percentage (%) of reduction and increase of the time interacting 
with Intruder 1 and Intruder 2 (males: interaction: F (3, 78)=12.947, p<0.001; trial: F (1.3598, 35.355)=87.992, 
p<0.001; gRNA: F (1, 26)=0.014105, p=0.91; females: interaction: F (3, 57)=0.5169, p=0.67: trial: F (1.096, 
20.83)=99.08, p<0.001; F (1, 19)=0.9380, p=0.35). Data are presented as mean + s.e.m. Statistics were performed with 
repetitive measure two-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘ (B and C) and unpaired t-test (D) 
(male: WT gRNA Ctrl n=14, WT gRNAs 1+2 n=14; female: WT gRNA Ctrl n=11, WT gRNAs 1+2 n=10). *p<0.05, **p<0.01, 
***p<0.001. 
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3.2 /wL{twŀ ŦƻǊ ʲо ƛƴǘŜƎǊƛƴ ŘƻŜǎ ƴƻǘ ŀŦŦŜŎǘ ŘŜǇǊŜǎǎƛǾŜ and anxious behavior 

Variations in depression and anxiety can introduce artifacts when attempting to interpret mouse 

behavior, such as feelings of fear, social anxiety, and social isolation (Acikgoz et al., 2022; 

Silverman et al., 2010)Φ {ƛƴŎŜ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ŜƴŘƻƎŜƴƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʲо ƛƴǘŜƎǊƛƴ ƛƴ ƳŀƭŜ ǿƛƭŘ-

type mice led to deficits in social behavior and because these effects were more pronounced 

during direct interactions, I performed additional tests to assess if they could result from anxious 

and/or depressive states. As the female mice did not show any defect in social interactions, I 

focused only on males. 

The tail suspension test, used ǘƻ ŀǎǎŜǎǎ ǘƘŜ άŘŜǇǊŜǎǎƛƻƴ-ƭƛƪŜέ ōŜƘŀǾƛƻǊ by measuring immobility 

time over a total duration of 6 minutes did not reveal any difference between the two 

experimental groups (Figure 21A). Similarly, the light/dark transition test, used to assess the 

anxiety level by quantifying the time spent in the lit compartment during the 10-minute 

observation period, showed that mice ǿƛǘƘ ƘƛƎƘŜǊ ƭŜǾŜƭ ƻŦ ʲо ƛƴǘŜƎǊƛƴ ōŜƘŀǾŜŘ ƭƛƪŜ ǘƘŜ ŎƻƴǘǊƻƭ 

group (Figure 21B). This was further confirmed by the absence of differences in all measured 

parameters during the elevated plus maze test (Figure 21C). Altogether, these results suggest that 

the social memory ŘŜŦƛŎƛǘǎ ƻōǎŜǊǾŜŘ ƛƴ ƳŀƭŜǎ ǿƛǘƘ ƛƴŎǊŜŀǎŜŘ ʲо ƛƴǘŜƎǊƛƴ ƭŜǾŜƭǎ ŀǊŜ ƴƻǘ ŘǳŜ ǘƻ 

underlying depression or anxiety. 
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3.3 ±ŀǊƛŀǘƛƻƴ ƻŦ ʲо ƛƴǘŜƎǊƛƴ ŜȄǇǊŜǎǎƛƻƴ ƭŜǾŜƭǎ ŘƻŜǎ ƴƻǘ ŀŦŦŜŎǘ ƴƻǾŜƭ ƻōƧŜŎǘ ǊŜŎƻƎƴƛǘƛƻƴ ƳŜƳƻǊȅ 

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 (NOR; Figure 22A) is a fast and efficient test to assess different phases of 

learning and memory in mice (Antunes & Biala, 2012). Since both Itgb3 KO and WT gRNAs 1+2 

mice show defects in social novelty preference and social memory, I 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 zero (Figures 22B 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 time (Figure 

22C and 22E). This suggests that Itgb3 KO and WT gRNAs 1+2 mice exhibit deficits specifically in 

social memory, while other forms of memory remain unaffected. 

