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"One day, I'll go live in 'Theory'! Because in Theory… EVERYTHING is fine!" "If you ever get close to a human and human behaviour, be ready to get confused.

There's definitely no logic to human behaviour, but yet so, yet so irresistible."

Human behaviour, Björk

REMERCIEMENTS

To the all members of my jury Before all, I would like to thank all member of my jury for give me the honor of judging my research during this Ph.D. I sincerely thank Dr Wim Crusio and Dr Markus Wöhr to have accepted to be my thesis rapporteurs and for bringing their expertise. I also would like to thank Dr Pierre Gresens to chair my jury as well as Camilla Bellone to review my work.

Aux laboratoire GHFC et aux membres de l'Institut Pasteur

Je tiens à remercier sincèrement Elodie Ey de m'avoir proposé ce stage de M2 ainsi que cette thèse. Merci d'avoir encadré mon travail pendant ces 4 ans et de m'avoir permis, je pense, d'améliorer mes compétences et mes connaissances scientifiques. Merci encore pour tous tes conseils lors de la rédaction de ce manuscrit et pendant toutes mes présentations.

Merci beaucoup Thomas Bourgeron de m'avoir accueilli au sein de ton laboratoire pour mon stage de M2 et de m'avoir fait confiance tout au long de cette thèse afin de mener à bien ce projet.

Merci aussi pour toutes ces discussions et ces échanges scientifiques que l'on a pu avoir pendant ces 4ans.

Anne-Marie Le Sourd, un grand merci pour toute ton aide, pour tout le travail que tu as fait et qui m'a grandement aidé et pour ta bonne humeur quotidienne, tes encouragements. Je te souhaite le meilleur pour ta retraite et sache que tu nous as manquée pour ma dernière année de thèse.

Un énorme merci à Anne Biton, qui m'a grandement aidé pour l'étude d'ARN. Heureusement que tu restais toujours de bonne humeur devant ces résultats et on va finir par la terminer ! A tous mes co-thésard, les anciens, Laura, Marion et Coralie, la plus ou moins ancien, Ophélie, et les encore moins anciens, Oscar, Aline et Min. Merci à vous pour votre bonne humeur, votre gentillesse (ça dépend qui bien évidemment), et toutes ces discussions intellectuelles (tout est relatif). Je souhaite remercier chaleureusement mes parents, mon frère et de ma soeur. Merci de m'avoir toujours soutenu, motivé et cru en moi pendant ces quatre années mais également bien avant. Je ne saurai jamais comment vous remercier.

Pour finir, j'aimerais remercier, autant que faire se peut, la personne qui me supporte et soutien depuis les premières semaines de cette thèse. Sans toi et ton humour cela n'aurait pas été pareil ni faisable.

Merci pour tout Chloé.

SUMMARY

Autism spectrum disorders (ASD) are neurodevelopmental psychiatric disorders characterised by alterations in social communication, including social interactions and social signals such as speech, as well as stereotyped behaviours and restricted interests (American Psychiatric Association 2013).

Behind this apparently unified definition, an important phenotypic variability is present, from severe disabilities to subtle impairments of personality traits [START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF]. Furthermore, individuals with ASD display several comorbidities, like intellectual disability, hyperactivity or epilepsy. ASD affect approximately 1-2% of people in the population.

More than 1000 genes were associated with ASD, the majority of them encoding synaptic proteins [START_REF] Huguet | The Genetic Landscapes of Autism Spectrum Disorders[END_REF][START_REF] Bourgeron | From the Genetic Architecture to Synaptic Plasticity in Autism Spectrum Disorder[END_REF]. Among these genes, the SHANK family, encoding synaptic scaffolding proteins and composed by SHANK1, SHANK2 and SHANK3, is significantly associated with ASD. All SHANK genes are expressed in the post-synaptic density of glutamatergic synapses, but each member displays different brain expression patterns.

There is a phenotypic inter-individual variability between patients carrying a deleterious SHANK mutation [START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF]. SHANK3 mutations account for 1-2% of patients with ASD and intellectual disability. Interestingly, different studies reported a worsening of the phenotype and a regression of some aspects of behaviour in adolescence and adulthood for SHANK3 patients [START_REF] Guilmatre | The Emerging Role of SHANK Genes in Neuropsychiatric Disorders[END_REF][START_REF] Rubeis | Delineation of the Genetic and Clinical Spectrum of Phelan-McDermid Syndrome Caused by SHANK3 Point Mutations[END_REF].

Following these clinical and genetic observations, we propose to characterise a specific Shank3 mouse models, displaying mutation in exon 11, at the behavioural level (a longitudinal study between three and twelve months of age) and at the molecular level (transcriptome analysis using RNA sequencing). We performed behavioural tests on male and female littermates. Then, we performed RNA sequencing on 12-months old animals in four brain structures (cortex, striatum, hippocampus, cerebellum).

We observed a decrease of exploratory behaviours, an increase of socio-sexual interactions as well as an increase of stereotyped behaviours. We also noticed a worsening of stereotyped behaviour with increasing age. These behaviours can be explained by impairments in cell signalling of specific neurons in striatum, based on RNA sequencing data.

Altogether, this project provides a comprehensive characterisation of a mouse model of ASD.

It sheds some light on the molecular mechanisms possibly involved in a subgroup of patients with ASD and mutated in SHANK3. This insight could reveal new therapeutic approaches for the patients targeting the imbalance in striatal neurons.

RESUME

Les troubles du spectre autistique (TSA) sont des troubles psychiatriques neurodéveloppementaux caractérisés par des altérations de la communication et de l'interaction sociale, ainsi que des comportements stéréotypés et des intérêts restreints (American Psychiatric Association, 2013). Derrière cette définition, une importante variabilité phénotypique est présente, allant de handicaps sévères à des altérations plus subtiles [START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF]. De plus, les personnes atteintes de TSA présentent plusieurs comorbidités, comme une déficience intellectuelle, de l'hyperactivité ou de l'épilepsie. Les TSA touchent 1 à 2% de la population.

Plus de 1000 gènes sont actuellement associés aux TSA, la majorité d'entre eux codant pour des protéines synaptiques [START_REF] Bourgeron | From the Genetic Architecture to Synaptic Plasticity in Autism Spectrum Disorder[END_REF][START_REF] Huguet | The Genetic Landscapes of Autism Spectrum Disorders[END_REF]. Parmi ces gènes, la famille SHANK, codant pour les protéines d'échafaudage synaptique et composée de SHANK1, SHANK2 et SHANK3, est très associée aux TSA. Ces protéines sont exprimées dans la densité postsynaptique des synapses glutamatergiques, mais chaque membre affiche des profils d'expression cérébrale différents. Il existe une variabilité interindividuelle phénotypique entre les patients porteurs d'une mutation dans un gène SHANK [START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF]. Les mutations SHANK3 concernent 1-2% des patients atteints de TSA et de déficience intellectuelle. Différentes études ont révélé une aggravation du phénotype et une régression de certains aspects du comportement à l'adolescence et à l'âge adulte chez les patients portant une mutation dans SHANK3 (De Rubeis et coll., 2018[START_REF] Guilmatre | The Emerging Role of SHANK Genes in Neuropsychiatric Disorders[END_REF]. Suite à ces observations cliniques et génétiques, nous proposons de caractériser un modèle de souris Shank3, présentant une mutation dans l'exon 11, au niveau comportemental (étude longitudinale entre trois et douze mois) et au niveau moléculaire (analyse du transcriptome en utilisant le séquençage d'ARNm). Nous avons effectué des tests de comportement chez les mâles et les femelles de même portée. Nous avons ensuite effectué le séquençage de l'ARN sur des animaux de 12 mois dans quatre structures cérébrales (cortex, hippocampe, striatum, cervelet).

Nous avons observé une diminution des comportements exploratoires, une augmentation des interactions socio-sexuelles ainsi qu'une augmentation des comportements stéréotypés. Nous avons également remarqué une aggravation du comportement stéréotypé au cours de l'âge. Ces comportements peuvent s'expliquer par une altération de la signalisation cellulaire de neurones spécifiques au striatum, selon nos données issues du séquençage de l'ARN.

Pour conclure, ce projet fournit une caractérisation complète d'un modèle murin des TSA. Il apporte un éclairage sur les mécanismes moléculaires éventuellement impliqués dans un sous-groupe de patients atteints de TSA et mutés dans SHANK3. Nos résultats pourraient révéler une nouvelle approche thérapeutique pour les patients en ciblant le déséquilibre dans les neurones du striatum. 

I. Molecular and behavioural characterisation of

I. Clinical aspects of autism spectrum disorders

I.A. History

In 1943, Leo Kanner published an article, entitled "Autistic Disturbance of Affective Contact".

In this study, he described 11 children, eight boys and three girls, with "inability to relate themselves in the ordinary way to people and to situation from beginning of life". He linked several impairments observed in children under the same terminology: "Autism" [START_REF] Kanner | Autistic Disturbances of Affective Contact[END_REF]). Kanner borrowed the term "autism" to schizophrenia terminology, used to qualify a schizophrenic patient with unusual social interactions [START_REF] Stotz-Ingenlath | Epistemological Aspects of Eugen Bleuler's Conception of Schizophrenia in 1911[END_REF]. Furthermore, Kanner described impairments in language and intellectual disabilities (ID) for several of these patients.

In parallel, Hans Asperger published a study on four children who presented similar characteristics as described by Kanner without ID and language deficits [START_REF] Frith | Autism and Asperger Syndrome[END_REF][START_REF] Asperger | Die "Autistischen Psychopathen" Im Kindesalter[END_REF]).

Furthermore, Asperger described these children as having a lack of empathy, a very specific centre of interest and being clumsy.

In 1956, Kanner and Einsenberg noticed that repetitive behaviour could be seen in several children with intellectual defidiency and "autistic disturbance" and proposed to use "the presence of elaborately conceived rituals together with the characteristic aloneness" as a proxy "to differentiate the autistic patients" [START_REF] Eisenberg | Childhood Schizophrenia; Symposium, 1955. VI. Early Infantile Autism, 1943-55[END_REF].

I.B. Main clinical criteria

In the following years, several studies validated the observation of Kanner and Asperger and, in 1980, a unified definition and semiology of infantile autism was proposed in the Diagnostic and Statistical Manual of Mental Disorders III (DSM-III) (American Psychiatric Association 1980). In the DSM-III, infantile autism is related to pervasive developmental disorder (PDD) and characterised by "a lack of responsiveness to other people (autism), gross impairment in communicative skills, and bizarre responses to various aspects of the environment, all developing within the first 30 months of age". This last element of the definition implies a neuro-developmental aspect of autism.

A. Persistent deficits in social communication and social interaction across multiple contexts, as manifested by the following, currently or by history (examples are illustrative, not exhaustive; see text):

1. Deficits in social-emotional reciprocity, ranging, for example, from abnormal social approach and failure of normal back-and-forth conversation; to reduced sharing of interests, emotions, or affect; to failure to initiate or respond to social interactions. 2. Deficits in nonverbal communicative behaviours used for social interaction, ranging, for example, from poorly integrated verbal and nonverbal communication; to abnormalities in eye contact and body language or deficits in understanding and use of gestures; to a total lack of facial expressions and nonverbal communication. 3. Deficits in developing, maintaining, and understanding relationships, ranging, for example, from difficulties adjusting behaviour to suit various social contexts; to difficulties in sharing imaginative play or in making friends; to absence of interest in peers. B. Restricted, repetitive patterns of behaviour, interests, or activities, as manifested by at least two of the following, currently or by history (examples are illustrative, not exhaustive; see text):

1. Stereotyped or repetitive motor movements, use of objects, or speech (e.g., simple motor stereotypes, lining up toys or flipping objects, echolalia, idiosyncratic phrases). 2. Insistence on sameness, inflexible adherence to routines, or ritualized patterns of verbal or nonverbal behaviour (e.g., extreme distress at small changes, difficulties with transitions, rigid thinking patterns, greeting rituals, need to take same route or eat same food every day). 3. Highly restricted, fixated interests that are abnormal in intensity or focus (e.g., strong attachment to or preoccupation with unusual objects, excessively circumscribed or perseverative interests). 4. Hyper-or hypo-reactivity to sensory input or unusual interest in sensory aspects of the environment (e.g., apparent indifference to pain/temperature, adverse response to specific sounds or textures, excessive smelling or touching of objects, visual fascination with lights or movement). C. Symptoms must be present in the early developmental period (but may not become fully manifest until social demands exceed limited capacities or may be masked by learned strategies in later life). D. Symptoms cause clinically significant impairment in social, occupational, or other important areas of current functioning. E. These disturbances are not better explained by intellectual disability (intellectual developmental disorder) or global developmental time.

Intellectual disability and autism spectrum disorder frequently co-occur; to make comorbid diagnoses of autism spectrum disorder and intellectual disability, social communication should be below that expected for general developmental level.

Table 1: Diagnostic criteria for autism spectrum disorder in the 2013 Diagnostic and Statistical Manual of Mental Disorders Fifth Edition, DSM-5 (American Psychiatric Association 2013).

In 1994, an update of the DSM was published, DSM-IV, which introduced autistic disorder, as a heterogeneous group into the PDD and not as the infantile autism (American Psychiatric Association 2000). The DSM-IV characterised the autistic disorder with an abnormal or an absence of social interaction and communication as well as a restricted repertoire of activities and interests, the autistic triad. This DSM introduced the presence of variability between patients. Since the last version of DSM-5, published in 2013, Asperger's Syndrome is associated with the autistic disorders into PDD-Not Otherwise Specified and childhood disintegrative disorders. The annotation for autistic disorder is also changed by Autism Spectrum Disorders (ASD) and precise criteria are defined (Table 1) (American Psychiatric Association 2013).

However, the inclusion of Asperger's syndrome in PDD then ASD, in DSM-IV and DSM-5, are debated due to the phenotypic difference between autistic patients and several Asperger patients [START_REF] Yu | Can Asperger Syndrome Be Distinguished from Autism? An Anatomic Likelihood Meta-Analysis of MRI Studies[END_REF][START_REF] Ghaziuddin | Brief Report: Should the DSM V Drop Asperger Syndrome?[END_REF]. ASD are characterised by a deficit in social communication, verbal and non-verbal, and presence of restricted interests and repetitive behaviour (Table 1). Social interaction and social communication criteria, from DSM-IV, are hardly distinguishable and are grouped in DSM-5 [START_REF] Hazen | Changes in the Diagnostic Criteria for Autism in DSM-5 : Controversies and Concerns[END_REF]. The DSM-5 introduced the notion of spectrum in autism, suggesting an important variability in semiology of patients, already proposed in DSM-IV. To characterise as well as possible the phenotype of patients, a scale of severity levels in ASD is also proposed, from level 1 (the patient requires small support) to level 3 (the patient requires very substantial support) (Table 2). In the following part, we will base all descriptions and discussion on the DSM-5 ASD characterisation. 

I.C. Epidemiology

The current prevalence of ASD is 1-2% of the population. In a recent publication from the Centers for Disease Control and Prevention (CDC), the prevalence of ASD in the United States of America (USA) was estimated at 16.8 per 1000 children, 1.7% of the population, aged eight years [START_REF] Baio | Prevalence of Autism Spectrum Disorder Among Children Aged 8 Years -Autism and Developmental Disabilities Monitoring Network, 11 Sites, United States, 2014[END_REF]. The prevalence varied between states from 13.1 to 29.3 per 1000 children. This variability between states can be explained by the number of paediatricians, psychiatrist, and health centres in each state [START_REF] Mandell | Differences Among States in the Identification of Autistic Spectrum Disorders[END_REF]. The sex ratio for ASD is unbalanced, with four boys affected for one girl [START_REF] Baio | Prevalence of Autism Spectrum Disorder Among Children Aged 8 Years -Autism and Developmental Disabilities Monitoring Network, 11 Sites, United States, 2014[END_REF]. When focusing on intellectual and adaptive functioning in children with ASD aged 8 years, 31% displayed intellectual disabilities (ID; intelligence quotient [IQ] 70), 25% classified as borderline (71IQ85) and 44% displayed average and above-average IQ (IQ>85). In the USA, the prevalence of ASD steadily increases over years, according to the CDC report (2000: 6.7/1000; 2006: 9.0/1000; 2008: 11.3/1000; 2014: 14.7/1000) (Figure 1.A).

This increase of ASD prevalence in the USA could be directly related to the increase of ASD cases, due to environmental effects for example (see I.F.2), but this theory is neither validated nor excluded. It is more likely that the increase is due to the improvement of the medical practices [START_REF] Lyall | The Changing Epidemiology of Autism Spectrum Disorders[END_REF][START_REF] Hansen | Explaining the Increase in the Prevalence of Autism Spectrum Disorders[END_REF], 

I.D. Comorbidities

The two main criteria of ASD, deficits in social communication and repetitive and stereotyped behaviour, are often associated with other disorders, named comorbidities. The most frequent comorbidities are described hereafter (Figure 2).

I.D.1. Intellectual disability (ID)

ID is the most frequent comorbidity in patients with ASD. Seventy percent of patients display ID at different severity levels [START_REF] Mefford | Genomics, Intellectual Disability, and Autism[END_REF][START_REF] Newschaffer | The Epidemiology of Autism Spectrum Disorders[END_REF][START_REF] Wilkins | A Comparison of Social Skills Profiles in Intellectually Disabled Adults With and Without ASD[END_REF]. The DSM-5 qualified ID as a deficit in intellectual functioning (quantified by the intellectual quotient, IQ) and a deficit in adaptive functioning observed during childhood (American Psychiatric Association 2013).

To quantify IQ, different scales are used, such as the WISC (Wechsler Intelligence Scale for Children) and WAIS (Wechsler Adult Intelligence Scale). For patients without verbal impairments, standard tests are proposed as the Raven's Progressive Matrices.

In the DSM-IV and DSM-5, four qualitative levels define ID [START_REF] Boat | Committee to Evaluate the Supplemental Security Income Disability Program for Children with Mental Disorders, Board on the Health of Select Populations, Youth, and Families Board on Children[END_REF]:

-Mild ID: 50≤IQ≤69; the patient lives independently with a minimum level of support and can acquire basic skills such as reading and writing;

-Moderate: 36≤IQ≤49; the patient lives independently with important support and requires specific supervision for learning.

-Severe: 20≤IQ≤35; the patient requires daily assistance.

Item under right, unauthorised broadcast -Profound: IQ≤19; the patient requires 24-hour assistance.

Patients with ASD, but without ID (IQ>70) are said to display high-functioning autism.

I.D.2. Psychiatric disorders

Several studies showed that psychiatric disorders are more common in patients with ASD. The Autism Comorbidity Interview (ACI) is used to quantify these aspects [START_REF] Leyfer | Comorbid Psychiatric Disorders in Children with Autism: Interview Development and Rates of Disorders[END_REF]. The most common psychiatric disorders are anxiety, attention-deficit with hyperactivity disorder (ADHD) and mood disorders.

Anxiety disorders are characterised by increased anxiety and fear, and can be expressed through specific phobia, social anxiety disorder, agoraphobia (American Psychiatric Association 2013). Anxiety disorders are present in 11-84% in children with ASD, according to the type of measure, reported by parents or observed by practitioners [START_REF] White | Anxiety in Children and Adolescents with Autism Spectrum Disorders[END_REF]. Patients with ASD may also have ADHD (28-27%) and mood disorders, including bipolar disorders and depression (2-57%) [START_REF] Mansour | ADHD Severity as It Relates to Comorbid Psychiatric Symptomatology in Children with Autism Spectrum Disorders (ASD)[END_REF][START_REF] Ghaziuddin | Depression in Children with Autism/Pervasive Developmental Disorders: A Case-Control Family History Study[END_REF]. In neurotypical population, anxiety is found in 3-30% according to the criteria, ADHD is found in 3.4%, and mood disorder in 3.8% [START_REF] Martin | The Epidemiology of Anxiety Disorders: A Review[END_REF][START_REF] Boat | Committee to Evaluate the Supplemental Security Income Disability Program for Children with Mental Disorders, Board on the Health of Select Populations, Youth, and Families Board on Children[END_REF][START_REF] Fayyad | Cross-National Prevalence and Correlates of Adult Attention-Deficit Hyperactivity Disorder[END_REF].

I.D.3. Epilepsy

Epilepsy is a neurological disorder characterised by an excessive and abnormal neuronal activity in the brain followed by seizure [START_REF] Fisher | Epileptic Seizures and Epilepsy: Definitions Proposed by the International League Against Epilepsy (ILAE) and the International Bureau for Epilepsy (IBE)[END_REF]. It occurs more often in patients with ASD than in the neurotypical population, with 5-38% of patients with ASD displaying seizure [START_REF] Frye | Neuropathological Mechanisms of Seizures in Autism Spectrum Disorder[END_REF]. This prevalence in ASD patients varies between studies and with the associated comorbidities [START_REF] Spence | The Role of Epilepsy and Epileptiform EEGs in Autism Spectrum Disorders[END_REF]. Indeed, 21.5% of patients with ASD and ID suffer from epilepsy while only 8% of patients with ASD, but without ID display epilepsy [START_REF] Amiet | Epilepsy in Autism Is Associated with Intellectual Disability and Gender: Evidence from a Meta-Analysis[END_REF].

I.E. Diagnosis

Despite the improvements of biological and medical techniques, no biological markers allow any precise diagnosis of ASD. The diagnostic is generated using clinical and psychological evaluations with standardised tools based on interviews with the patient and his/her relatives. The two most used tools are:

-The Autism Diagnostic Interview, Revised (ADI-R) [START_REF] Lord | Autism Diagnostic Interview-Revised: A Revised Version of a Diagnostic Interview for Caregivers of Individuals with Possible Pervasive Developmental Disorders[END_REF] which consists in an interview with the parents. This interview allows to list and evaluate the deficits and to notice the outbreak and evolution of the disorders;

-The Autism Diagnostic Observation Schedule (ADOS) (Catherine [START_REF] Lord | The Autism Diagnostic Observation Schedule-Generic: A Standard Measure of Social and Communication Deficits Associated with the Spectrum of Autism[END_REF] which consists in a structured interview with the patient based on short activities and games. This tool allows the evaluation of the different deficits and can be adapted depending on the age and the language level of the patient.

Other tools have been developed allowing a quantitative evaluation of the patient:

-The Childhood Autism Rating Scale (CARS) [START_REF] Schopler | Toward Objective Classification of Childhood Autism: Childhood Autism Rating Scale (CARS)[END_REF] which allows an evaluation of the global deficit associated with ASD core symptoms;

-The Social Responsiveness Scale (SRS) [START_REF] Constantino | Reciprocal Social Behavior in Children with and without Pervasive Developmental Disorders[END_REF] which evaluates more specifically the social behaviours;

-The Children Communication Scale (CCS) [START_REF] Bishop | Development of the Children's Communication Checklist (CCC): A Method for Assessing Qualitative Aspects of Communicative Impairment in Children[END_REF] which tests the social communication;

-The Repetitive Behaviour Scale (RBS) [START_REF] Bodfish | Varieties of Repetitive Behavior in Autism: Comparisons to Mental Retardation[END_REF] which quantifies the repetitive and the stereotyped behaviours.

The first clinical signs of ASD usually emerges in the first years of life of the patients and the first consistent diagnostic can be performed at three years of age [START_REF] Ozonoff | A Prospective Study of the Emergence of Early Behavioral Signs of Autism[END_REF]). In the majority of cases, the psychological evaluation is followed by a diagnostic of comorbidities.

I.F. Causes

The aetiology of ASD is very complex and different factors could influence the brain development and cause ASD. In this part, we will discuss the three main effects that influence brain development: genetics, epigenetics and environment.

I.F.1.

Genetic factors

The most studied aetiology of autism is the genetic factors. Early ASD heritability studies, during the seventies and the eighties, were conducted on twins and showed a higher concordance of ASD and ID in monozygotic twins compared to dizygotic twins and siblings [START_REF] August | The Incidence of Cognitive Disabilities in the Siblings of Autistic Children[END_REF][START_REF] Folstein | INFANTILE AUTISM: A GENETIC STUDY OF 21 TWIN PAIRS[END_REF]. In the nineties, Bailey and colleagues proposed a first estimation of the concordance rates in ASD at 92% for monozygotic twins versus 10% for dizygotic twins [START_REF] Bailey | Autism as a Strongly Genetic Disorder: Evidence from a British Twin Study[END_REF]. A recent study on a larger cohort shows that the concordance rate for dizygotic twins is around 20% [START_REF] Hallmayer | Genetic Heritability and Shared Environmental Factors Among Twin Pairs With Autism[END_REF]. Furthermore, a study on siblings calculated an increase of 20% of recurrence rate if the first born displayed ASD versus 1% if the first born did not display ASD [START_REF] Ozonoff | A Prospective Study of the Emergence of Early Behavioral Signs of Autism[END_REF]).

More recently, several studies on large cohorts estimated the heritability of ASD at 50-59% [START_REF] Lundström | Autism Spectrum Disorders and Autisticlike Traits[END_REF][START_REF] Sandin | The Familial Risk of Autism[END_REF]. Interestingly, Colvert and colleagues (2015) showed that the estimation of heritability largely depends on diagnostic tools, with 56% with ADI-R, 76% with ADOS and 95% with other tools [START_REF] Colvert | Heritability of Autism Spectrum Disorder in a UK Population-Based Twin Sample[END_REF]. This study highlights the importance of a united definition of ASD and the use of standardised diagnostic tools. Importantly, all studies highlighted an incomplete heritability, indicating the presence of other factors [START_REF] Huguet | The Genetic Landscapes of Autism Spectrum Disorders[END_REF].

The first genetic causes of ASD were identified in different syndromes, counting for 10% of cases [START_REF] Zafeiriou | Autism Spectrum Disorders: The Quest for Genetic Syndromes[END_REF]. These syndromes are due to monogenic mutations especially in Fragile X syndrome (gene Fragile X Mental Retardation, FRM1) and Rett syndrome (gene Methyl CpG binding protein 2, MECP2) [START_REF] Pieretti | Absence of Expression of the FMR-1 Gene in Fragile X Syndrome[END_REF][START_REF] Amir | Rett Syndrome Is Caused by Mutations in X-Linked MECP2, Encoding Methyl-CpG-Binding Protein 2[END_REF]. Later, thanks to better sequencing methods, whole genome/exome/RNA sequencing, studies on the genetic aetiology of ASD became more confident. Studies based on the whole genome or whole exome revealed deleterious mutations in patients with ASD non-associated with any syndrome. To date, more than 1000 genes associated with ASD are listed in the SFARI (Simons Foundation Autism Research Initiative) database. The majority of these genes are categorised according to the strength of their association with ASD:

-Category S: ≈140 genes associated with syndromic disorders; these genes are more or less associated with ASD according to the following category, e.g. MECP2;

-Category 1: ≈ 25 genes strongly associated with ASD with rigorous criteria, e.g. SHANK3;

-Category 2: ≈ 59 genes strongly associated with ASD with less rigorous criteria by several studies, e.g. FOXP1;

-Category 3: ≈ 175 genes with supporting suggestive evidence, e.g. Neurexin 1 (NRXN1);

-Category 4: ≈ 405 genes with supporting minimal evidence, e.g. GRIN2A;

-Category 5: ≈ 160 genes not rigorously tested in humans;

-Category 6: ≈ 20 genes tested in humans without robust evidence;

-No category: ≈ 165 genes not categorized.

Yuen and colleagues proposed another classification based on the degree of involvement in ASD:

genes known to be associated with ASD (Class I), possible gene candidates (Class II), putative genes (Class III) and genes known to be associated with neurodevelopmental disorders (Class IV) [START_REF] Yuen | Whole-Genome Sequencing of Quartet Families with Autism Spectrum Disorder[END_REF].

All these genes associated with ASD are involved in cellular functions, including synaptic function, chromatin remodelling and RNA translation (see I.F.3 & Figure 3) [START_REF] Huguet | The Genetic Landscapes of Autism Spectrum Disorders[END_REF]. However, different mutations can affect the same pathway in the neuronal functioning [START_REF] Guilmatre | The Emerging Role of SHANK Genes in Neuropsychiatric Disorders[END_REF]. The mutations involved in ASD are mostly dominant [START_REF] Casey | A Novel Approach of Homozygous Haplotype Sharing Identifies Candidate Genes in Autism Spectrum Disorder[END_REF]. Chromosomic abnomalities are observed in 3% of cases with duplication, deletion, inversion or translocation [START_REF] Reddy | Cytogenetic Abnormalities and Fragile-x Syndrome in Autism Spectrum Disorder[END_REF], and de novo copy number variants (CNVs) are more present in individuals with ASD than in non-affected siblings or controls [START_REF] Huguet | The Genetic Landscapes of Autism Spectrum Disorders[END_REF], no matter the size of the CNV.

The frequency of de novo CNV is 7% in ASD patients from simplex families (one affected individual) and 4% in ASD patients from multiplex families (at least two affected individuals) and less than 2% in non-affected siblings and controls [START_REF] Huguet | The Genetic Landscapes of Autism Spectrum Disorders[END_REF]. Recent analysis of the whole exome showed a higher number of single nucleotide variants (SNVs) in patients than in non-affected siblings and controls [START_REF] Iossifov | The Contribution of de Novo Coding Mutations to Autism Spectrum Disorder[END_REF]. The SNV can be of different types: missense mutation, stop-losses, or likely gene-disrupting (LGD), including nonsense mutation and frameshift mutation due to the insertion or deletion of nucleotide(s). Monogenic forms of ASD (i.e., one gene is enough to trigger impairment) are estimated to represent 10-20% for monogenic dominant forms and 3-6% for monogenic recessive forms of ASD [START_REF] Bourgeron | From the Genetic Architecture to Synaptic Plasticity in Autism Spectrum Disorder[END_REF]; E. T. [START_REF] Lim | Rare Complete Knockouts in Humans: Population Distribution and Significant Role in Autism Spectrum Disorders[END_REF]. Polygenic forms of ASD also exist and are determined by a combination of low risk alleles or by specific genetic backgrounds. Indeed, combinations between rare deleterious variants, monogenic causes and genetic variants could generate different phenotypes or reveal impairment not present in parents and lead to ASD (Figure 4) [START_REF] Bourgeron | From the Genetic Architecture to Synaptic Plasticity in Autism Spectrum Disorder[END_REF]. The genetic background can also influence the sensitivity to gene expression dosage [START_REF] Toro | Key Role for Gene Dosage and Synaptic Homeostasis in Autism Spectrum Disorders[END_REF].

Item under right, unauthorised broadcast

I.F.2. Environmental factors

Environmental factors increase the risk of autism. However, this aspect is less rigorously studied and more difficult to control. Only few environmental factors are fully validated to date [START_REF] Karimi | Environmental Factors Influencing the Risk of Autism[END_REF]. Familial factors such as parental age increase the risk of ASD. Parents older than 34 years seem to increase the ASD risk by 29%, and this risk is increased each 10 years for the father [START_REF] Sasanfar | Paternal Age Increases the Risk for Autism in an Iranian Population Sample[END_REF]. However, a study on risk factors in children born between 1991 and 2001 associated an increased risk of ASD with the father's age only, as the germline is more likely to develop de novo mutations [START_REF] Reichenberg | Advancing Paternal Age and Autism[END_REF][START_REF] Lauritsen | Effects of Familial Risk Factors and Place of Birth on the Risk of Autism: A Nationwide Register-Based Study[END_REF]. The prenatal exposition to drugs is the most robust factor associated with ASD and can increase the risk by 46% [START_REF] Gardener | Prenatal Risk Factors for Autism: Comprehensive Meta-Analysis[END_REF]. Several studies showed an impact of anti-epileptic drugs (Valproic acid, VPA) or antidepressant drugs on social behaviour, motor activities and post-Item under right, unauthorised broadcast natal development of the child [START_REF] Narita | Nonexploratory Movement and Behavioral Alterations in a Thalidomide or Valproic Acid-Induced Autism Model Rat[END_REF][START_REF] Rai | Parental Depression, Maternal Antidepressant Use during Pregnancy, and Risk of Autism Spectrum Disorders: Population Based Case-Control Study[END_REF]. Other prenatal factors impact the brain development and induce autism, like infections of the mother during pregnancy [START_REF] Berger | Congenital Rubella Syndrome and Autism Spectrum Disorder Prevented by Rubella Vaccination -United States, 2001-2010[END_REF][START_REF] Ornoy | Prenatal Factors Associated with Autism Spectrum Disorder (ASD)[END_REF] or caesarean delivery [START_REF] Gardener | Perinatal and Neonatal Risk Factors for Autism: A Comprehensive Meta-Analysis[END_REF].

I.F.3.

Epigenetic factors

Epigenetics is defined by mechanisms provoking a heritable and reversible change of gene expression which do not modify the nucleotide sequence, like DNA methylation. Gene expression can be disturbed at different steps, for instance transcriptional and translational control, RNA transport, or protein activity. Few studies linked ASD with epigenetic modulations, although a strong evidence of an epigenetic impact in ASD was shown [START_REF] Siu | Epigenetics of Autism Spectrum Disorder[END_REF]. Indeed, a significant number of genes associated with syndromic or non-syndromic ASD are involved in the control of gene expression. Some genes strongly associated with ASD directly control gene expression, like MECP2

(SFARI-category: 2) in Rett syndrome, while others modulate it indirectly, like FMR1 (SFARIcategory:1) in Fragile X syndrome [START_REF] Siu | Epigenetics of Autism Spectrum Disorder[END_REF]. For instance, a mutation in MECP2, a gene encoding a methyl-CpG binding protein, causes Rett syndrome [START_REF] Amir | Rett Syndrome Is Caused by Mutations in X-Linked MECP2, Encoding Methyl-CpG-Binding Protein 2[END_REF]. The CpG sites in DNA sequence, composed by a cytosine followed by a guanine, are involved in gene expression.

Methylation of these sites causes stable silencing of a specific gene and allows a regulation of the transcription [START_REF] Bird | DNA Methylation Patterns and Epigenetic Memory[END_REF]. The MECP2 protein methylates CpG sites, establishing epigenetic marks and gene silencing. Therefore, a mutation in this gene can lead to gene regulation impairments. The Fragile X syndrome is due to an abnormally high number of CGG repetitions in FMR1. This mutated region becomes an abnormal methylation site, resulting in an inhibition of the expression of the protein, FMRP [START_REF] Crawford | FMR1 and the Fragile X Syndrome: Human Genome Epidemiology Review[END_REF]. Other mutations associated with nonsyndromic ASD are related to epigenetics. The gene CHD8 (SFARI-category: 1) encodes for a protein involved in chromatin remodelling [START_REF] Merner | A de Novo Frameshift Mutation in Chromodomain Helicase DNA-Binding Domain 8 (CHD8): A Case Report and Literature Review[END_REF]). Mutations of this gene have a penetrance of 85%. More recently, a study on mice showed that the gene SHANK3, encoding a post-synaptic scaffolding protein and strongly associated with ASD (see III.B), interacts with a histone deacetylase-2 (HDAC2) and disturbs the chromatin expansion and gene transcription [START_REF] Qin | Social Deficits in Shank3-Deficient Mouse Models of Autism Are Rescued by Histone Deacetylase (HDAC) Inhibition[END_REF]).

In the following part, we will mainly focus on the genetic causes of ASD. We will discuss about SH3 and multiple Ankyrin repeat domains (SHANKs) gene family, and especially SHANK3.