  

Figure 21Φ /wL{twŀ ŦƻǊ ʲо ƛƴǘŜƎǊƛƴ ŘƻŜǎ ƴƻǘ ŀŦŦŜŎǘ ŘŜǇǊŜǎǎƛǾŜ ŀƴŘ ŀƴȄƛƻǳǎ ōŜƘŀǾƛƻǊǎΦ (A) Schematics of tail 
suspension test and quantification of time spent immobile over a total time of 6 minutes (WT gRNA Ctrl 303.61 ± 12.59 
s; WT gRNAs 1+2 293.50 ± 18.42 s; p=0.10). (B) Schematics of light/dark transition test and quantification of time spent 
in the lit compartment over 10 minutes (WT gRNA Ctrl 213.72 ± 5.95 s; WT gRNAs 1+2 194.86 ± 9.70 s; p=0.65). (C) 
Schematics of elevated plus maze test and time spent in the open arm (WT gRNA Ctrl 101.39 ± 25.32 s; WT gRNAs 1+2 
58.86 ± 15.98 s; p=0.18), number of entries in the open arm (WT gRNA Ctrl 6.87 ± 0.99; WT gRNAs 1+2 4.37 ± 0.73 s; 
p=0.06), ratio (%) of time in the open arm (WT gRNA Ctrl 40.36 ± 10.48 %; WT gRNAs 1+2 23.55 ± 7.11 %; p=0.21), 
distance traveled in the open arm (WT gRNA Ctrl 55.71 ± 8.59 dm; WT gRNAs 1+2 32.83 ± 9.40 dm s; p=0.09); time 
spent in the closed arm (WT gRNA Ctrl 153.99 ± 27.66 s; WT gRNAs 1+2 206.92 ± 23.33 s; p=0.17), number of entries in 
the closed arm (WT gRNA Ctrl 6.62 ± 0.91; WT gRNAs 1+2 5.38 ± 0.82 s; p=0.32), ratio (%) of time in the closed arm 
(WT gRNA Ctrl 59.64 ± 10.48 %; WT gRNAs 1+2 76.45 ± 7.11 %; p=0.21), distance traveled in the closed arm (WT gRNA 
Ctrl 72.11 ± 10.13 dm; WT gRNAs 1+2 70.87 ± 13.20 dm s; p=0.94). Data are presented as mean + s.e.m. Statistics were 
performed with unpaired t-test (A and B, WT gRNA Ctrl n=18, WT gRNAs 1+2 n=16; C, WT gRNA Ctrl n=8, WT gRNAs 
1+2 n=8). 
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3.4  /wL{twŀ ŦƻǊ ʲо ƛƴǘŜƎǊƛƴ affects social olfactory discrimination and hierarchy behavior 

Olfactory cues are very important for communication in mice and abnormalities in odor 

discrimination can underlie impairments in social behavior (Silverman et al., 2010). Therefore, I 

controlled if ƳƛŎŜ ǿƛǘƘ ŀƭǘŜǊŜŘ ʲо ƛƴǘŜƎǊƛƴ ŜȄǇǊŜǎǎƛƻƴ could discriminate and habituate to different 

odors. Itgb3 constitutive KO male mice exhibited deficits in social novelty preference and social 

memory (Figures 9B and 9C), but were able to habituate and discriminate different odors similarly 

to WT (Figure 23B) (Morais, 2018). 

To assess whether injected mice showed defects in odor discrimination, I performed the same 

olfactory habituation/dishabituation test. As reported in Figure 23A, the two experimental groups 

did not show any defect when exposed to two non-social odors (almond and banana). In contrast, 

when exposed to two different social odors, WT gRNA Ctrl mice were able to habituate and then 

discriminate between the odors, whereas WT gRNAs 1+2 mice could not discriminate the second 

social odor from the first one. Because WT gRNAs 1+2 mice were able to habituate and 

discriminate non-social odors, WT gRNAs 1+2 mice are likely to have a specific defect in social odor 

discrimination, rather than a general defect in the olfactory system. 