These genes encode scaffolding proteins at excitatory synapses. This gene family is strongly associated with ASD and was identified by Fluorescent In Situ Hybridization (FISH) analysis and whole genome sequencing [START_REF] Durand | Mutations in the Gene Encoding the Synaptic Scaffolding Protein SHANK3 Are Associated with Autism Spectrum Disorders[END_REF]. Following a meta-analysis on SHANK family, almost 1% of ASD patients display mutation (SHANK1: 0.04%; SHANK2: 0.17%; SHANK3: 0.70%) and 2%

of patients with ASD and ID display mutation in SHANK3 [START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF]. MRI analyses pointed more specifically to abnormalities in the size of the brain structures. They highlighted the increase of the white matter in early life [START_REF] Courchesne | Brain Growth across the Life Span in Autism: Age-Specific Changes in Anatomical Pathology[END_REF][START_REF] Carper | Localized Enlargement of the Frontal Cortex in Early Autism[END_REF][START_REF] Hazlett | Magnetic Resonance Imaging and Head Circumference Study of Brain Size in Autism[END_REF][START_REF] Herbert | Brain Asymmetries in Autism and Developmental Language Disorder: A Nested Whole-Brain Analysis[END_REF]. Abnormalities in gyrus formation on the cerebral cortex were observed, with an increase of the cortical folds or an increase of the gyrus size [START_REF] Wallace | Increased Gyrification, but Comparable Surface Area in Adolescents with Autism Spectrum Disorders[END_REF][START_REF] Ecker | Relationship Between Cortical Gyrification, White Matter Connectivity, and Autism Spectrum Disorder[END_REF]. A recent meta-analysis on a large cohort of patients with ASD refuted previous studies proposing a relationship between the size of the corpus callosum and ASD [START_REF] Lefebvre | Neuroanatomical Diversity of Corpus Callosum and Brain Volume in Autism: Meta-Analysis, Analysis of the Autism Brain Imaging Data Exchange Project, and Simulation[END_REF]. At the neuronal organisation level, a modification of cortical columns was reported with an increase of the number of columns, combined with fewer cells.

II. Neurobiology of autism

This structural modification describes abnormal circuitry without significant difference in neuronal density in cerebrum cortex (M. F. [START_REF] Casanova | Neuronal Density and Architecture (Gray Level Index) in the Brains of Autistic Patients[END_REF]M. Casanova and Trippe 2009).

Other brain structures appeared to be concerned. The volume of the amygdala is increased in children with ASD, in comparison with neuro-typical controls [START_REF] Nordahl | Increased Rate of Amygdala Growth in Children Aged 2 to 4 Years With Autism Spectrum Disorders[END_REF][START_REF] Schumann | The Amygdala Is Enlarged in Children But Not Adolescents with Autism; the Hippocampus Is Enlarged at All Ages[END_REF]). The number of neurons is increased in the prefrontal cortex while it is decreased in the amygdala [START_REF] Lai | Sex/Gender Differences and Autism: Setting the Scene for Future Research[END_REF][START_REF] Courchesne | Brain Growth across the Life Span in Autism: Age-Specific Changes in Anatomical Pathology[END_REF]. Interestingly, these two structures are strongly associated with social interactions (see II.C.1).

II.A.1. Gene expression

The observed impairments in brain development may be related to the spatiotemporal gene expression. Indeed, in non-pathologic conditions, the brain development depends on the accurate regulation of gene expression in the prenatal period and in infancy, as depicted in comprehensive spatiotemporal gene expression maps [START_REF] Kang | Spatio-Temporal Transcriptome of the Human Brain[END_REF][START_REF] Colantuoni | Temporal Dynamics and Genetic Control of Transcription in the Human Prefrontal Cortex[END_REF]. Berchtold and colleagues (2008) highlighted the modulation of gene expression during early age, but also in later age. They suggested the existence of a critical period for the formation of neural circuitry, and of a gender difference in gene expression in the brain [START_REF] Berchtold | Gene Expression Changes in the Course of Normal Brain Aging Are Sexually Dimorphic[END_REF]. For ASD patients, the dysregulation of gene expression in young brain might lead to brain atypical development. For example, Chow and colleagues (2012) showed that several cellular pathways leading to cell multiplication and cell differentiation are dysregulated in the prefrontal cortex (PFC) of ASD toddlers [START_REF] Chow | Age-Dependent Brain Gene Expression and Copy Number Anomalies in Autism Suggest Distinct Pathological Processes at Young Versus Mature Ages[END_REF]. Several genes associated with ASD, such as Neuroligin 4 (NLGN4), Neurexin1

(NRXN1) or SHANK3, display different expression profiles during development (Figure 5). Mutations in these genes impact the formation of early neural circuits (M. W. State and Šestan 2012). Item under right, unauthorised broadcast

II.B. Imbalanced Excitatory/inhibitory synapses

Many genes associated with ASD are expressed in synaptic areas or have an impact on synaptic transmission. For example, mutations in FMR1, the gene associated with fragile X syndrome, impact the expression of NOS1 (nitric oxide synthase 1), that generates the neurotransmitter NO, in the cortex during the foetal period, but also the expression of N-methyl-D-aspartate (NMDA)

glutamate receptor 1 (GluN1) and Dopamine receptor 1 (D1R) (H. [START_REF] Wang | Roles of Fragile X Mental Retardation Protein in Dopaminergic Stimulation-Induced Synapse-Associated Protein Synthesis and Subsequent α-Amino-3-Hydroxyl-5-Methyl-4-Isoxazole-4-Propionate (AMPA) Receptor Internalization[END_REF][START_REF] Soden | Fragile X Protein FMRP Is Required for Homeostatic Plasticity and Regulation of Synaptic Strength by Retinoic Acid[END_REF][START_REF] Kwan | Species-Dependent Posttranscriptional Regulation of NOS1 by FMRP in the Developing Cerebral Cortex[END_REF]). These observations reveal impairments in synaptic transmission.

A precise balance between excitation and inhibition (E:I) inputs in neural circuits is necessary for neuro-typical brain development and functions [START_REF] Isaacson | How Inhibition Shapes Cortical Activity[END_REF]. Several mechanisms lead to the perturbation of the E: I balance, such as reduction of neurogenesis and synapse formation, and deficit of receptors at excitatory synapses, like glutamate receptors, or at inhibitory synapses, like γ-Amino, butyric acid (GABA) receptors. We discuss hereafter the relationship between E:I balance and ASD-associated genes.

A hypothesis relates the physiological and behavioural defects in patients with ASD and in rodent models with impairment in E:I balance [START_REF] Rubenstein | Model of Autism: Increased Ratio of Excitation/Inhibition in Key Neural Systems[END_REF][START_REF] Gogolla | Common Circuit Defect of Excitatory-Inhibitory Balance in Mouse Models of Autism[END_REF]S. B. Nelson and Valakh 2015;[START_REF] Bourgeron | The Possible Interplay of Synaptic and Clock Genes in Autism Spectrum Disorders[END_REF]. The E:I balance is impacted in ASD cases, with an increase of neural excitation [START_REF] Rubenstein | Model of Autism: Increased Ratio of Excitation/Inhibition in Key Neural Systems[END_REF]. Using optogenetic techniques in mouse models, Yizhar and colleagues (2011) showed that an activation of excitatory synapses leads to impairments in social interactions [START_REF] Yizhar | Neocortical Excitation/Inhibition Balance in Information Processing and Social Dysfunction[END_REF]. Furthermore, a decrease of GABAergic signalling is often observed in patients, but also in ASD mouse models which lead to a rise of intracellular calcium and impairment in synaptic transduction [START_REF] Cellot | GABAergic Signaling as Therapeutic Target for Autism Spectrum Disorders[END_REF].

Nevertheless, other studies showed opposite observations with an increase of GABA inhibition [START_REF] Bertone | Enhanced and Diminished Visuo-Spatial Information Processing in Autism Depends on Stimulus Complexity[END_REF][START_REF] Gonçalves | Testing the Excitation/Inhibition Imbalance Hypothesis in a Mouse Model of the Autism Spectrum Disorder: In Vivo Neurospectroscopy and Molecular Evidence for Regional Phenotypes[END_REF]. Altogether, impairments in ASD seem to be related to excitatory and inhibitory synapses, and the imbalance between the two is an attractive hypothesis based on neurobiological observation. However, it is difficult to validate this hypothesis due to the variation of the E:I ratio according to the cell type and the brain structure [START_REF] Xue | Equalizing Excitation-Inhibition Ratios across Visual Cortical Neurons[END_REF].

Some genes associated with ASD are linked to excitatory synaptic impairments, like the Shank family, or to inhibitory synaptic impairments, like NLGN and GABRb [START_REF] Tabuchi | A Neuroligin-3 Mutation Implicated in Autism Increases Inhibitory Synaptic Transmission in Mice[END_REF][START_REF] Földy | Autism-Associated Neuroligin-3 Mutations Commonly Disrupt Tonic Endocannabinoid Signaling[END_REF][START_REF] Rothwell | Autism-Associated Neuroligin-3 Mutations Commonly Impair Striatal Circuits to Boost Repetitive Behaviors[END_REF][START_REF] Delorey | Gabrb3 Gene Deficient Mice Exhibit Impaired Social and Exploratory Behaviors, Deficits in Non-Selective Attention and Hypoplasia of Cerebellar Vermal Lobules: A Potential Model of Autism Spectrum Disorder[END_REF]. Therefore, the implication of ASD genes, in either excitatory or inhibitory synapses, shows that the synaptic impairment can be due to dysregulations on both sides. However, identical mouse models can reveal impairments in excitatory or inhibitory input according to the study, complicating the understanding of the impact of the E:I balance in ASD (see IV.B.2.b ).

II.C. Pathways associated with ASD core symptoms

Depending on the brain structure, the E:I imbalance can be local, i.e. limited to a brain nucleus, or distant, i.e. in cortico-striatal loop [START_REF] Belmonte | Autism and Abnormal Development of Brain Connectivity[END_REF]). These two types of imbalance affect several brain pathways including those involved in ASD: the social-associated pathways, also called social brain, and the stereotyped-associated pathway. However, the exact implication of each structure in social impairment or stereotyped behaviour still needs further investigations. The following parts are adapted from (see Annexes III) [START_REF] Ferhat | Behavioural Phenotypes and Neural Circuit Dysfunctions in Mouse Models of Autism Spectrum Disorder[END_REF].

II.C.1. Social pathway

The brain structures associated with social cognition, often termed "social brain", comprise areas involved in perception (somatosensory cortices), emotions (amygdala), motivation (ventral striatum and tegmental area), decision-making and executive control (prefrontal cortex, PFC). Appropriate social reactions depend, in first place, on a good acquisition of stimuli. The sensory perception is, therefore, the first step in the social brain. Several stimuli can be integrated like vision via eye and occipital visual cortex, auditory signal via ear and primary and secondary auditory cortex [START_REF] Arriaga | Of Mice, Birds, and Men: The Mouse Ultrasonic Song System Has Some Features Similar to Humans and Song-Learning Birds[END_REF], or odour information through the olfactory and vomeronasal system (Figure 6.A) [START_REF] Matsuo | Genetic Dissection of Pheromone Processing Reveals Main Olfactory System-Mediated Social Behaviors in Mice[END_REF]. All these sensory inputs can be integrated at different levels, in the primary sensory cortex or in specific pathways. In rodents, when the animal detects a scent, the olfactory bulb (OB) and the accessory olfactory bulb (AOB) send the information to several nuclei of the amygdala and several nuclei of the hypothalamus [START_REF] Keverne | The Vomeronasal Organ[END_REF][START_REF] Matsuo | Genetic Dissection of Pheromone Processing Reveals Main Olfactory System-Mediated Social Behaviors in Mice[END_REF]. After the detection of noise or vocalisation, the cochlear nucleus is activated. It sends information to the auditory cortex through the superior olivary nucleus, inferior colliculus and medial geniculate nucleus (Figure 6.A). Amygdala and different sensory cortices send information to the PFC for appropriate responses (see II.C.1.d).

Figure 6: Schematic representation of interaction between structures for sensory input (A), Emotions encoding (B), Social motivation (C) and Vocalisation emission (D

II.C.1.b.

Emotions encoding

Following the appropriate stimulation and the integration of stimulus, the amygdala and hypothalamus are activated (Figure 6.B). The amygdala is a complex structure located in the temporal lobe and contains several nuclei playing a crucial role in valence processing (positive or negative event), in emotion-based social interactions, such as arousal, freezing and aggression [START_REF] Maren | The Amygdala, Synaptic Plasticity, and Fear Memory[END_REF].

The medial amygdala is activated by positive or negative valence especially in social recognition [START_REF] Bosch | Both Oxytocin and Vasopressin Are Mediators of Maternal Care and Aggression in Rodents: From Central Release to Sites of Action[END_REF]. It receives projections from different brain structures to integrate stimuli, as the AOB [START_REF] Keverne | The Vomeronasal Organ[END_REF][START_REF] Matsuo | Genetic Dissection of Pheromone Processing Reveals Main Olfactory System-Mediated Social Behaviors in Mice[END_REF] and the pre-optic area [START_REF] Popik | Oxytocin but Not Vasopressin Facilitates Social Recognition Following Injection into the Medial Preoptic Area of the Rat Brain[END_REF]. This last structure, a sub-nucleus of hypothalamus, is strongly associated with mating and social reward [START_REF] Mchenry | Hormonal Gain Control of a Medial Preoptic Area Social Reward Circuit[END_REF]. The basolateral amygdala (BLA) is involved in affection and in close social interaction and receives input from the cortex and the thalamus. Composed by glutamatergic neurons, the BLA projects to several brain structures involved in social interaction, entorhinal cortex (involved in the assessment of familiarity in stimuli), PFC (social hierarchy), hypothalamus, nucleus accumbens (NAcc), the mid-brain reticular formation and the periaqueductal gray (PAG) [START_REF] Price | Comparative Aspects of Amygdala Connectivity[END_REF]. The activity of the amygdala is modulated by reciprocal connections with the hypothalamus. The medial amygdala projects to the hypothalamus, sending information about the valence of the stimuli, while the hypothalamus projects back on the medial amygdala and the central amygdala to switch between aggressive and affiliative responses [START_REF] Veening | Do Similar Neural Systems Subserve Aggressive and Sexual Behaviour in Male Rats? Insights from c-Fos and Pharmacological Studies[END_REF].

The hippocampus plays also an important role in social memory and emotion. This structure is associated with the encoding of declarative memory [START_REF] Squire | The Cognitive Neuroscience of Human Memory Since H.M[END_REF] and lesions in Cornu Ammonis (CA) one (CA1) or three (CA3) reveal impairment in learning and memory. However, little is known about the CA2, which has recently been associated with social memory processing [START_REF] Hitti | The Hippocampal CA2 Region Is Essential for Social Memory[END_REF].

The hypothalamus integrates stimuli from the external environment, but also from the internal state [START_REF] Kruk | The Induction of Aggressive Behaviour By Electrical Stimulation in the Hypothalamus of Male Rats[END_REF][START_REF] Matsuo | Genetic Dissection of Pheromone Processing Reveals Main Olfactory System-Mediated Social Behaviors in Mice[END_REF]. Especially, the paraventricular nucleus (PVN) is strongly associated with management of social stimuli. A subpopulation of neurons in the PVN, the magnocellular neurons, releases oxytocin and vasopressin locally [START_REF] Swanson | Hypothalamic Integration: Organization of the Paraventricular and Supraoptic Nuclei[END_REF], but also in other brain structures, like the amygdala, previously described, and the NAcc. Oxytocin, playing a central role in reproduction, was associated with social memory by modulating the firing of hippocampal inhibitory neuron [START_REF] Ferguson | Social Amnesia in Mice Lacking the Oxytocin Gene[END_REF][START_REF] Owen | Oxytocin Enhances Hippocampal Spike Transmission by Modulating Fast-Spiking Interneurons[END_REF].

II.C.1.c.

Social motivation

Social motivation is directly linked to the reward circuit. A social interaction can be rewarding for an individual and can be pleasurable or aversive. The NAcc is an important structure for integration and release of this information.

The NAcc is part of the striatum with the putamen and the caudate, especially the ventral striatum, and is included in the mesocorticolimbic dopamine system, also called reward circuit. This system is associated with goal directed behaviours and motivation, as well as higher cognitive functions such as learning and memory. Dysfunctions of this circuitry can lead to different forms of addictions. The reward circuit reinforces social behaviours and social motivation [START_REF] Chevallier | The Social Motivation Theory of Autism[END_REF] and is involved in the mediation of social motivation, mating, maternal behaviour and formation of pair bonds [START_REF] Kohls | Reward System Dysfunction in Autism Spectrum Disorders[END_REF][START_REF] Robinson | Mesolimbic Dopamine Transients in Motivated Behaviors: Focus on Maternal Behavior[END_REF].

The reward circuit is composed by three main structures: the ventromedial PFC (vmPFC), the NAcc and the ventral tegmental area (VTA) (Figure 6.C). Nevertheless, these three structures are not isolated. The NAcc is composed by GABAergic neurons, the medium spiny neurons (MSN), which project on the VTA and the hypothalamus. It receives glutamatergic inputs from the vmPFC, the cortex, the BLA and the hippocampus. The VTA projects dopaminergic axons on MSNs, but also on vmPFC, BLA and hippocampus and receives glutamatergic inputs from the lateral hypothalamus [START_REF] Russo | The Brain Reward Circuitry in Mood Disorders[END_REF]. Therefore, a control loop is present with a GABAergic link from NAcc to VTA and a dopaminergic link from VTA to NAcc. The MSN, which release GABA in the VTA, express two types of dopamine receptors, D1R and D2R. At the cellular level, D1R activate adenylate cyclase (AC) while D2R inhibit AC. The MSN are so-called D1-MSN or D2-MSN and go through the ventral pallidum via direct projection (D1-MSN) or indirect (D2-MSN). Historically, the direct pathway promotes social behaviour (reward) and the indirect pathway inhibits social behaviour [START_REF] Fernández | Neural Circuits for Social Cognition: Implications for Autism[END_REF]. However, recent investigations revealed that MSNs can express D1R and D2R simultaneously, which complicates the classical "dichotomy" of NAcc [START_REF] Kupchik | Coding the Direct/Indirect Pathways by D1 and D2 Receptors Is Not Valid for Accumbens Projections[END_REF]. Furthermore, D1-and D2-MSNs receive oxytocin input from the PVN.

Recent investigations in social behaviour support the implication of reward circuit with an activation of dopaminergic neurons in the VTA followed by MSN, mainly D1-MSNs [START_REF] Gunaydin | Natural Neural Projection Dynamics Underlying Social Behavior[END_REF].

II.C.1.d.