To further characterized the social deficits present in WT gRNAs 1+2 mice, I performed a tube 

dominance test to assess the social hierarchy. Indeed, social hierarchy is a fundamental self-

organizing scheme in most animal societies where group members establish dominant or 

subordinate statuses to determine access to resources, which has a profound impact on 

ƛƴŘƛǾƛŘǳŀƭǎΩ ǎǳǊǾƛǾŀƭΣ ƘŜŀƭǘƘ ŀƴŘ ōŜƘŀǾƛƻǊǎ (Fan et al., 2019). Interestingly WT gRNAs 1+2 mice 

showed a drastically lower percentage of wins compared to the control group during the five days 

of testing, suggesting a subordinate behavior when faced with stranger WT gRNAs Ctrl mice 

(Figure 24A). This subordinate behavior may explain the reduced social interest observed when 

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

Since Itgb3 constitutive KO male mice also exhibited deficits in social novelty preference and social 

memory, I performed the tube dominance test on WT and Itgb3 KO mice. Although the phenotype 

was less pronounced than in the injected mice, Itgb3 KO mice displayed a subordinate behavior 

when faced with stranger WT mice, with a trend toward a lower overall percentage of wins 

compared to the control group (Figure 24B). 

Figure 22. WT gRNAs 1+2 and Itgb3 KO mice do not show defect in NOR test. (A) Schematics of the behavioral task 
and the mathematical formulas used to calculate preference and discrimination indexes. (B) Left: time spent exploring 
object 1 and object 2 during familiarization (WT gRNA Ctrl p=0.36; WT gRNAs 1+2 p=0.45; paired t-test Obj1 versus 
Obj2); middle: preference index (WT gRNA Ctrl 0.024 ± 0.027; WT gRNAs 1+2 -0.045 ± 0.057; p=0.28); right: total time 
interacting with object 1 and object 2 (WT gRNA Ctrl 27.61 ± 1.94 s; WT gRNAs 1+2 22.97 ± 3.56 s; p=0.25). (C) Left: 
time spent exploring novel object and familiar object during test phase (WT gRNA Ctrl p=0.006; WT gRNAs 1+2 p=0.03; 
paired t-test Novel Obj versus Familiar Obj); middle: discrimination index (WT gRNA Ctrl 0.096 ± 0.187; WT gRNAs 1+2 
0.188 ± 0.255; p=0.77); right: total time interacting with novel object and familiar object (WT gRNA Ctrl 28.53 ± 6.05 s; 
WT gRNAs 1+2 17.40 ± 5.31 s; p=0.20). (D) As in B but for Itgb3 WT and KO mice; left: (WT p=0.41; KO p=0.06; paired t-
test Obj1 versus Obj2); middle: (WT -0.019 ± 0.023; KO -0.067 ± 0.026; p=0.18); right: (WT 27.83 ± 6.29 s; KO 25.55 ± 
6.50 s; p=0.81). (E) As in C but for Itgb3 WT and KO mice; left: (WT p=0.02; KO p=0.05; paired t-test Novel Obj versus 
Familiar Obj); middle: (WT 0.372 ± 0.070; KO 0.518 ± 0.065; p=0.16); right: (WT 20.44 ± 6.56 s; KO 21.18 ± 9.89 s; 
p=0.95). Data are presented as mean + s.e.m. Statistics were performed with paired t-test (B, C, D, E left) and unpaired 
t-test (B, C, D, E middle and right) (WT gRNA Ctrl n=7, WT gRNAs 1+2 n=6; WT n=8, KO n=6). *p<0.05, **p<0.01, 
***p<0.001. 
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Layer V pyramidal neurons constitute the principal output neurons of the medial mPFC, and this is 

an important hub region for working memory formation and for social competition and hierarchy 

(Choi et al., 2024; Xu et al., 2020). Altogether, these results demonstrate that mƻŘǳƭŀǘƛƻƴ ƻŦ ʲо 

integrin expression in both directions, along with the consequent changes in synaptic efficacy or 

neuronal activity in the mPFC, affects social behavior by influencing social habituation, recognition 

memory and the social hierarchy. 