Social decision-making

The PFC is involved in different cognitive processes, such as reinforcement (see II.C.1.c), working memory, attention and decision-making, especially during social interaction. The PFC is mainly composed by glutamatergic neurons and GABAergic interneurons [START_REF] Schubert | Molecular Underpinnings of Prefrontal Cortex Development in Rodents Provide Insights into the Etiology of Neurodevelopmental Disorders[END_REF].

The PFC is usually separated in three parts: dorsomedian (dmPFC), ventromedian (vmPFC) and medial (mPFC) based on human PFC homology (Bicks 2015). However, the number of subnucleus of PCF is subject to debate. These areas interact together. The mPFC organizes, among others, the temporal sequences of actions, taking into account the rapid changes in the social environment and in the emotional state of the animal [START_REF] Fuster | Prefrontal Cortex[END_REF]. The dmPFC, also called the anterior cingulate cortex, is one of the major structures implicated in the establishment and maintenance of social hierarchy and dominance among littermates. It projects axons on the BLA (F. [START_REF] Wang | The Mouse That Roared: Neural Mechanisms of Social Hierarchy[END_REF]. The vmPFC is involved in the organisation of cooperative relationships, valuing rewarding social interaction and regulating emotional reactions [START_REF] Rilling | The Neuroscience of Social Decision-Making[END_REF]. The vmPFC is linked to the amygdala as a part of reward circuit. The hippocampus projects axons on PFC, especially on vmPFC, through direct pathway and indirect pathway, via thalamus or perirhinal cortex [START_REF] Eichenbaum | Prefrontal-Hippocampal Interactions in Episodic Memory[END_REF]. Connexions between these two structures support functions in episodic and long-term memory.

II.C.1.e.

Vocalisations emission

Rodents, as several mammals, use vocalisations, among other signals, to communicate. Mice emit a variety of ultrasonic vocalisations (USVs) in different contexts [START_REF] Ferhat | Recording Mouse Ultrasonic Vocalizations to Evaluate Social Communication[END_REF]). USVs, with a frequency range between 30kHz and 110kHz [START_REF] Heckman | Determinants of the Mouse Ultrasonic Vocal Structure and Repertoire[END_REF], are considered innate with very little evidence of learning [START_REF] Hammerschmidt | The Structure and Usage of Female and Male Mouse Ultrasonic Vocalizations Reveal Only Minor Differences[END_REF][START_REF] Portfors | The Role of Ultrasonic Vocalizations in Mouse Communication[END_REF]. The complete pathway, toward the emission of USVs, is not completely known. The amygdala and the dmPFC are two structures implicated in control of type of USVs emitted, but not in ability of emission, by a regulation of arousal and emotion (Figure 6.D). Amygdala and dmPFC project axons to the PAG in the midbrain. The PAG innervates the nucleus ambiguus in the brainstem. This structure innervates the respiratory premotor nuclei and the cranial nerve nuclei which directly innervates the larynx [START_REF] Arriaga | Mouse Vocal Communication System: Are Ultrasounds Learned or Innate?[END_REF]. Furthermore, a direct cortical projection to the nucleus ambiguus has been highlighted, which can support the idea of voluntary control of emission [START_REF] Arriaga | Mouse Vocal Communication System: Are Ultrasounds Learned or Innate?[END_REF].

II.C.2. Stereotyped pathway

In humans, stereotyped behaviours take different forms (see I.B) and seem to be related to the corticostriatal circuits and basal ganglia. Stereotyped behaviours and restricted interests vary in kind, but also in degree (Langen, Durston, et al. 2011). Stereotyped behaviours occur in mice under different forms: excessive self-grooming, repetitive climbing, rearing or jumping in specific locations of the cage, and atypical digging in the bedding.

Several studies showed the involvement of the basal ganglia in the modulation of repetitive or stereotyped behaviours. The basal ganglia usually include the striatum (caudate nucleus and putamen), the pallidum (globus pallidus), the ventral pallidum, the subthalamic nucleus and the substantia nigra [START_REF] Ikemoto | Basal Ganglia Circuit Loops, Dopamine and Motivation: A Review and Enquiry[END_REF]. All these structures are interconnected, and they are strongly connected to the cortex, to form corticostriatal loops (CSL) [START_REF] Alexander | Parallel Organization of Functionally Segregated Circuits Linking Basal Ganglia and Cortex[END_REF].

Other structures, such as hippocampus or amygdala, allow a modulation of the CSL activation [START_REF] Bachevalier | Brief Report: Medial Temporal Lobe and Autism: A Putative Animal Model in Primates[END_REF].

The CSL is involved in the control of movement and motor coordination via two pathways: the striatonigral "direct pathway" and the striatopallidal "indirect pathway". In the direct pathway, the cortex, with glutamatergic neurons, and the substantia nigria compacta (SNc), with dopaminergic neurons, activate dorsal striatal MSNs (Figure 7). MSNs project GABAergic axons on globus palidus intern (GPi) which activates thalamus via GABAergic connexions. The thalamus is connected to the motor cortex via glutamatergic synapses. In the indirect pathway, MSNs project through globus palidus extern (GPe). The GPe inhibits the subthalamic nucleus (STN) that projects glutamatergic synapses to the GPi and SNr. These two pathways have antagonist effects on movements. The direct pathway promotes movements by activation of the thalamo-cortical projection, and the indirect pathway inhibits movements by inactivation of the thalamo-cortical projection. A subtle E:I balance is required and a dysfunction could generate impairment in movement and stereotyped behaviour (Langen, Kas, et al. 2011;Langen, Durston, et al. 2011). Impairments in direct and indirect pathways could produce stereotyped behaviours in mice, but also in humans. For instance, several mouse models mutated in ASD risk genes display stereotyped behaviours (see IV.B). The type of stereotyped behaviours observed seems to be linked to the type of impairments in this circuit (Langen, Durston, et al. 2011).

The cortico-striatal circuitry can be manipulated by targeting agents, which bind to inhibitory GABA receptors or to excitatory glutamate receptors (e.g. [START_REF] Presti | Behavior-Related Alterations of Striatal Neurochemistry in a Mouse Model of Stereotyped Movement Disorder[END_REF]). Dopaminergic drugs can also modulate stereotypic behaviours by stimulating the direct pathway or inhibiting the indirect pathway. Furthermore, the dorsal striatum, associated with motor functions, and the ventral striatum, NAcc, associated with reward and cognitive functions, are two structures near each other, and studies

shows the inter connection between these two structures, from ventral to dorsal [START_REF] Haber | Striatonigrostriatal Pathways in Primates Form an Ascending Spiral from the Shell to the Dorsolateral Striatum[END_REF][START_REF] Sesack | Cortico-Basal Ganglia Reward Network: Microcircuitry[END_REF]. This interconnection allows the modulation of information in the different cortico-striatal circuits [START_REF] Haber | Striatonigrostriatal Pathways in Primates Form an Ascending Spiral from the Shell to the Dorsolateral Striatum[END_REF] and could influence the presence of motor stereotyped behaviours, but also the presence of cognitive repetitive behaviours (Table 1) [START_REF] Groenewegen | The Basal Ganglia and Motor Control[END_REF]. This observation reinforced the idea of implication of striatum in ASD at different levels [START_REF] Fuccillo | Striatal Circuits as a Common Node for Autism Pathophysiology[END_REF]). Item under right, unauthorised broadcast

III. SHANK gene: structure and implication

In the following part, we will mainly focus on the genetic causes of ASD. We will discuss about SH3 and multiple Ankyrin repeat domains (SHANKs) gene family that includes three members:

SHANK1, SHANK2/PROSAP1 (hereafter SHANK2) and SHANK3/PROSAP2 (hereafter SHANK3).
This gene family is strongly associated with ASD and was identified by Fluorescent In Situ Hybridization (FISH) analysis and whole genome sequencing [START_REF] Durand | Mutations in the Gene Encoding the Synaptic Scaffolding Protein SHANK3 Are Associated with Autism Spectrum Disorders[END_REF]). Following a metaanalysis on patients with mutations in the SHANK gene family, almost 1% of ASD patients display a mutation (SHANK1: 0.04%; SHANK2: 0.17%; SHANK3: 0.70%) and 2% of patients with ASD and ID display a mutation in SHANK3 [START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF]). These genes encode scaffolding proteins in the post-synaptic density (PSD) of glutamatergic synapses. Because of their scaffolding function at the synapse, SHANK proteins make the link between synaptic receptors, adhesion proteins, signalisation proteins and cytoskeleton. We will describe the different domains composing SHANK proteins as well as the main interactions with other proteins.

III.A. Structure of genes and proteins

III.A.1.

Structure of the Shank genes

In the human genome, SHANK1 is located on chromosome 19 in position 19q13.33 and the mRNA measures 6.6 kb. This gene contains 23 exons and displays two promoters leading to, at least, two isoforms (Shank1a-b; Figure 8). SHANK2 is located on chromosome 11 in position 11q13. Little is currently known on the expression of the different isoforms for Shank1 and Shank2, Shank3 being more studied. According to Wang and colleagues (2014), the presence of multiple intragenic promoters generate six isoforms, Shank3a-f (X. Wang et al. 2014). Furthermore, alternative splicing is present between exons 10 and 12 (five alternative splicing), between exons 18 and 20 (three alternative splicing) and between exons 21 and 22 (four alternative splicing). All isoforms display different expression profiles, in the spatial scale, but also in the temporal domain (see III.A.4). 

III.A.2.

Structure of the proteins

The three SHANK genes encode for three main proteins, which present structural similarities.

Each SHANK protein contains five conserved domains, from N-terminal to C-terminal: the Ankyrins (ANK) domain, the Src homology 3 (SH3) domains, the PSD-95/Disc-large/ZO-1 (PDZ) domain, the proline (Pro) rich domain and the sterile alpha motif (SAM) domain. These domains allow interactions with more than thirty synaptic proteins such as receptors, other scaffolding proteins, synaptic anchor proteins or cytoskeleton proteins [START_REF] Kreienkamp | Scaffolding Proteins at the Postsynaptic Density: Shank as the Architectural Framework[END_REF]. Based on protein-protein interaction (PPI) database (Biogrid database; thebiogrid.org), the number of proteins directly interacting with SHANK can reach 170 for Shank3 in mice. Here, we will describe the main proteins interacting with different Shank domains.

III.A.2.a.

Ankyrin (ANK) domain

The first domain found in N-terminal position of SHANK is composed by six Ankyrin motifs repetitions (Figure 8). It interacts with -FODRIN, an actin-based cytoskeleton protein, allowing indirect interaction with actin cytoskeleton. The SHARPIN (SHANK Associated RH domain interactor) protein can also interact with the ANK domain. SHARPIN is mainly known as a regulator of the immune and skin inflammatory responses (Figure 9).

III.A.2.b.

Src homology 3 (SH3) domain

The SH3 domain, second domain in N-terminal, is a short amino-acid sequence allowing indirect interaction with actin-based cytoskeleton via the DENSIN-180 (Figure 8). Many interactions, direct or indirect, with ion channels were observed. Indeed, GRIP1 (Glutamate receptor-interaction protein), a protein containing seven PDZ domains, allows an indirect connection between Shank proteins and sub-units of AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptor, GluA1-GluA2 [START_REF] Brückner | EphrinB Ligands Recruit GRIP Family PDZ Adaptor Proteins into Raft Membrane Microdomains[END_REF][START_REF] Dong | GRIP: A Synaptic PDZ Domain-Containing Protein That Interacts with AMPA Receptors[END_REF][START_REF] Sheng | The Shank Family of Scaffold Proteins[END_REF]. Furthermore, a voltagedependent calcium channel, CaV1.3, directly interacts with the SH3 domain of Shank proteins (Figure 9) [START_REF] Zhang | Association of CaV1.3 L-Type Calcium Channels with Shank[END_REF]. 

III.A.2.c.

PSD-95/Disc-large/ZO-1 (PDZ) domain

This domain mainly interacts with other scaffolding proteins like Guanylate Kinase-Associated Protein (GKAP)/SAPAP (Figure 9). GKAP is an abundant protein in PSD and allows indirect interaction between the PDZ domain of SHANK3 and the scaffolding protein PSD-95 [START_REF] Boeckers | Proline-Rich Synapse-Associated Proteins ProSAP1 and ProSAP2 Interact with Synaptic Proteins of the SAPAP/GKAP Family[END_REF]. Interestingly, the bond between GKAP and SHANK is modulated by GKAP isoform. Indeed, GKAP is associated with SHANK by a c-terminal domain (GQSK sequence) and one isoform of GKAP, GKAP1b, does not display this sequence. An over-expression of this isoform seems to inhibit the synaptic localisation of SHANK.

SHANK, via the PDZ domain, also interacts with different glutamatergic receptors. Direct interaction between PDZ and AMPA receptors are present especially with GluA2 [START_REF] Uemura | Direct Interaction of GluRδ2 with Shank Scaffold Proteins in Cerebellar Purkinje Cells[END_REF]) and GluA1 by a C-terminal motif [START_REF] Uemura | Direct Interaction of GluRδ2 with Shank Scaffold Proteins in Cerebellar Purkinje Cells[END_REF]. Furthermore, direct interaction seems to be involved between SHANK PDZ domain and mGLUR1 (metabotropic glutamate receptor 1), but this observation is still unclear in vivo [START_REF] Tu | Coupling of MGluR/Homer and PSD-95 Complexes by the Shank Family of Postsynaptic Density Proteins[END_REF]. But, the majority of interactions with glutamatergic receptors are indirect via the PSD-95 and GKAP scaffold proteins and its multiple PDZ domains. PSD-95 interacts directly with sub-unit of NMDA receptor (N-methyl-Daspartate receptor), GluN1-GluN2A-B or indirectly with sub-units of AMPAR by the STARGAZIN protein (L. [START_REF] Chen | Stargazin Regulates Synaptic Targeting of AMPA Receptors by Two Distinct Mechanisms[END_REF]. Furthermore, PSD-95 directly interacts with the intracellular domain of Neuroligin (NLGN) protein. Extracellular domain of NLGN protein interacts with Neurexin (NRXN), located at the presynaptic membrane, to form a synaptic adhesion complex.

III.A.2.d.

Proline -rich domain (Pro)

The Proline rich domain is the longest domain in SHANK proteins with more than 1000 residues (Figure 8 & Figure 9). The beginning and the end of this domain are very rich in proline and also serine. Three main proteins interact with this domain: HOMER, CORTACTIN and ABP-1.

HOMER is a scaffolding protein, interacting with several proteins by an EVH1 domain, which recognises a proline-rich motif, the PPXXF (Proline-Proline-X-X-Phenylalanine) motif. By this motif, HOMER proteins interact with SHANK proteins. Furthermore, HOMER proteins interact with proteins mGLUR1, mGLUR5, and second messenger PLPc (phospholipase C) and IP3 (inositol 1, 4, 5-triphosphate). These interactions, with several effectors of cellular signalisation, reveal the central role of HOMER proteins, and, by extension, SHANK proteins, in signal transduction. Indeed, HOMER impacts the intracellular calcium release, the synaptic transmission [START_REF] Tu | Coupling of MGluR/Homer and PSD-95 Complexes by the Shank Family of Postsynaptic Density Proteins[END_REF]) and the structural and functional organisation of the dendritic spine [START_REF] Sala | Regulation of Dendritic Spine Morphology and Synaptic Function by Shank and Homer[END_REF].

The proline-rich domain also interacts with CORTACTIN proteins. CORTACTIN is a Factin-binding protein and is involved as an actin regulatory protein [START_REF] Naisbitt | Shank, a Novel Family of Postsynaptic Density Proteins That Binds to the NMDA Receptor/PSD-95/GKAP Complex and Cortactin[END_REF]. In response to glutamate stimulation, CORTACTIN recruits and allows the polymerisation of actin-based cytoskeleton. The interaction SHANK/CORTACTIN seems to be crucial for the synaptic cytoskeleton dynamism and links the synaptic cleft and the dendritic spine.

The third main protein partner with proline-rich domain is the Abelson tyrosine kinase interacting (ABP1) protein. This kinase interacts with F-actin to allow the organisation of dynamic post-synaptic cytoskeleton [START_REF] Qualmann | Linkage of the Actin Cytoskeleton to the Postsynaptic Density via Direct Interactions of Abp1 with the ProSAP/Shank Family[END_REF]). It also interacts with the transcription factor complex MYC/MAX by a translocation in nucleus. In this last case, ABP1 is implicated in spine maturation and synapse morphology [START_REF] Proepper | Abelson Interacting Protein 1 (Abi-1) Is Essential for Dendrite Morphogenesis and Synapse Formation[END_REF].

III.A.2.e.

Sterile alpha motif (SAM) domain

The last domain in C-terminal position of SHANK is the SAM domain (Figure 8). This domain seems to be necessary for the synaptic targeting of SHANK proteins and the recruitment as a scaffolding protein [START_REF] Boeckers | C-Terminal Synaptic Targeting Elements for Postsynaptic Density Proteins ProSAP1/Shank2 and ProSAP2/Shank3[END_REF]. Furthermore, several studies showed a homomultimerisation of SHANK proteins through the SAM domain. In this case, the two SAM domains interact through a Zn 2+ ion and this ion is crucial for the recruitment of SHANKs and their binding (Figure 9) (Y. [START_REF] Lee | Characterization of the Zinc-Induced Shank3 Interactome of Mouse Synaptosome[END_REF][START_REF] Grabrucker | A Role for Synaptic Zinc in ProSAP/Shank PSD Scaffold Malformation in Autism Spectrum Disorders[END_REF]; E.-J. Lee et al. 2015).

III.A.3. Implication in neurons

As we saw above, SHANKs/Shanks proteins interact with several glutamatergic receptors at the PSD of glutamatergic synapses. Glutamate is the major excitatory neurotransmitter in the nervous system.