 

 

Figure 23. /wL{twŀ ŦƻǊ ʲо ƛƴǘŜƎǊƛƴ ŀŦŦŜŎǘǎ ǎƻŎƛŀƭ ƻƭŦŀŎǘƻǊȅ ŘƛǎŎǊƛƳƛƴŀǘƛƻƴΦ ό!ύ Time WT gRNA Ctrl and WT gRNAs 1+2 
mice interact with cotton swabs embedded in water, or containing non-social (almond and banana) or social scents 
(social 1, social 2) odors. Statistics were performed with repetitive measures two-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ 
multiple comparison test comparing the odor presented three times vs the sequential first time presented odor to 
appreciate the habituation/dishabituation behavior (water vs almond, interaction: F (3, 33)=1.042, p=0.38; odor: F 
(2.400, 26.40)=50.07, p<0.001; gRNA: F (1, 11)=2.327, p=0.15; almond vs banana, interaction: F (3, 33)=0.1595, 
p=0.92; odor: F (1.644, 18.09)=57.96, p<0.001; gRNA: F (1, 11)=0.4603, p=0.51; ; banana vs social 1, interaction: 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, p=0.66; social 1 vs social 2, 
interaction: F (3, 33)=1.551, p=0.22; odor: F (2.235, 24.59)=7.275, p=0.003; gRNA: F (1, 11)=0.008410, p=0.93; social 2, 
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, p=0.15). (B) As in A 
bur for Itgb3 WT and KO mice (water vs almond, interaction: F (3, 90)=0.9049, p=0.44; odor: F (1.106, 33.19)=13.63, 
p<0.001; genotype: F (1, 30)=0.8930, p=0.35; almond vs banana, interaction: F (3, 90)=0.3179, p=0.81; odor: F (1.793, 
53.78)=12.52, p<0.001; genotype: F (1, 30)=0.5023, p=0.48; ; banana vs social 1, interaction: F (3, 90)=0.6090, p=0.61; 
odor: F (1.696, 50.89)=33.65, p<0.001; genotype: F (1, 30)=0.007081, p=0.93; social 1 vs social 2, interaction: F (3, 
90)=0.8641, p=0.46; odor: F (2.113, 63.39)=14.12, p<0.001; genotype: F (1, 30)=0.4142, p=0.53; social 2, interaction: 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 are presented 
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<0.001. 
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3.5 Variation in ʲо ƛƴǘŜƎǊƛƴ ŜȄǇǊŜǎǎƛƻƴ ƭŜǾŜƭǎ ŀŦŦŜŎǘǎ the expression of Early Genes and genes 

related to ASD 

Variation in physiological levels ƻŦ ʲо ƛƴǘŜƎǊƛƴ ŜȄǇǊŜǎǎƛƻƴ can affect social novelty preference and 

social recognition memory, specifically in males. Learning and memory result from constant 

alterations of synaptic connections. Integrins, by interacting with ECM play a critical role in 

regulating synaptic connectivity and plasticity, thereby potentially contributing to memory 

formation (Biose et al., 2023). aƻǊŜƻǾŜǊΣ ʲо ƛƴǘŜƎǊƛƴ ǇƻǎƛǘƛǾŜƭȅ ŎƻǊǊŜƭŀǘŜǎ ǿƛǘƘ ǘƘŜ ƻǾŜǊŀƭƭ ŦƛǊƛƴƎ 
activity and synchrony of cortical neuronal networks in vitro (Jaudon et al., 2022). In light of this, it 

is tempting to speculate that similar mechanisms happen in vivo. Therefore, because experimental 

data suggest an essential role of the upregulation of IEGs among neuronal subpopulations in 

regions associated with learning and memory (Gallo et al., 2018), I analyzed variations in the 

expression levels of some Immediate Early Genes (IEGs) to determine whether the cortical activity 

was altered in vivo.  

To do this, I performed a modified social recognition memory test, to investigate social memory 

and social novelty interest in Itgb3 KO and WT gRNAs 1+2 mice. After the behavioral test, brain 

tissue was isolated for RT-qPCR and transcriptomics analysis (Figure 25A). 

In this experiment, the 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 mouse (social habituation) or to a novel one (social novelty). When 

tested for social habituation, both WT and Itgb3 KO mice showed a reduction in the time 

interacting with the stimulus mouse during the second encounter and similar memory indexes 

(Figure 25B). In contrast, when mice were tested for social novelty, while the WT mice interacted 

with the two stimulus mice for the same amount of time, Itgb3 KO mice showed a reduction in 

Figure 24. WT gRNAs 1+2 and Itgb3 KO mice show defects in the tube dominance test. (A) Left: percentage (%) of 

wins per day (calculated out of the three matches) for WT gRNA Ctrl and WT gRNAs 1+2 (interaction: F (4, 60)=2.719, 

p=0.04; encounter: F (4, 60)=2.414e-031, p<0.999; gRNA: F (1, 60)=92.64, p<0.001). Right: total percentage of wins 

over the five days for WT gRNA Ctrl and WT gRNAs 1+2 (p<0.001). (B) As in A but for WT and Itgb3 KO mice; left 

(interaction: F (4, 50)=0.4667, p=0.7598; encounter: F (4, 50)=3.393e-031, p<0.999; genotype: F (1, 50)=5.633, 

p=0.02); right (p=0.1299). Data are presented as mean + s.e.m. Statistics were performed with two-way ANOVA 

ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘ όA and B left) and unpaired t-test ((A and B right)) (WT gRNA Ctrl n=7, 

WT gRNAs 1+2 n=7; WT n=6, KO n=6). *p<0.05, **p<0.01, ***p<0.001. 
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interaction time during the second encounter, resulting in a significantly reduced novelty index 

(Figure 25C). These results suggest that Itgb3 KO mice may remember having a social encounter, 

as they habituated when presented twice with the same mouse, but they are not able to 

remember with whom they interacted. This inability to discriminate social and familiar mice could 

explain their similar behavior during the four trials of social habituation and the social novelty 

phase of the three-chamber test. 

When the same test was performed on WT gRNAs 1+2 mice, even if both groups spent less time 

interacting with a stimulus mouse during the second encounter, WT gRNAs 1+2 mice showed a 

memory index higher than the control group, suggesting deficits in social habituation (Figure 25D). 

As observed for the Itgb3 KO mice, in the social novelty test, WT gRNAs 1+2 mice failed to 

recognize the novel mouse and interacted less during the second encounter compared to the WT 

gRNA Ctrl mice, suggesting deficits in social novelty recognition (Figure 25E). 

In conclusion, these results suggest that, because during the novelty phase they are not able to 

recognize a novel mouse and tend to consider it as a familiar one, both Itgb3 KO and WT gRNAs 

1+2 mice present deficits in social memory. 

 

After the behavioral test each animal was sacrificed, and the medial prefrontal cortex (mPFC) was 

isolated for mRNA extraction, and qRT-PCR was performed on a set of selected immediate-early 

genes (IEGs). In the brain, neuronal gene expression changes in response to neuronal activity. In 

particular, the expression of IEGs is rapidly and selectively upregulated in subsets of neurons in 

specific brain regions associated with the brain activity (Minatohara et al., 2016). We evaluated 

the expression of seven different early genes: Arc (activity-regulated cytoskeletal-associated 

protein), CREB (cAMP-responsive element-binding protein), cFos (Fos proto-oncogene), Dusp6 

(Dual specificity phosphatase 6), Egr1 (Early growth response 1), Egr2 (Early growth response 2) 

and Npas4 (Neuronal PAS Domain Protein 4). Comparing WT and Itgb3 KO mice, significant 

differences in the pattern of IEGs were observed after the different behavioral tests and between 

the two genotypes (Figure 26A). In particular, focusing on Arc, CREB and cFos, known to be 

involved in neuronal plasticity, learning, and memory in the adult brain, WT mice exhibited a 

significant increase in their expression after the social novelty test, while no such increase was 

observed in Itgb3 KO mice, whose relative mRNA expression remained comparable to that of the 

mock group. In contrast, as shown in Figure 26B, the CRISPRa treatment resulted in higher basal 

levels of IEGs in the mock condition compared to the WT gRNAs Ctrl group but it abolished the 

mRNA expression increases observed after the behavioral tests. 