Two mains types of glutamatergic receptors are associated with Shank, fast acting ionotropic receptors, composed by AMPAR, NMDAR and Kainate receptors, and slow acting metabotropic receptors, composed by two main groups of mGluR. The ionotropic receptors are activated by glutamate neurotransmitter and let flowed in sodium ions (NA + ) through all receptors, and calcium ions (Ca 2+ ) through NMDAR, and let potassium ions (K + ) flow out [START_REF] Kandel | Principles of Neural Science[END_REF]. The activation of these receptors can be modulated by cytosolic protein, like Cornichon Family AMPA

Receptor Auxiliary Protein (CNIH) which modulates the type of sub-unit and activation of AMPAR [START_REF] Herring | Cornichon Proteins Determine the Subunit Composition of Synaptic AMPA Receptors[END_REF]. This ionic input triggers membrane depolarization in post-synaptic area and allow signal propagation (Figure 10) [START_REF] Dingledine | Three Classes of Ionotropic Glutamate Receptor[END_REF]. The rise of intracellular Ca 2+ concentration also activates shared signalling pathway with metabotropic receptors [START_REF] Beaulieu | The Physiology, Signaling, and Pharmacology of Dopamine Receptors[END_REF].

Two main groups of metabotropic receptors are present, Group I composed by mGluR1 and mGluR5, and Group II composed by mGluR2 and mGluR3. They regulate the degree of neurotransmission by modulating the expression of proteins at the synapse. The group I is associated with a Gq protein that activates PLPc and allows calcium ions to come out from the endoplasmic reticulum. The combination of Ca 2+ and PLPc activates the protein kinase C, phosphorylating and regulating downstream proteins. The mGluR group I also activates an intracellular mTOR signalling pathway. The Phosphoinositide 3-kinase (PI3K) activates the protein kinase B (PKB). In turn, PKB activates mTOR, a protein inhibiting or activating different transcription factor [START_REF] Gladding | Metabotropic Glutamate Receptor-Mediated Long-Term Depression: Molecular Mechanisms[END_REF].

The receptor mGlur5 is a promising target for Fragile X syndrome target [START_REF] Pop | Fragile X Syndrome: A Preclinical Review on Metabotropic Glutamate Receptor 5 (MGluR5) Antagonists and Drug Development[END_REF]. The group II is associated with Gi/o protein. This G protein inhibits adenylate cyclase and reduces the cytosolic concentration of cyclic adenosine-monophosphate (cAMP), a signalling second messenger. The reduction of cAMP generates among other a reduction of activation of protein kinase A (PKA) [START_REF] Yin | Progress toward Advanced Understanding of Metabotropic Glutamate Receptors: Structure, Signaling and Therapeutic Indications[END_REF]. In normal condition, PKA allows phosphorylation and regulation of several proteins, including mGluR5 especially in D2-MSN (Figure 10) [START_REF] Uematsu | Protein Kinase A Directly Phosphorylates Metabotropic Glutamate Receptor 5 to Modulate Its Function[END_REF]. PKA also allows activation of potassium channels (K + output) and inhibition of Ca 2+ channels [START_REF] Niswender | Metabotropic Glutamate Receptors: Physiology, Pharmacology, and Disease[END_REF]. The shank protein interacts and maintains these glutamatergic receptors at the synapse.

Interestingly, through the implication on cell signalisation, Shank have an important role in neurons expressing glutamatergic and other receptor, like dopamine in striatum, due to the shared signalling pathway to mediate information in post-synaptic compartment [START_REF] Beaulieu | The Physiology, Signaling, and Pharmacology of Dopamine Receptors[END_REF]. Furthermore, due to the direct or indirect interaction with the glutamatergic receptors, SHANKs play an important role in upholding the excitatory transmission through the synapse. They also have a central function in the formation of the synapse and the maintenance of the synapse reinforced by the direct and indirect interaction with Neuroligin and actin cytoskeleton [START_REF] Sala | Shank Synaptic Scaffold Proteins: Keys to Understanding the Pathogenesis of Autism and Other Synaptic Disorders[END_REF][START_REF] Naisbitt | Shank, a Novel Family of Postsynaptic Density Proteins That Binds to the NMDA Receptor/PSD-95/GKAP Complex and Cortactin[END_REF][START_REF] Tu | Coupling of MGluR/Homer and PSD-95 Complexes by the Shank Family of Postsynaptic Density Proteins[END_REF]).

The first studies on SHANK showed the presence of these proteins, co-localizing with Cortactin, in cone growth in developing neurons [START_REF] Du | Identification of a Novel Cortactin SH3 Domain-Binding Protein and Its Localization to Growth Cones of Cultured Neurons[END_REF][START_REF] Naisbitt | Shank, a Novel Family of Postsynaptic Density Proteins That Binds to the NMDA Receptor/PSD-95/GKAP Complex and Cortactin[END_REF][START_REF] Durand | Mutations in the Gene Encoding the Synaptic Scaffolding Protein SHANK3 Are Associated with Autism Spectrum Disorders[END_REF]). These observations validate the importance of SHANK protein in synaptic formation. A recent study shows the presence of Shank3 in the nucleus, more specifically Shank3b (X. Wang et al. 2014), and the relation between Shank3 mutation in mice and a histone deacetylase (HDAC2) that is strongly implicated in the transcriptomic regulation [START_REF] Qin | Social Deficits in Shank3-Deficient Mouse Models of Autism Are Rescued by Histone Deacetylase (HDAC) Inhibition[END_REF]). These observations support the implication of SHANK in nucleus and in epigenetic modulation on neurons.

III.A.4. Expression

The three SHANK genes code for several mRNA splices and display complex transcription profiles. These profiles were mainly studied in mouse models; few studies were conducted in humans.

Shank proteins are involved in neuronal functions, such as synaptogenesis, cytoskeleton, and glutamate receptor setting up (III.A.2); their expression varies according to the brain structures. Little information can be found about the expression of the different isoforms and their structure specificity for Shank1 and Shank2. Most of the studies are based on the mouse brain for the expression of Shank1 and Shank2.

Shank1 mRNA is strongly expressed in cortex, hippocampus (CA1 and CA3), amygdala, substantia nigra, and cerebellar Purkinje cells in the mouse brain (Figure 11.A-B) [START_REF] Peça | Shank3 Mutant Mice Display Autistic-like Behaviours and Striatal Dysfunction[END_REF][START_REF] Harony-Nicolas | Phelan McDermid Syndrome[END_REF]. In these regions, Shank1 is expressed close to the membrane in the PSD of neurons, but also in astrocytes [START_REF] Collins | SHANK1 Is Differentially Expressed during Development in CA1 Hippocampal Neurons and Astrocytes[END_REF]. According to the NCBI database, two main isoforms of Shank1 exist: Shank1a and Shank1b (Figure 8.A).

Three main isoforms of Shank2 exist: Shank2e, Shank2a and Shank2b (Figure 8.B). Shank2 is mainly expressed in cerebellar Purkinje cells, but can also be found in hippocampus, olfactory bulb and central gray and cortex in the mouse brain to a lesser extent (Figure 11.A-B) [START_REF] Du | Identification of a Novel Cortactin SH3 Domain-Binding Protein and Its Localization to Growth Cones of Cultured Neurons[END_REF][START_REF] Lim | Characterization of the Shank Family of Synaptic Proteins. Multiple Genes, Alternative Splicing, and Differential Expression in Brain and Development[END_REF][START_REF] Peça | Shank3 Mutant Mice Display Autistic-like Behaviours and Striatal Dysfunction[END_REF][START_REF] Harony-Nicolas | Phelan McDermid Syndrome[END_REF]. Shank2 is also present in the kidneys and the liver [START_REF] Du | Identification of a Novel Cortactin SH3 Domain-Binding Protein and Its Localization to Growth Cones of Cultured Neurons[END_REF][START_REF] Lim | Characterization of the Shank Family of Synaptic Proteins. Multiple Genes, Alternative Splicing, and Differential Expression in Brain and Development[END_REF][START_REF] Uhlen | Tissue-Based Map of the Human Proteome[END_REF]. In subcellular level, Shank2 is found close to the membrane in the PSD.

Based on the literature, Shank3 generates at least six main isoforms, Shank3a to f, related to the six intragenic promoters (Figure 8.C) (X. Wang et al. 2014). The expression of Shank3 varies according to the brain regions and the age. When considering all isoforms together, Shank3 is expressed in adult mouse brain in the olfactory bulb, the thalamus, the CA3 hippocampus, the cerebellar granule cells, the cortex, and the striatum (Figure 11.A-B) [START_REF] Boeckers | Proline-Rich Synapse-Associated Proteins ProSAP1 and ProSAP2 Interact with Synaptic Proteins of the SAPAP/GKAP Family[END_REF][START_REF] Peça | Shank3 Mutant Mice Display Autistic-like Behaviours and Striatal Dysfunction[END_REF]. Shank3 is also expressed in the heart, the spleen and at the neuro-muscular junction. In the brain, Shank3 is highly enriched at cortico-striatal glutamatergic synapses. However, each isoform displays a specific expression pattern. Shank3a-b-e are strongly expressed in the striatum compared to other brain structures, while Shank3c-d are mainly expressed in cerebellar granule cells (X. Wang et al. 2014). Surprisingly, only Shank3b seems to be expressed in neuronal nucleus while the other isoforms are expressed close to the membrane in PSD. Shank3 is expressed relatively at low levels at birth in the whole brain; then its expression increases after the post-natal day 10 (PND10) to get stable during adolescence and in adulthood in mice. In humans, based on the Allen brain atlas, the expression of SHANK3 starts to increase from 35-36 postconceptional weeks with a peak at four months after birth and remains stable while ageing (Figure 11.C).

Furthermore, SHANK genes contain several CpG islands that can regulate expression (Figure 8). The methylation profile of CpG in SHANK1 and SHANK2 seems to be similar between structure [START_REF] Beri | DNA Methylation Regulates Tissue-Specific Expression of Shank3[END_REF]). Concerning SHANK3, CpG islands displayed a tissue-specific methylation profile, especially between cerebellum and the rest of the brain [START_REF] Beri | DNA Methylation Regulates Tissue-Specific Expression of Shank3[END_REF]). These observations underlie a CpG-dependent regulation of the Shank expression. Furthermore, a post-transcriptional regulation of SHANK3 is present, by micro-RNAs, playing a role on splicing and SHANK3 protein expression [START_REF] Choi | Post-Transcriptional Regulation of SHANK3 Expression by MicroRNAs Related to Multiple Neuropsychiatric Disorders[END_REF]) 

Heterogeneity of symptoms

As stated in the previous part (see I.F), ASD phenotype may result from a complex interaction between genetic, environmental and epigenetic factors, but also a stochastic impact can be proposed [START_REF] Huguet | The Genetic Landscapes of Autism Spectrum Disorders[END_REF]. Few studies analysed the impact of the environment and epigenetics on the phenotype. However, we know that one mutation in the same gene can lead to different phenotypes in different genetics backgrounds [START_REF] Guilmatre | The Emerging Role of SHANK Genes in Neuropsychiatric Disorders[END_REF]. All these aspects explain the important variability and heterogeneity in ASD, hence the use of the term spectrum.

As mentioned earlier, the SHANK family is widely involved in ASD. However, due to the numerous variants of the genes and existing mutations found in patients, SHANK3 patients can display different psychiatric disorders and important heterogeneity (Figure 12.A) [START_REF] Guilmatre | The Emerging Role of SHANK Genes in Neuropsychiatric Disorders[END_REF].

These observations imply an important heterogeneity between SHANK3 patients, but also in the genetic background of these patients [START_REF] Guilmatre | The Emerging Role of SHANK Genes in Neuropsychiatric Disorders[END_REF]. Interestingly, Guilmatre and colleagues Item under right, unauthorised broadcast phenotypic outcomes already associated with SHANK genes mutations and dotted lines show candidate disorders that should be screened for SHANK genes ( from [START_REF] Guilmatre | The Emerging Role of SHANK Genes in Neuropsychiatric Disorders[END_REF].

More recently, De Rubeis and associates (2018) documented a regression for 65% of SHANK3 patients, characterized by a loss of language skills, motor skills, permanently or for a prolonged period of time in early childhood or in adolescence (De [START_REF] Rubeis | Delineation of the Genetic and Clinical Spectrum of Phelan-McDermid Syndrome Caused by SHANK3 Point Mutations[END_REF]. Interestingly, the case study of Serret and colleagues presented two patients with mutation in Shank3 treated by lithium who displayed a reversal of language regression after two years of treatment [START_REF] Serret | Lithium as a Rescue Therapy for Regression and Catatonia Features in Two SHANK3 Patients with Autism Spectrum Disorder: Case Reports[END_REF].

SHANK1 and SHANK2 are associated with several psychiatric disorders in patients (Figure 12.B-C). However, the genetic bases of this heterogeneity are still unknown and any information on heterogeneity will help to understand the genetic, environmental or epigenetic factors.

III.B.2. Autism spectrum disorder

Autism spectrum disorders are strongly associated with genetic variations [START_REF] Geschwind | Advances in Autism[END_REF][START_REF] Huguet | The Genetic Landscapes of Autism Spectrum Disorders[END_REF][START_REF] Ferhat | Recording Mouse Ultrasonic Vocalizations to Evaluate Social Communication[END_REF]. Mutations in the SHANK gene family are significantly associated with syndromic or non-syndromic autism.

III.B.2.a.

Association with non-syndromic autism Mutations in the three members of the SHANK gene family can be deletions, duplications or SNV [START_REF] Durand | Mutations in the Gene Encoding the Synaptic Scaffolding Protein SHANK3 Are Associated with Autism Spectrum Disorders[END_REF][START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF][START_REF] Leblond | Genetic and Functional Analyses of SHANK2 Mutations Suggest a Multiple Hit Model of Autism Spectrum Disorders[END_REF][START_REF] Pinto | Functional Impact of Global Rare Copy Number Variation in Autism Spectrum Disorders[END_REF]. All patients displayed heterozygous mutation on SHANK family, revealing a haploinsufficiency.

The main clinical signs associated with SHANK1 mutations are ASD symptoms with a normal IQ (mean IQ=107). These mutations were de novo mutations, and they were found in 0.04% of patients with ASD, but never in control people [START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF]. Nevertheless, a recent study described a patient carrying a SHANK1 mutation in exon 22 (T. [START_REF] Tabet | A Framework to Identify Contributing Genes in Patients with Phelan-McDermid Syndrome[END_REF].

The modification of 22q13.3 region can be due to ring chromosome (14%), unbalanced translocations (7%), interstitial deletion (11%) or simple deletion (68%) [START_REF] Bonaglia | Molecular Mechanisms Generating and Stabilizing Terminal 22q13 Deletions in 44 Subjects with Phelan/McDermid Syndrome[END_REF]. In this case, the size of this deletion can vary between patients, ranging from less than 100 kb to 9 Mb. In the majority of cases, this deletion includes SHANK3. However, in rare cases, SHANK3 is not deleted, suggesting the implication of other genes or an influence of other genes on SHANK3 expression [START_REF] Disciglio | Interstitial 22q13 Deletions Not Involving SHANK3 Gene: A New Contiguous Gene Syndrome[END_REF][START_REF] Wilson | Interstitial 22q13 Deletions: Genes Other than SHANK3 Have Major Effects on Cognitive and Language Development[END_REF]. The deletion of some specific regions of 22q13 seems to be associated with different features like absence of speech, seizure or ophthalmic features [START_REF] Tabet | A Framework to Identify Contributing Genes in Patients with Phelan-McDermid Syndrome[END_REF]. Interestingly, Tabet and colleagues (2017) presented a family in which all children displayed a deletion in SHANK3 (the first exons), mild to severe ID and an important speech delay. However, the mother displayed similar SHANK3 deletion without cognitive dysfunction [START_REF] Tabet | A Framework to Identify Contributing Genes in Patients with Phelan-McDermid Syndrome[END_REF]). This observation suggests that compensatory mechanisms in neuronal pathway might help to reduce the severity of the phenotype observed. Further investigations in this direction could provide clues for novel treatments.

III.B.2.c.

Asperger's syndrome

Asperger's syndrome is a form of ASD without ID and developmental delay. Surprisingly, Durand and colleagues showed a partial trisomy of the terminal part of the chromosome 22, including SHANK3, in a boy with Asperger's syndrome [START_REF] Durand | Mutations in the Gene Encoding the Synaptic Scaffolding Protein SHANK3 Are Associated with Autism Spectrum Disorders[END_REF]). Another patient with Asperger's syndrome displayed a mutation in PDZ domain in SHANK3 [START_REF] Boccuto | Prevalence of SHANK3 Variants in Patients with Different Subtypes of Autism Spectrum Disorders[END_REF]. Sato and colleagues (2012) showed three members of a family with Asperger's syndrome carrying a large deletion in SHANK1 [START_REF] Sato | SHANK1 Deletions in Males with Autism Spectrum Disorder[END_REF]. To date, no mutation in SHANK2 has been associated with Asperger's syndrome.

III.B.3. Bipolar disorder

Bipolar disorder is a psychiatric condition characterised by a fluctuation of the mood of the patient, with periods of depression and periods of elevated mood with manic-like behaviours. Among the studies analysing the association of SHANK3 with bipolar disorders, all bipolar disorder patients displayed PMS, except in the study of Vucurovic and colleagues [START_REF] Sovner | Ring Chromosome 22 and Mood Disorders[END_REF][START_REF] Verhoeven | Phelan-McDermid Syndrome in Two Adult Brothers: Atypical Bipolar Disorder as Its Psychopathological Phenotype?[END_REF][START_REF] Verhoeven | Phelan-McDermid Syndrome: Clinical Report of a 70-Year-Old Woman[END_REF][START_REF] Willemsen | Adult Phenotypes in Angelman-and Rett-Like Syndromes[END_REF][START_REF] Vucurovic | Bipolar Affective Disorder and Early Dementia Onset in a Male Patient with SHANK3 Deletion[END_REF][START_REF] Denayer | Neuropsychopathology in 7 Patients with the 22q13 Deletion Syndrome: Presence of Bipolar Disorder and Progressive Loss of Skills[END_REF]. The patient in the Vucurovic's study displayed a multiple deletion of at least six exons of SHANK3, as well as the genes ACR, RAPL2B and RPL23AP82. A recent case study proposed an effective therapy, using lithium treatment, to reduce mood disorders for PMS patients [START_REF] Egger | Phelan-McDermid Syndrome Due to SHANK3 Mutation in an Intellectually Disabled Adult Male: Successful Treatment with Lithium[END_REF]. A partial duplication of SHANK2 was highlighted in a patient with bipolar disorder [START_REF] Noor | Copy Number Variant Study of Bipolar Disorder in Canadian and UK Populations Implicates Synaptic Genes[END_REF]. Recently, four points mutations in SHANK2 (c.3979G>A; c.2900A>G; c.4461C>T ;c.4926G>A) were found in patients with bipolar disorder and could be related to the disorder (Y.