Transcriptomics analysis performed by our collaborator E. Fornasiero (UniTs) on WT and Itgb3 KO 

mice identified six genes that were upregulated in WT mice undergoing social tests compared to 

mock control mice: Adora2a (Adenosine A2A receptor ς A2AR), Drd1 and Drd2 (Dopamine Receptor 

D1 and D2), Nr4a2 (nuclear receptor 4A2), Pxdn (Peroxidasin), Ppp1r1b (Protein phosphatase 1 

regulatory subunit 1B). Dopaminergic receptors regulate a wide range of functions such as 

learning, attention, decision making. Alterations in these receptors are associated with autistic-like 

symptoms in animal models and have been genetically associated with ASD. For example, a recent 

study, focusing on the characterization of a novel rat model with a genetic mutation in the 

dopamine D1 receptor (Drd1), which renders the receptor less stable, showed that mutants rats 
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displayed normal locomotor activity and anxiety-like behaviour, but exhibited social cognition 

deficits (Homberg et al., 2016). Additionally, genetic studies reveal that polymorphisms in the A2AR 

gene are nominally associated with ASD and influence phenotypic variability in symptom 

manifestation (Shen et al., 2018). 

Further validation using qRT-PCR across all experimental groups revealed that the Adora2a and 

Drd1 genes, known to have a role in social behavior and autism-like phenotypes, displayed 

differential expression patterns between the two mouse models. As shown in Figure 27A, there 

were no significant differences in the relative expression of Adora2a and Drd1 genes when 

comparing WT and Itgb3 KO mice, as both genotypes showed a tendency to increase expression 

after social interaction. In contrast, WT gRNA Ctrl and WT gRNAs 1+2 mice exhibited significant 

differences in the expression of Adora2a and Drd1, with neither gene showing an increase in 

mRNA expression in WT gRNAs 1+2 mice following social stimuli (Figure 27B).  

Because the major behavioral defect was detectable during the social novelty test, I plotted the 

correlation between the relative mRNA expression of Adora2a and Drd1 and the interaction time 

during the second encounter. Normally, mice interact an equal amount of time during the 

exposure to two different mice. As shown in Figure 28, for WT mice, Adora2a and Drd1 expression 

was positively correlated to the interaction time, with an increase in expression accordingly to the 

increase of interacting time. This result suggests a potential involvement of this pathway in 

sociability and memory formation. In contrast, Itgb3 KO mice showed divergent results: for 

Adora2a expression they exhibited a negative correlation, with higher mRNA expression 

corresponding to a shorter interaction time, while no correlation was observed for Drd1 

expression, differently from what observed in WT mice. Altogether, these data suggest a possible 

interaction between Adora2a and Drd1 during social interaction and memory formation, and a 

potential role of ʲо ƛƴǘŜƎǊƛƴ in regulating this pathway. Similar analysis will be performed in 

injected mice when a sufficient number of animals will have been tested. 

In conclusion, these results suggest that although the two mouse models exhibit similar social 

memory defectsΣ ǘƘŜ ŀōǎŜƴŎŜ ƻǊ ƛƴŎǊŜŀǎŜŘ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʲо ƛƴǘŜƎǊƛƴ in layer V pyramidal neurons 

induces differential gene expression in response to social stimuli. Considering this, I speculate that 

this may reflect differing basal cortical activityΥ ǿƘŜƴ ʲо ƛƴǘŜƎǊƛƴ ŜȄǇǊŜǎǎƛƻƴ ƛǎ ŀōƭŀǘŜŘ, cortical 

activity is low, whereas increased ŜƴŘƻƎŜƴƻǳǎ ʲо ƛƴǘŜƎǊƛƴ levels result in higher basal network 

activity which may prevent further activation. 
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Figure 25. Itgb3 KO and WT gRNAs 1+2 male mice show defects in social novelty. (A) Schematics of the behavioral 
task and the mathematical formulas used to calculate memory and novelty indexes. (B) Left: time spent exploring 
the stimulus mouse during the first and the second encounter (WT p<0.001; KO p=0.002; paired t-test 1st versus 2nd 
encounter); right: memory index (WT -0.473 ± 0.070; KO -0.474 ± 0.087; p=0.9924). (C) Left: Time spent exploring 
two stranger mice (S1 and S2) (WT p=0.2121; KO p=0.04; paired t-test S1 versus S2); right: novelty index (WT -
0.030 ± 0.025; KO -0.264 ± 0.098; p=0.01). (D) As in B but for WT gRNA Ctrl and WT gRNAs 1+2 mice; left (WT gRNA 
Ctrl p<0.001; WT gRNAs 1+2 p=0.002; paired t-test 1st versus 2nd encounter); right (WT gRNA Ctrl -0.551 ± 0.058; 
WT gRNAs 1+2 -0.318 ± 0.085; p=0.0519). (E) As in C but for WT gRNA and WT gRNAs 1+2 mice; left (WT gRNA Ctrl 
p=0.7579; WT gRNAs 1+2 6.71 p=0.0701; paired t-test S1 versus S2); right (WT gRNA Ctrl -0.005 ± 0.068; WT gRNAs 
1+2 -0.327 ± 0.140; p=0.0585). Data are presented as mean + s.e.m. Statistics were performed with paired t-test (B, 
C, D, E left) and unpaired t-test (B, C, D, E right) (social memory: WT n=7, KO n=8; WT gRNA Ctrl n=7, WT gRNAs 
1+2 n=9; social novelty: WT n=8, KO n=8; WT gRNA Ctrl n=8, WT gRNAs 1+2 n=8). *p<0.05, **p<0.01, ***p<0.001. 
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Figure 26. Variations in ʲо ƛƴǘŜƎǊƛƴ ŜȄǇǊŜǎǎƛƻƴ ƭŜǾŜƭǎ ŀŦŦŜŎǘ ŘƛŦŦŜǊŜƴǘƭȅ ǘƘŜ L9Dǎ ŜȄǇǊŜǎǎƛƻƴ ƛƴ Itgb3 KO and WT 

gRNAs 1+2 male mice. (A) Relative mRNA expression of IEGs (Arc; Mock: WT 1.000 ± 0.012, KO 0.837 ± 0.114; Social 

habituation: WT 1.369 ± 0.133, KO 0.958 ± 0.208; Social novelty: WT 1.672 ± 0.225, KO 0.944 ± 0.198; CREB; Mock: WT 

1.000 ± 0.042, KO 1.180 ± 0.070; Social habituation: WT 1.694 ± 0.176, KO 1.257 ± 0.137; Social novelty: WT 3.464 ± 

0.847, KO 1.405 ± 0.216; cFos; Mock: WT 1.000 ± 0.064, KO 1.154 ± 0.189; Social habituation: WT 2.451 ± 0.507, KO 

1.801 ± 0.425; Social novelty: WT 2.741 ± 0.386, KO 1.614 ± 0.339; Dusp6; Mock: WT 1.000 ± 0.090, KO 0.603 ± 0.050; 

Social habituation: WT 1.081 ± 0.157, KO 1.575 ± 0.353; Social novelty: WT 0.992 ± 0.094, KO 1.020 ± 0.158; Egr1; 

Mock: WT 1.000 ± 0.096, KO 0.821 ± 0.056; Social habituation: WT 0.991 ± 0.096, KO 0.743 ± 0.096; Social novelty: WT 

1.102 ± 0.171, KO 0.812 ± 0.122; Egr2; Mock: WT 1.000 ± 0.095, KO 0.645 ± 0.094; Social habituation: WT 1.249 ± 

0.114, KO 1.199 ± 0.131; Social novelty: WT 1.185 ± 0.129, KO 1.083 ± 0.118; Npas4; Mock: WT 1.000 ± 0.108, KO 

0.727 ± 0.057; Social habituation: WT 1.322 ± 0.181, KO 0.975 ± 0.144; Social novelty: WT 1.397 ± 0.169, KO 0.863 ± 

0.127). 
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