Yang, Wang, and Jiang 2018). To date, no link was made between SHANK1 and bipolar disorder.

III.B.4. Schizophrenia

Schizophrenia is a psychiatric disorder characterised by delusions, hallucinations, difficulties in thinking and concentration as well as a lack of motivation (American Psychiatric Association 2013).

In 2010, two de novo SHANK3 mutations were found in patients with schizophrenic symptoms in two separate families. The first one was a R536W (after SH3 Domain) mutation and the second a R111X truncating mutation [START_REF] Gauthier | De Novo Mutations in the Gene Encoding the Synaptic Scaffolding Protein SHANK3 in Patients Ascertained for Schizophrenia[END_REF]. The patients displayed ADHD, ID or seizure. Another study highlighted a significant association of five SNVs located in SHANK1 promoter and reduced auditory working memory in schizophrenic patients [START_REF] Lennertz | A Promoter Variant of SHANK1 Affects Auditory Working Memory in Schizophrenia Patients and in Subjects Clinically at Risk for Psychosis[END_REF]. Recently, a mutation A1731S of SHANK2 (in the proline-rich domain) was identified in four unrelated schizophrenic patients, but not in controls [START_REF] Peykov | Identification and Functional Characterization of Rare SHANK2 Variants in Schizophrenia[END_REF].

III.B.5. Alzheimer disease (AD)

IV. Mouse models for autism

IV.A. Benefits of mouse models for autism

The SHANK gene family has been associated with ASD based on genetic studies in humans (see above); however, the mechanisms leading mutations in these genes to physiological and behavioural effects remain to be clarified. Many studies analysed animal models expressing such mutations as a proxy and studied the molecular, cellular and behavioural phenotypes to elucidate the mechanisms.

Mice were often used as a study model because of their phylogenetic (they carry orthologous genes) and physiological similarity to humans [START_REF] Chinwalla | Initial Sequencing and Comparative Analysis of the Mouse Genome[END_REF][START_REF] Brown | Understanding Mammalian Genetic Systems: The Challenge of Phenotyping in the Mouse[END_REF]. Furthermore, mice are social animals and some of their behavioural traits can be paralleled with some traits of human behaviour. The generation and exploration of mouse models bring knowledge about the biology of autism [START_REF] Crawley | Translational Animal Models of Autism and Neurodevelopmental Disorders[END_REF]. Studies on mouse models facilitate the understanding of the different neuronal circuits mediating ASD-related phenotypes and could provide innovative knowledge-based treatments in ASD.

At the behavioural level, the two core symptoms of ASD, deficits in social communication and stereotyped-like behaviours, can be evaluated in mice [START_REF] Silverman | Behavioural Phenotyping Assays for Mouse Models of Autism[END_REF]. Different protocols, supposed to measure similar behavioural traits, are used to quantify the ASD-like level. The social behaviour, in juvenile and adult mice, is explored according to three main axes: social motivation for interaction with a same-sex unfamiliar mouse, social motivation during socio-sexual interaction, and interest in social novelty, i.e., the ability and motivation to discriminate between a familiar mouse and an unfamiliar one. The last one is often associated with social memory (see II.C.1). The social motivation, during socio-sexual interaction, is often studied using direct and free social interaction between the tested mouse and an unfamiliar mouse [START_REF] Ferhat | Social Communication in Mice -Are There Optimal Cage Conditions?[END_REF]. The social motivation and the social memory can be studied using the three-chambered test and free interaction test. The three- To understand the implication of cerebral pathways (see II.C), studies analysed electrophysiology, protein composition or neuronal development. However, the majority of brain studies performed analysis on CA1 or CA3 in the hippocampus and few on the striatum or cortex. We will focus in the following part on the behaviour and neurophysiology of Shank mouse models.

IV.B. Mouse models carrying mutations in SHANK genes

IV.B.1. Shank1

The unique mouse model had been generated by Hung and colleagues (2008) [START_REF] Hung | Smaller Dendritic Spines, Weaker Synaptic Transmission, but Enhanced Spatial Learning in Mice Lacking Shank1[END_REF]). This mutant mouse displayed a deletion (∆) of exons 14 and 15 in Shank1 (∆14-15; Figure 13.A; Table 3). These exons carry one of the two promoters and are present in the two known isoforms (Shank1a-b). Therefore, this model should be a complete knock-out (KO) [START_REF] Hung | Smaller Dendritic Spines, Weaker Synaptic Transmission, but Enhanced Spatial Learning in Mice Lacking Shank1[END_REF], according to the current knowledge about Shank1 isoform expression (Figure 8.A; (X. Wang et al.

2014)).

IV.B.1.a.

Behavioural analysis

The Shank1 mutant mouse was the first ASD model mutated in one gene of the Shank family generated [START_REF] Hung | Smaller Dendritic Spines, Weaker Synaptic Transmission, but Enhanced Spatial Learning in Mice Lacking Shank1[END_REF]). Shank1-/-mice displayed few impairments in ASD core symptoms, and Shank1+/-mice displayed even more limited impairments [START_REF] Hung | Smaller Dendritic Spines, Weaker Synaptic Transmission, but Enhanced Spatial Learning in Mice Lacking Shank1[END_REF][START_REF] Silverman | Sociability and Motor Functions in Shank1 Mutant Mice[END_REF][START_REF] Wöhr | Communication Impairments in Mice Lacking Shank1: Reduced Levels of Ultrasonic Vocalizations and Scent Marking Behavior[END_REF][START_REF] Sungur | Repetitive Behaviors in the Shank1 Knockout Mouse Model for Autism Spectrum Disorder: Developmental Aspects and Effects of Social Context[END_REF][START_REF] Sungur | Early Communication Deficits in the Shank1 Knockout Mouse Model for Autism Spectrum Disorder: Developmental Aspects and Effects of Social Context[END_REF][START_REF] Sungur | Aberrant Cognitive Phenotypes and Altered Hippocampal BDNF Expression Related to Epigenetic Modifications in Mice Lacking the Post-Synaptic Scaffolding Protein SHANK1: Implications for Autism Spectrum Disorder[END_REF]).

Normal social interaction was observed in the three-chambered test and free social interaction [START_REF] Sungur | Aberrant Cognitive Phenotypes and Altered Hippocampal BDNF Expression Related to Epigenetic Modifications in Mice Lacking the Post-Synaptic Scaffolding Protein SHANK1: Implications for Autism Spectrum Disorder[END_REF]. Only Shank1-/-female mice displayed impairment in social recognition with a decrease of the time spent in contact with new unfamiliar mice in the third phase of the three-chambered test.

Furthermore, a reduction of the communication can be observed in Shank1-/-mice with a decreased number of ultrasonic vocalisations emitted by pups during development and in adult males during their interaction with an oestrus female and a reduction of sniffing time of Shank1-/-adult males during scent marking test with female urine in comparison with wild-type mice [START_REF] Wöhr | Communication Impairments in Mice Lacking Shank1: Reduced Levels of Ultrasonic Vocalizations and Scent Marking Behavior[END_REF][START_REF] Sungur | Early Communication Deficits in the Shank1 Knockout Mouse Model for Autism Spectrum Disorder: Developmental Aspects and Effects of Social Context[END_REF]). Shank1-/-adult mice also displayed stereotyped behaviour with an increase of self-grooming behaviour [START_REF] Sungur | Repetitive Behaviors in the Shank1 Knockout Mouse Model for Autism Spectrum Disorder: Developmental Aspects and Effects of Social Context[END_REF]. Surprisingly, these Shank1-/-mice displayed a reduction of marbles burying behaviour as well as exploration behaviour in the open-field in comparison with Shank1+/+ mice [START_REF] Silverman | Sociability and Motor Functions in Shank1 Mutant Mice[END_REF][START_REF] Sungur | Repetitive Behaviors in the Shank1 Knockout Mouse Model for Autism Spectrum Disorder: Developmental Aspects and Effects of Social Context[END_REF]. In humans, patients did not display intellectual disabilities, but can exhibit anxiety. Shank1-/-mice manifested impairment during a memory test, object recognition test [START_REF] Sungur | Aberrant Cognitive Phenotypes and Altered Hippocampal BDNF Expression Related to Epigenetic Modifications in Mice Lacking the Post-Synaptic Scaffolding Protein SHANK1: Implications for Autism Spectrum Disorder[END_REF], and slight anxiety-like behaviour, in the dark/light test [START_REF] Hung | Smaller Dendritic Spines, Weaker Synaptic Transmission, but Enhanced Spatial Learning in Mice Lacking Shank1[END_REF]) contrary to human patients [START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF].

IV.B.1.b.

Neurobiology and electrophysiology

In this model, only one study analysed the neuronal pattern [START_REF] Hung | Smaller Dendritic Spines, Weaker Synaptic Transmission, but Enhanced Spatial Learning in Mice Lacking Shank1[END_REF]). Shank1-/-mice showed an abnormal PSD protein composition with a reduction of GKAP/SAPAP and Homer protein.

In anatomic morphology, they showed smaller dendritic spines as well as thinner PSD in mutant mice.

At the electrophysiological level, Shank1-/-mice displayed a decrease of synaptic strength with a decrease of field excitatory postsynaptic potential (fEPSP) and miniature excitatory postsynaptic potential (mEPSP) frequency.

IV.B.1. Shank2

Three independent mouse models were generated (Figure 13 & Table 3). The first one, displayed a deletion of exon 16 and 17 (Shank2∆16-17; Figure 13.B; 8).

In parallel of mouse models expressing the mutation in the whole body, four floxed conditional models were generated, specific to excitatory (cShank2∆e) or inhibitory neurons (cShank2∆i) [START_REF] Kim | Cell-Type-Specific Shank2 Deletion in Mice Leads to Differential Synaptic and Behavioral Phenotypes[END_REF], and two specific to the Purkinje cells of the cerebellum, using Shank2∆16-17 mutation (cShank2∆16-17) [START_REF] Peter | Dysfunctional Cerebellar Purkinje Cells Contribute to Autism-like Behaviour in Shank2-Deficient Mice[END_REF]) [START_REF] Peter | Dysfunctional Cerebellar Purkinje Cells Contribute to Autism-like Behaviour in Shank2-Deficient Mice[END_REF] or Shank2∆17 mutation (cShank2∆17) [START_REF] Ha | Cerebellar Shank2 Regulates Excitatory Synapse Density, Motor Coordination, and Specific Repetitive and Anxiety-Like Behaviors[END_REF]. According to the actual knowledge of Shank2 expression, all models should be complete KO (Figure 8.B; (X. Wang et al. 2014)). Even if all Shank2 models displayed complete suppression of expression, they displayed important diversity, mainly at the electrophysiological level (see IV.B.1.b) [START_REF] Ferhat | Behavioural Phenotypes and Neural Circuit Dysfunctions in Mouse Models of Autism Spectrum Disorder[END_REF]. This observation can reveal the poor knowledge about Shank2 expression in mice. These differences can also reveal the important impact of "laboratory effect" and the different protocols used.

IV.B.1.a.

Behavioural analysis

The Shank2-/-mouse models exhibited behavioural impairments, compared to Shank2+/+ mice. These impairments could be related to ASD core symptoms in patients. In Shank2∆16-17, studies showed different results for social interactions. Shank2∆16-17-/-mice showed a decrease of social motivation or interest in social novelty (E.-J. Lee et al. 2015;[START_REF] Won | Autistic-like Social Behaviour in Shank2-Mutant Mice Improved by Restoring NMDA Receptor Function[END_REF]). However, Lim and colleagues (2016) showed no significant difference between genotypes (C.-S. [START_REF] Lim | Enhancing Inhibitory Synaptic Function Reverses Spatial Memory Deficits in Shank2 Mutant Mice[END_REF].

Concerning communication, according to Won and colleagues (2012), Shank2∆16-17-/-mice showed a decrease of call rate in males during mating behaviour. Shank2∆17-/-displayed a decrease of the time spent in contact and a decrease of call rate during same-sex social interaction [START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF][START_REF] Ey | The Autism ProSAP1/Shank2 Mouse Model Displays Quantitative and Structural Abnormalities in Ultrasonic Vocalisations[END_REF]). Shank2∆24-/-mice displayed a decrease of time spent in contact compared to Shank2∆24+/+ in the three-chambered test and dyadic social test [START_REF] Pappas | Deficiency of Shank2 Causes Mania-like Behavior That Responds to Mood Stabilizers[END_REF]. Interestingly, Pappas and colleagues (2017) showed a decrease of bi-directional interaction during dyadic test. The social aspect seems to be perturbed in these models and can be related with SHANK2 patients, who manifested mild social impairments [START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF]. Concerning communication, according to Won and colleagues (2012), Shank2∆16-17-/-mice showed a decrease of call rate in males during mating behaviour. Shank2∆17-/-displayed a decrease of the time spent in contact and a decrease of call rate during same-sex social interaction [START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF][START_REF] Ey | The Autism ProSAP1/Shank2 Mouse Model Displays Quantitative and Structural Abnormalities in Ultrasonic Vocalisations[END_REF]). Shank2∆24-/-mice displayed a decrease of time spent in contact compared to Shank2∆24+/+ in the three-chambered test and dyadic social test [START_REF] Pappas | Deficiency of Shank2 Causes Mania-like Behavior That Responds to Mood Stabilizers[END_REF]. Interestingly, Pappas and colleagues (2017) showed a decrease of bi-directional interaction during dyadic test. The social aspect seems to be perturbed in these models and can be related with SHANK2 patients, who manifested mild social impairments [START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF].

The second ASD core symptoms, stereotyped behaviours, is also analysed in Shank2 mice.

Shank2∆16-17-/-mice displayed an increase of jumping behaviour in comparison with their wild-type littermates, similarly to Shank2∆17-/-mice (E.-J. Lee et al. 2015;[START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF]C.-S. Lim et al. 2017). Furthermore, Shank2∆17-/-mice displayed an increase of duration of bouts of selfgrooming behaviour in comparison with their wild-type littermates. Surprisingly, Shank2∆24-/-mice displayed a decrease of self-grooming behaviour in comparison with their wild-type littermates [START_REF] Pappas | Deficiency of Shank2 Causes Mania-like Behavior That Responds to Mood Stabilizers[END_REF]. Literature highlights an important comorbidity in Shank2 mutant mice. First, the three models (Shank2∆16-17-/-, Shank2∆17-/-and Shank2∆24-/-) showed an increase of the distance travelled in the open-field, revealing consistent hyperactivity in mice not reported in all human cases displaying a mutation in SHANK2 [START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF]. Furthermore, Shank2∆16-17-/-mice displayed impairment in motor coordination [START_REF] Ha | Cerebellar Shank2 Regulates Excitatory Synapse Density, Motor Coordination, and Specific Repetitive and Anxiety-Like Behaviors[END_REF]. Pappas and colleagues (2017) suggested to relate the hyperactivity of Shank2∆24-/-mice (and by extension of other complete Shank2 models) with schizophrenia-like phenotype [START_REF] Peykov | Identification and Functional Characterization of Rare SHANK2 Variants in Schizophrenia[END_REF] and manic-like behaviour seen in bipolar patients and models [START_REF] Pappas | Deficiency of Shank2 Causes Mania-like Behavior That Responds to Mood Stabilizers[END_REF]). This observation is consistent with unpublished data, on Shank2∆17-/-, revealing that the effect of methylphenidate on hyperactivity was similar between wild-type and mutant mice (Ey et al., n.d.). However, these observations were only based on hyperactivity and no analysis of others symptoms of manic-like behaviour were made. Then, several models exhibited impairments during the Morris water maze task, revealing cognitive impairment, which could be related with mild IQ in patients [START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF] Furthermore, Shank2∆24-/-mice showed an important dysregulation in circadian cycle [START_REF] Pappas | Deficiency of Shank2 Causes Mania-like Behavior That Responds to Mood Stabilizers[END_REF].

Model

Concerning the conditional models, Peter and colleagues (2016) observed a reduction of social interest and social memory in cShank2∆17 mouse as well as reduction of motor learning and impairment in repetitive behaviours [START_REF] Peter | Dysfunctional Cerebellar Purkinje Cells Contribute to Autism-like Behaviour in Shank2-Deficient Mice[END_REF]. Ha and colleagues (2016) only observed a decrease of motor coordination and increase of self-grooming behaviours in cShank2∆16-17 mouse [START_REF] Ha | Cerebellar Shank2 Regulates Excitatory Synapse Density, Motor Coordination, and Specific Repetitive and Anxiety-Like Behaviors[END_REF]. No impairment in social interaction, communication or olfaction was observed.

Interestingly, Kim and colleagues (2018) associated reduction of social motivation, digging and increase of anxiety-like behaviour, through openfield and dark/light test, with the excitatory neurons on cShank2∆e mouse and a reduction of vocalisations emitted and an increase of self-grooming with inhibitory neurons with the cShank2∆I mouse [START_REF] Kim | Cell-Type-Specific Shank2 Deletion in Mice Leads to Differential Synaptic and Behavioral Phenotypes[END_REF]). Hyperactivity was found in both models.

IV.B.1.b.

Neurobiology and electrophysiology

Shank2∆16-17-/-mice displayed a decrease of Long-Term potentiation (LTP) as well as a decrease of NMDA/AMPA ratio in hippocampus, with an increase of the expression of GluN1 and a decrease of phosphorylation of GluA1 in comparison with their wild-type littermates [START_REF] Won | Autistic-like Social Behaviour in Shank2-Mutant Mice Improved by Restoring NMDA Receptor Function[END_REF]. Pappas and colleagues (2017) showed similar observation with a decrease of NMDA/AMPA ratio, and a decrease of GluN1 expression in comparison with control mice [START_REF] Pappas | Deficiency of Shank2 Causes Mania-like Behavior That Responds to Mood Stabilizers[END_REF]. In contrast, Schmeisser and colleagues (2012) highlighted opposite results, with an increase of LTP and NMDA/AMPA ratio in comparison with wild-type mice. They also observed an increase of GluN1, GluN2 and, surprisingly, Shank3 in striatum and hippocampus in comparison with wild-type mice.

This last observation can reveal an important compensatory mechanism between Shank2 and Shank3.

They also observed a decrease of the density of PSD in comparison with control mice [START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF]. Furthermore, Lim and colleagues (2017) highlighted a reduction of GABRA2, a GABA receptor sub-unit, in Shank2∆16-17-/-mice, but not in Shank2∆17-/-mice, in the hippocampus (C.-S. [START_REF] Lim | Enhancing Inhibitory Synaptic Function Reverses Spatial Memory Deficits in Shank2 Mutant Mice[END_REF]. A reduction of the inhibitory strength in hippocampus, via GABAR, implies a dysregulation of activation of hippocampus and can be related to the E:I imbalance theory in ASD (see II.B). These observations were made at approximately the same age for all models and remain to be further investigated.

IV.B.1.c.

Pharmacological studies

After highlighting the reduction of GABRA2 in the hippocampus, Lim and colleagues (2017) used a GABAR agonist, the L838.417, an anxiolytic drug. They were able to rescue impairment in spatial memory, but not in any other phenotypic aspects.

As we saw before (see III.A.2.e), the zinc ions are essential for Shank setting up. Lee and colleagues (2015) injected clioquinol, a zinc ions chelator, by intraperitoneal injection to Shank2∆17-/-mice, and they observed an increase of social recognition with a ratio similar to wild-type mice as well as an increase of fEPSP slope similar to wild-type mice (E.-J. Lee et al. 2015).

Pappas and colleagues (2017) analysed the effects of two different drugs prescribed in human ASD patients for treatment of comorbidities, lithium (BPD) and valproic acid (VPA; epilepsy) [START_REF] Pappas | Deficiency of Shank2 Causes Mania-like Behavior That Responds to Mood Stabilizers[END_REF]. With chronic lithium treatment (incorporated in chow alimentation), Shank2∆24-/-mice demonstrated an improvement of circadian cycle that got similar to the one of Shank2∆24+/+ mice. Furthermore, chronic lithium treatment or acute VPA treatment seemed to reduce the hyperactivity observed in Shank2∆24-/-mice. These two drugs were used to treat mania in bipolar disorder and reduced the hyperactivity aspect in patients [START_REF] Bowden | Efficacy of Lithium in Mania and Maintenance Therapy of Bipolar Disorder[END_REF][START_REF] Pope | Valproate in the Treatment of Acute Mania. A Placebo-Controlled Study[END_REF][START_REF] Young | Lithium in Maintenance Therapy for Bipolar Disorder[END_REF]. Interestingly, a drug screening study on iPS cells from SHANK3 patients revealed an increase of SHANK3 expression in iPSC with lithium treatment [START_REF] Darville | Human Pluripotent Stem Cell-Derived Cortical Neurons for High Throughput Medication Screening in Autism: A Proof of Concept Study in SHANK3 Haploinsufficiency Syndrome[END_REF]. Therefore, the link between SHANK2 and SHANK3 seems to be an important clue in shankopathy and further investigation on the underlying mechanisms could reveal new treatment [START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF].

IV.B.2. Shank3

Finally, Shank3 is the most studied gene as a potential cause of ASD, both in cellular (genetic level and functional studies in human-derived cells) and in animal models. Seventeen independent animal models exist: thirteen with a mutation/deletion in one or more exon(s) in mice (Figure 13.E to Q); one in rats; two with a point mutation in mice and one study on Shank3 over-expression in mice (summarized in Table 4). For the majority of the models, the mutation targeted specific domains (ANK, SH3, PDZ, Pro or SAM) and two models proposed a complete deletion (exon 4 to 22) of Shank3.

As seen above (see III.A.4), Shank3 displayed several isoforms, with their expression profiles depending on age and brain region (X. Wang et al. 2014). Because of deletion/mutation causing a frame shift, each model is expected to have different disruptions of different isoforms (Figure 8.C).

While patients carrying a mutation in SHANK3 showed haploinsufficiency, the majority of studied models showed impairment at the homozygous state. Furthermore, the majority of models is studied by several teams and displays different phenotypes according to the laboratory for the same model.

Even if the expression of Shank3 isoforms starts to be well-known, these discrepancies suggest that some gaps in the understanding of Shank3 expression remain to be filled.

IV.B.2.a.

Behavioural analysis

Complete behavioural analyses were performed, on both homozygous and heterozygous mutants. Overall, these results supported behavioural impairments, which were reminiscent of the phenotype displayed by SHANK3 patients.

The social aspect was analysed in the majority of models and often showed a decrease of social interest (Shank3∆4-9B [START_REF] Bozdagi | Haploinsufficiency of the Autism-Associated Shank3 Gene Leads to Deficits in Synaptic Function, Social Interaction, and Social Communication[END_REF] Shank3∆4-22J (X. Wang et al. 2016Wang et al. , 2014)), Shank3∆4-6 (rat) [START_REF] Berg | Developmental Social Communication Deficits in the Shank3 Rat Model of Phelan-Mcdermid Syndrome and Autism Spectrum Disorder[END_REF]) highlighted a decrease of ultrasonic vocalisations emitted during social interaction or playback test, and an increase of USVs emitted by male without social contact for Shank3∆4-9B (X. [START_REF] Wang | Synaptic Dysfunction and Abnormal Behaviors in Mice Lacking Major Isoforms of Shank3[END_REF]). As a neurodevelopmental disorder, social communication during development was mostly studied by examining the emission of ultrasonic vocalisations in pups (between PND1 and PND13). According to Jaramillo and colleagues (2016), pups with Shank3∆4-9P [START_REF] Jaramillo | Altered Striatal Synaptic Function and Abnormal Behaviour in Shank3 Exon4-9 Deletion Mouse Model of Autism[END_REF]) displayed an increase of the call rate during isolation compared to wild-type mice. It is the opposite for the transgenic mice with an over-expression of Shank3 [START_REF] Han | SHANK3 Overexpression Causes Manic-like Behaviour with Unique Pharmacogenetic Properties[END_REF], which emmited less ultrasonic vocalisations than wild-type mice., but this observation was not replicated for Shank3∆9 (J. Lee et al. 2015), and Shank3InsG3680 [START_REF] Zhou | Mice with Shank3 Mutations Associated with ASD and Schizophrenia Display Both Shared and Distinct Defects[END_REF].

Stereotyped behaviours appeared to be the trait most importantly impacted by the deletion in Shank3 mutant mice [START_REF] Ferhat | Behavioural Phenotypes and Neural Circuit Dysfunctions in Mouse Models of Autism Spectrum Disorder[END_REF]. We observed an increase of self-grooming behaviour in Shank3∆4-9B (M. Shank3InsGex21 [START_REF] Speed | Autism-Associated Insertion Mutation (InsG) of Shank3 Exon 21 Causes Impaired Synaptic Transmission and Behavioral Deficits[END_REF]. No impairment in spatial learning was observed in Shank3∆9 (J. Lee et al. 2015), Shank3∆13-16 [START_REF] Peça | Shank3 Mutant Mice Display Autistic-like Behaviours and Striatal Dysfunction[END_REF]. No other cognitive impairment was reported except in touchscreen pairwise discrimination task in heterozygous Shank3∆13-16 [START_REF] Copping | Touchscreen Learning Deficits and Normal Social Approach Behavior in the Shank3B Model of Phelan-McDermid Syndrome and Autism[END_REF]).

Among other comorbidities, an increase of anxiety-like behaviour was also reported in Shank3∆4-9B Then, in a study on over-expression of Shank3, transgenic mice presented dysregulated circadian rhythm [START_REF] Han | SHANK3 Overexpression Causes Manic-like Behaviour with Unique Pharmacogenetic Properties[END_REF]). This can be related to the modulation of Shank3 expression, in striatum and hippocampus, along the circadian cycle [START_REF] Sarowar | Activity and Circadian Rhythm Influence Synaptic Shank3 Protein Levels in Mice[END_REF].

Furthermore, Wei and colleagues (2017) showed a weaker intestinal barrier as well as a reduction of ZO-1 protein (associated with PDZ domain; see III.A.2.c) in Shank3∆21P (Wei et al.

2017).

All findings from Shank3 mutants were reminiscent to the observations in patients, even with the important variability and the behavioural inconsistency between studies. Many of the differences between models could be attributed to the different isoforms expressed and the transcriptional complexity of the gene. However, an impact of the laboratory, or the experimenter on the mouse behaviour cannot be excluded [START_REF] Sorge | Olfactory Exposure to Males, Including Men, Causes Stress and Related Analgesia in Rodents[END_REF].

IV.B.2.b.

Neurobiology and electrophysiology

Different brain regions were analysed in different strains of mutant mice, including striatum, hippocampus and cortex. Overall, the data obtained from these studies support a general conclusion that synaptic function and proteins expression are impaired in mice with Shank3 mutations.

In electrophysiology, the majority of models displayed a reduction of field EPSP slope (Shank3∆4-9B (M. Surprisingly, Schmeisser and colleagues (2012) presented an increase of GluN2B, in opposite observation with other models [START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF]). However, a complete proteomic analysis on Shank3∆11 showed a decrease of GluN2B and potassium channel KCa1.1 in striatum, but also a decrease of Sapap2-3 and Homer1, scaffolding proteins associated with Shank [START_REF] Reim | Proteomic Analysis of Post-Synaptic Density Fractions from Shank3 Mutant Mice Reveals Brain Region Specific Changes Relevant to Autism Spectrum Disorder[END_REF]). In the opposite, Kouser and colleagues (2013) and Wang and colleagues (2016) In parallel with the cellular physiology, brain circuit mechanisms were analysed. Kloth and colleagues (2015) presented abnormal response timing in delayed eye-blink conditioning, a behavioural test requiring cerebellar plasticity, in Shank3∆21P model. They also show a reduced Purkinje-cell dendritic spine density [START_REF] Kloth | Cerebellar Associative Sensory Learning Defects in Five Mouse Autism Models[END_REF].

Another pathway seems to be relevant in Shank3 mouse model: the mesocorticolimbic dopamine system (see II.C.1). First, Bariselli and colleagues (2016) [START_REF] Bey | Brain Region-Specific Disruption of Shank3 in Mice Reveals a Dissociation for Cortical and Striatal Circuits in Autism-Related Behaviors[END_REF]). Drd1 and Drd2 showed an increase of action potential and excitability, and a decrease of the expression of Homer1b/c in striatum compared to controls. Surprisingly, these animals did not display impairment in social interaction, stereotyped behaviours or locomotion. The NEX mutants displayed an increase of NMDAR currents and an increase of expression of glutamatergic receptor GluN1-2B. In parallel, they showed an increase of self-grooming behaviour, hyperactivity and a reduction of coordination. The Dlx5/6 mutants showed a decrease of Homer1b/c in the striatum.

Overall, even with conflicting evidence between studies, we can observe impairment in excitatory synapses, with modification of EPSP or glutamate receptor expression, but also a possibility of impairment in inhibitory neurons, with the modulation of MSN or IPSP. The E:I theory could explain behavioural impairment in mice, in social or stereotyped behaviour. Surprisingly, the use of well-known drugs is not really common in Shank3 studies. In the model over-expressing Shank3, Han and colleagues (2013) tried valproic acid, usually used for epilepsy, and lithium, usually used for bipolar disorders, but also used for autism [START_REF] Egger | Phelan-McDermid Syndrome Due to SHANK3 Mutation in an Intellectually Disabled Adult Male: Successful Treatment with Lithium[END_REF].

IV.B.2.c.

Valproic acid rescued the hyperactivity phenotype (see IV.B.2.a), but not the lithium [START_REF] Han | SHANK3 Overexpression Causes Manic-like Behaviour with Unique Pharmacogenetic Properties[END_REF].

Recently, Qin and colleagues ( 2018) associated an over-regulation of a class I HDAC2 with Shank3∆21P mutant mice [START_REF] Qin | Social Deficits in Shank3-Deficient Mouse Models of Autism Are Rescued by Histone Deacetylase (HDAC) Inhibition[END_REF]). An increase of HDAC2 revealed epigenetic modulation in this mouse model. Treatment with romidepsin, a specific HDAC2 inhibitor, induced a rescue of observed social deficit without rescuing the increased self-grooming behaviour 

V. Aims

As we saw in the different parts of this introduction, Shank3 is strongly associated with ASD.

Patients with ASD carrying a mutation in SHANK3 displayed important phenotypic variability [START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF]) and 65% these patients displayed a regression of the phenotype at puberty [START_REF] Guilmatre | The Emerging Role of SHANK Genes in Neuropsychiatric Disorders[END_REF][START_REF] Rubeis | Delineation of the Genetic and Clinical Spectrum of Phelan-McDermid Syndrome Caused by SHANK3 Point Mutations[END_REF]. Furthermore, little is known about the impact of SHANK3 mutation on gene expression in the different brain structures.

The aim of this thesis is to understand the impact of Shank3 mutation on the behaviour, especially on the evolution of the phenotype in mouse model, and the relation with other Shanks, especially with Shank2. The characterisation of the brain transcriptome following Shank3 mutation is also crucial to understand the mechanisms underlying the genetic mutation.

Several questions will be tackled:

-What is the behavioural trajectory of the Shank3-/-mice?

-What is the relation between Shank2 and Shank3 at the behavioural level in mice?

-What is the brain transcriptomic profile of adult Shank3-/-mice?

We are expecting genotype-related variations in the behaviours associated with ASD between wild-type and mutant mice, as well as differences in the behavioural trajectories within Shank3-/mice. We hope to explain these differences by a differential gene expression between genotypes and between trajectories. Furthermore, we make the hypothesis that compensatory mechanisms exist between Shank2 and Shank3 to modulate the behaviour and the RNA expression.

To study these different aspects, we use the Shank2 and Shank3 mouse models previously described by Schmeisser and colleagues [START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF]). The Shank2 mutants display a complete deletion of the exon 17, ∆17, and the Shank3 mutants display a complete deletion of the exon 11, ∆11. These two mutations were reported in patients with ASD.

I. Mouse cohorts

I.A. General

The behavioural studies involved several cohorts of mice, with both males and females tested.

All procedures were performed according to the welfare of experimental animals of the Ministry of agriculture of France and they were approved the ethical committee CETEA n°89 (Institut Pasteur, Paris, France).

Shank2 mice were generated from 129SV ES cells and implanted in C57Bl/6J mouse, with at least 12 backcrosses on C57Bl/6J background [START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF]. Shank2 mice displayed a deletion in exon 17, which generated a complete deletion of the protein Shank2 (Figure 14.A-B).

Shank3∆11 mice, generated by Genoway (Lyon, FRANCE), [START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF] were raised on a C57Bl/6J background (more than 15 backcrosses). The Shank3∆11 mice displayed a deletion in exon 11 (Figure 14.C-D). In this model, only 3 isoforms remained expressed, Shank3-d, Shank3-e and Shank3-f (Figure 8). We bred Shank3∆11 heterozygous males and females to generate cohort 1, with 13 males and 10 females Shank3∆11+/+, 19 males and 16 females Shank3∆11+/and 12 males and 12 females Shank3∆11-/mice (Table 5.A). Cohort 1 underwent a longitudinal behavioural study, with tests of the same animals at three, eight and twelve months of age. After the tests at three months of age, males were housed individually. Cohort 2 was also generated using Shank3∆11 heterozygous mice, with 15 males and 5 females Shank3∆11+/+, 15 males and 11 females Shank3∆11+/-and 13 males and 7 females Shank3∆11-/-mice (Table 5.A). We crossed double heterozygous mice to generate the double mutant Shank2/Shank3 cohort (cohort 3). These parents were obtained by breeding mice heterozygous for Shank2 with mice heterozygous for Shank3∆11 (both strains described above; Table 5.B).

All mice were kept in pathogen-free animal facilities. We provided food and water ad libitum.

All mice from cohort 1 were housed under constant temperature (22 ± 1 °C) with a 12:12 light/dark cycle (7h-19h) and cohort 2 and cohort 3 with a 14:10 light/dark cycle (7h-21h). The experimenters were blind of the genotype of the tested animals for data collection and analyses.

I.A. Weaning

Weaning was performed at 22 +/-1 days of age. We measured weight and observed hind limb clasping. Just after weaning, mice were housed from three to five per cages, except when otherwise specified. 

I.A. Behavioural procedures

To examine adult behaviour, mice from Cohort 1 of both sexes were tested in the following order at 

II. Behavioural tests

II.A. General health

We noticed the weight and the physical aspect (fur of animal, injury, or malformation) of all mice at weaning and in adulthood (for cohort 1: three and twelve months of age). The physical aspect of the animals was also evaluated before each behavioural test and any specificity was written down (change in the fur aspect, injuries).

II.B. Dark/light anxiety-like test

Initial condition:

-1300 lux for bright side, 3 lux for the dark side -

2-chambered cage

Protocol:

-Free exploration during 5min

Tested aspects of behaviour: Anxiety-like

The test cage was separated into two compartments connected by a small door (5x5 cm). The first was white and brightly illuminated (1300 lux), the second was dark with low light level (3 lux).

The mouse was placed into the light compartment and freely explored the set up for 5 min. Video analysis was performed using Ethovision (Noldus Information Technology, Wageningen, The Netherlands). The latency to enter the dark compartment and the time spent in each compartment were measured.

II.C. Elevated Plus-maze anxiety-like test

Initial condition:

-100 lux -Plus-maze at a height of 50 cm Protocol:

-Free exploration during 10 min Tested aspects of behaviour: Anxiety-like

The elevated plus maze (four arms of 7 cm by 30 cm) consisted of two open arms (no walls), and two closed arms (with walls), all connected by a neutral zone in the centre. The apparatus was elevated at 50 cm above the floor and light was set at 100 lux. The animal was allowed to freely explore the set up for 10 min. The two open arms were supposed to be anxiogenic, while the two closed arms were supposed to be less anxiogenic. We therefore expected that the time spent in the closed arms reflects the level of anxiety of the mice.

II.D. Locomotion and exploratory test in Open field

Initial condition:

-100 lux (for non-anxiety test)

-1 m diameter round arena Protocol:

-Free exploration during 30 min Tested aspects of behaviour: Locomotion, motor capacities

The tested mouse was allowed to freely explore for 30 min a round open field arena of 1 m in diameter (100 lux in the centre of the arena). Automatic detection of the mouse using Ethovision (Noldus Information Technology, Wageningen, Netherlands) recorded the total distance travelled.

II.E. Stereotyped behaviour observation

Initial condition:

-100 lux, soundproof box, 50x25x30 cm cage Protocol:

-10 min free exploration for habituation -10 min videotaped, several behaviours analysed: circling, digging, self-grooming, jumping.

Tested aspects of behaviour: Presence of stereotyped behaviours

The tested mouse was placed in a new test cage (Plexiglas, 50 x 25 x 30 cm; 100 lux; clean sawdust bedding) in a sound proof chamber. After 10 min habituation, we recorded its behaviour for 10 min (camera Logitech C920). We manually scored the time spent self-grooming, digging, jumping or circling using the software The Observer (Noldus Information Technology, Wageningen, The Netherlands). Behaviours were annotated manually and live with the same software. Total duration and average duration of each behavioural category were calculated.

II.F. Occupant/new-comer social test with vocalisation recording

Initial condition:

-100 lux, soundproof box, 50x25x30 cm cage -Marked different animals (especially newcomer) (2 or 3 lines on tail)

-Isolation: 3 days (females) or 3 weeks (males) Protocol:

-1 st phase: tested mouse was allowed to freely explore the test cage during 20 min for habituation period.

-2 nd phase: introduction of an unknown mouse (newcomers 1, NC1). Free exploration and interaction during 4 min Tested aspects of behaviour: Social interest The tested animal was isolated socially for three days (females) or three weeks (males) to increase motivation for affiliative social contacts [START_REF] Ferhat | Recording Mouse Ultrasonic Vocalizations to Evaluate Social Communication[END_REF]. After this test at 3 months of age, males stayed isolated for the remaining time of the experiment. During the first phase, the tested mouse was left during 20 min for habituation in the test cage, inside a soundproof box (Plexiglas, 50 x 25 x 30 cm; 100 lux; clean sawdust bedding). After this time, an unfamiliar C57Bl/6J mouse (New-comer 1, NC1) of the same sex and age was introduced into the test cage. The two animals were allowed to freely interact for 4 min. Social interactions were recorded using (Logitech C920). Videos were analysed using the semi-automated 2D tracking software, Mice Profiler module (de [START_REF] Chaumont | Computerized Video Analysis of Social Interactions in Mice[END_REF]) from the ICY platform (de Chaumont, Dallongeville, et al. 2012) ( ICY Platform;Institut Pasteur, Paris, France). Using Mice Profiler, we quantified for both the occupant and the newcomer: the time in contact; the types of contact (oral-oral contact, oro-genital contact); approach/escape sequences; follow behaviour; the time spent in the vision field of the congener (Figure 15 -Short: duration shorter than 5 ms; frequency range ≤6.25 kHz.

-Flat: duration longer than 5 ms and frequency range ≤6.25 kHz.

-Upward: increase in frequency; frequency range >6.25 kHz with only one direction of frequency modulation.

-Downward: decrease in frequency; frequency range >6.25 kHz with only one direction of frequency modulation.

-Modulated: frequency modulations in more than one direction; frequency range >6.25 kHz.

-Complex: addition of one or more frequency component(s) (not necessarily harmonic).

-One frequency jump: inclusion of one jump in frequency without time gap between the two frequency components.

-Frequency jumps: inclusion of more than one jump in frequency without time gaps between the two consecutive frequency components.

-Mixed: inclusion of a noisy ("unstructured") part within a pure tone call.

-Unstructured: no pure tone component identifiable; "noisy" calls.

-Others: include all the calls that did not fit in any of the preceding categories (e.g., calls combining features of several of the previous call types).

Using USV data and the behavioural events extracted by Mice Profiler, we analysed the proportion of vocalisations emitted in each behavioural context.

Figure 15: Representation of types of behavioural events and USVs observed during free-social interaction. (A) Behavioural events detected by Mice Profiler during social interactions between the occupant (red) and the new-comer (green). (B) Spectrograms of the different call types used in the present call type classification

II.G. Male behaviour in presence of an oestrus female

Initial condition:

-100 lux, soundproof box, 50x25x30 cm cage put male in presence of female during 48 h one day before the test -Isolation: 1 day for males Protocol:

-1 st phase: the tested mouse was allowed to freely explore the test cage during 10 min for habituation period.

-2 nd phase: introduction of an unknown female in oestrus. Free exploration and interaction during 4 min.

Tested aspects of behaviour: Socio-sexual interest

The tested male was placed in the presence of a female during 48 hours. Then, they were isolated again during one day. During the test, the male was placed in the test cage (Plexiglas, 50 x 25 x 30 cm; 100 lux; with clean sawdust bedding) during 10 min for habituation [START_REF] Ferhat | Social Communication in Mice -Are There Optimal Cage Conditions?[END_REF]. After this time, an unknown female in oestrus (tested through vaginal smears in the morning)

was introduced into the test cage for 4 min. Both mice were allowed to freely interact. Social interactions as well as ultrasonic vocalisations were recorded, as described for the occupant-newcomer test.

II.H. Three-chambered social test

Initial conditions:

-Central compartment: 140 lux; outer compartment: 150 lux Protocol:

-1st phase: the tested mouse was allowed to freely explore the three chambers during 10 min for habituation period.

-2nd phase: One mouse was placed under a wired cup in one of the outer compartments. Free exploration by the tested mouse during 10 min.

-3rd phase: Another mouse was placed in the opposite outer compartment. Free exploration by the tested mouse during 10 min.

Tested aspects of behaviour: Social interest and social recognition A Plexiglas cage was divided in three connected compartments as previously described (Nadler et al, 2004). Both side compartments contained an empty wire cup (side compartments:

150 lux; central compartment: 140 lux). First, the tested mouse was allowed to freely explore the setting, with doors open for 10 min (phase 1) for habituation. Then, the mouse was restricted in the central compartment, while an unfamiliar C57Bl/6J mouse of the same sex (stranger 1) was placed under one of the cups (sides alternated between each test). The tested mouse was then allowed to explore the apparatus for 10 min (phase 2). Then, it was restricted to the central compartment while another unfamiliar C57Bl/6J mouse of the same sex (stranger 2) was placed under the other cup. The tested mouse could then again freely explore the apparatus for 10 min (phase 3). In all three phases, the time spent in each compartment and the numbers of transitions between compartments were automatically recorded. The time spent in contact with the cup containing the mouse (stranger 1) and the time spent in contact with the empty cup were manually measured in phase 2 to evaluate social interest. The time spent in contact with the cup containing the unfamiliar mouse (stranger 2) and the time spent in contact with the cup containing the familiar mouse (stranger 1) were manually measured in phase 3 to evaluate social recognition.

II.I. Behavioural statistics

All group data are represented as mean ± standard error of the mean (S.E.M.), as well as the individual points. All statistics were performed with R software (R Core Team (R Foundation for Statistical Computing, Vienna,Austria) 2014). Between genotypes, the comparison was performed with Mann-Whitney tests. Between age points, the comparison was performed using paired Wilcoxon signed-rank tests. To analyse the variability within groups, the variances were compared using Ansari-Bradley tests. If required, a Bonferroni correction was performed. Differences between groups were considered significant when p<0.05.

III. Biochemical & molecular biology test

III.A. Tissue collection

During the light phase, specifically between 9:00 and 11:00 AM, the mice were killed by CO 2 intoxication, followed by a cervical dislocation, at 12 months of age for the cohort 1 and at 4 months for the cohort 2 and Shank2/Shank3 cohort. The brain was extracted and macro-dissected on ice (4°C)

into HBSS solution by an experimented practitioner. We separated the hemispheres and extracted six brain structures: whole cortex, hippocampus, whole striatum, cerebellum, diencephalon, and brainstem. We stored the samples in different tubes, snap freezed them in liquid nitrogen and stored them at -80°C. These structures were used to perform RNAseq transcriptomic analysis and PCR validation.

III.B. Total RNA extraction

Total RNA was extracted from brain tissues using the miRNeasyPlus Micro Kit (Qiagen, Hamburg, Germany), following the manufacturer's instructions, including DNAse digestion. After first quality assessment using the Nanodrop spectrophotometer ND-1000 (Nanodrop, Thermoscientific, USA), the samples were analysed by the CNRGH (Centre National de Recherche en Génomique Humaine, CEA, Evry, France) testing the RNA integrity number (RIN) using bioanalzer2100 Agilent and RNA6000 Nano LabChip analysis on Bioanalyzer (Agilent Technologies, Santa Clara, California, USA). Then, an oriented mRNA sequencing was performed on samples with a RIN larger than eight.

III.C. RNA-Seq samples

Fifteen 12-months old male mice were used for the differential expression analysis: seven Shank3∆11+/+, and eight Shank3∆11-/mice. Each of these mice had samples from four different brain regions (cerebellum, cortex, hippocampus, and striatum) except for one mouse in each group for which one sample was flagged by the Bioanalyzer QC step and discarded. These data were obtained from two batches of sequencing. RNA extraction was performed during the same day for the first batch and at two different days for the second sequencing batch. We refer to this variable containing three levels as the batch variable. Each sequencing run included two flow cells. The oriented mRNA sequencing was performed on samples with a RIN larger than eight by CNRGH and sequenced in paired-end 100 bp.

III.D. Mapping and reference genome

The RNA-Seq reads were mapped to the genome with the STAR aligner v2.5.3a [START_REF] Dobin | STAR: Ultrafast Universal RNA-Seq Aligner[END_REF] 

III.E. Calling variants from the RNAseq data

We followed the Gatk Best Practices (Van der [START_REF] Auwera | From FastQ Data to High-Confidence Variant Calls: The Genome Analysis Toolkit Best Practices Pipeline[END_REF] The last step was adapted to our project where several samples coming from the same mouse were available. HaplotypeCaller (with parameter -ERC BP_RESOLUTION) was called for each mouse individually using as input the processed BAM files coming from different brain tissues of the same mouse. Mice with the same Shank3 status were then genotyped together by inputting the GVCF files to the Gatk tool GenotypeGVCFs. The Shank3∆11+/+ and Shank3∆11-/specific VCF files were finally combined with the Gatk tool CombineVariants, which output allele frequency and specificity of the variants to Shank3∆11+/+ or Shank3∆11-/mouse populations. The resulting VCF file was filtered using the Gatk tool VariantFiltration using the parameters recommended in the Gatk workflow.

III.F. Differential Expression Analysis

The 18,194 genes with at least one count-per-million (CPM) in two samples were selected.

The samples flagged by the QC Analyzer were filtered out. MDS plots showed separation of the samples according to brain regions, batches, and flow cells (Figure S10). ). Since we were making comparisons both within and between mice, we treated the mouse as a random effect to adjust for baseline differences between subjects. To do so, the mouse was used as a blocking factor and the correlation between measurements made on the same mouse was computed using the function duplicateCorrelation and was input into the linear model fit; as suggested in the section "Multi-level Experiments" of the limma user guide. For each contrast of interest, the linear model was fit for each gene using the function lmFit, and empirical Bayes smoothing was applied to the standard errors using the function eBayes with robust mode set to TRUE. Plots were made in R with help of ggplot2 [START_REF] Wickham | Ggplot2: Elegant Graphics for Data Analysis[END_REF]) and upsetR packages [START_REF] Lex | UpSet: Visualization of Intersecting Sets[END_REF].

III.G. Gene set analysis

The ensemble of genes set enrichment analyses (EGSEA) [START_REF] Alhamdoosh | Combining Multiple Tools Outperforms Individual Methods in Gene Set Enrichment Analyses[END_REF]) available in the Bioconductor R package EGSEA v1.6.1 was used to combine the results of six methods of gene set enrichment analysis: camera, fry, and roast from the limma package [START_REF] Ritchie | Limma Powers Differential Expression Analyses for RNA-Sequencing and Microarray Studies[END_REF], safe [START_REF] Barry | Significance Analysis of Functional Categories in Gene Expression Studies: A Structured Permutation Approach[END_REF] and gage (W. [START_REF] Luo | GAGE: Generally Applicable Gene Set Enrichment for Pathway Analysis[END_REF]) from the safe R package v3.18.0, globaltest R package v5.32.0 [START_REF] Goeman | A Global Test for Groups of Genes: Testing Association with a Clinical Outcome[END_REF], and over-representation analysis (ORA). The limma-voom output and the same contrasts as the one used for the differential expression analysis were input to the egsea function. The seven gene sets available for the mouse species were used: collections h, c1 to c7 of the MSigDB database [START_REF] Subramanian | Gene Set Enrichment Analysis: A Knowledge-Based Approach for Interpreting Genome-Wide Expression Profiles[END_REF] and KEGG [START_REF] Kanehisa | KEGG for Integration and Interpretation of Large-Scale Molecular Data Sets[END_REF]. Gene sets were ranked by their average ranks obtained across methods.

III.H. RNA isolation and dd-PCR

We selected several genes for validation by cross-checking list of DEG, EGSEA (gene ontology -GOand Kyoto encyclopaedia of genes and genomes -KEGG), and data from the literature. To validate the genes of interest, a droplet digital Polymerase Chain Reaction (dd-PCR) was performed. First, total RNA of each sample was extracted following the previous protocol. Then cDNA-bank was generated using the kit iScript advanced cDNA (Bio-Rad, France) and following the manufacturer's instructions.

The cDNA of the samples were added into the dd-PCR supermix for probes (no dUTP) with primerhousekeeping primer dye was HEX and interesting primer dye was FAM -, mixed thoroughly and centrifuged. The housekeeping gene used was GAPDH. Next, samples were partitioned into, at least, 12000 droplets with c-DNA randomly distributed. Then, samples were transferred to a 96-well PCR plate and heat-sealed with a tinfoil sheet. PCR was conducted with the QX100 droplet digital PCR system (Bio-Rad). The thermo-cycling conditions were as follow: preincubation at 95°C for 5 min, amplification (denaturation: 95°C for 30 s; annealing: 52°C for 30 s; extension: 72°C for 45 s) for 40 cycles, followed by 72°C extension for 7 min. Results were analysed by the QuantaSoft Software according to the instructions. All statistics were performed with R software (R Core Team (R Foundation for Statistical Computing, Vienna,Austria) 2014). Between genotypes, the comparison was performed with Mann-Whitney tests.

III.I. Protein-protein interaction network analysis

Based on BioGRID database for Mus Musculus (https://thebiogrid.org/) (Chatr-aryamontri et al. 2017), we analysed the protein-protein interaction (PPI) network for DEGs for all brain structures independently. A randomisation of interactome using all genes detecting by RNAseq were performed to determine the p value. Cystoscape v3.6.1 was used to visualize the protein-protein interaction network to find out key genes. A randomisation of interaction of gene was performed to determine the probability of finding a network.

I. Molecular and behavioural characterisation of Shank3∆11 mutant mice

I.A. Context

As we saw in the introduction (see III.B.1), patients with a mutation in SHANK3 display a large spectrum of phenotypes with a regression in adolescence and adulthood [START_REF] Rubeis | Delineation of the Genetic and Clinical Spectrum of Phelan-McDermid Syndrome Caused by SHANK3 Point Mutations[END_REF][START_REF] Guilmatre | The Emerging Role of SHANK Genes in Neuropsychiatric Disorders[END_REF]. However, little is known about the causes of this phenotypic worsening. Based on this observation in humans, we hypothesise the presence of different behavioural trajectories in mouse models. Testing this hypothesis will allow a better understanding of the correlation between Shank3 expression and phenotype.

Here, we propose to characterise the Shank3∆11 mouse model in a longitudinal study to observe the evolution of the phenotype. To examine the molecular bases of phenotypic differences and evolution between genotype and individuals, we realised a transcriptomic characterisation over four brain structures. The results are presented as an article manuscript.

Introduction

Autism Spectrum Disorders (ASD) are a group of psychological neurodevelopmental disorders based on two main criteria: an alteration of social communication and interaction associated with stereotyped behaviours and restricted interests (American Psychiatric Association 2013). ASD are strongly associated with genetic features and over 800 genes were associated with a higher risk for ASD. An important part of these genes encodes proteins expressed in the synaptic area of excitatory or inhibitory neurons, for example Neuroligin (NLGN), Neurexin (NRXN), or the SHANK family. The SHANK gene family is composed by three genes: SHANK1, SHANK2/PROSAP1 and SHANK3/PROSAP2. Around 1% of patients with ASD show a mutation in one of these genes, and more than 1% of patients with ASD and intellectual disabilities (ID) carry a mutation in SHANK3 [START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF]. The Shank gene family encodes proteins located in postsynaptic density (PSD) of glutamatergic synapses. These proteins are composed by several interaction domains that interact with other synaptic proteins [START_REF] Monteiro | SHANK Proteins: Roles at the Synapse and in Autism Spectrum Disorder[END_REF].

Several studies showed an important variability in patients carrying a mutation in SHANK3, ranging from ASD to other psychiatric disorders such as schizophrenia or bipolar disorders [START_REF] Guilmatre | The Emerging Role of SHANK Genes in Neuropsychiatric Disorders[END_REF]. Furthermore, several studies revealed a regression of the patient during the adolescent and the adulthood [START_REF] Guilmatre | The Emerging Role of SHANK Genes in Neuropsychiatric Disorders[END_REF][START_REF] Rubeis | Delineation of the Genetic and Clinical Spectrum of Phelan-McDermid Syndrome Caused by SHANK3 Point Mutations[END_REF]). However, no study explored the bases of this variability or regression.

To evaluate and understand the behavioural consequences of the deletion of Shank3, we use the mouse model previously described carrying a mutation in exon eleven [START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF][START_REF] Vicidomini | Pharmacological Enhancement of MGlu5 Receptors Rescues Behavioral Deficits in SHANK3 Knock-out Mice[END_REF]. This mutation allows the expression of 3 among the 6 Shank3 main isoforms: Shank3 d, e and f (Figure 8) (X. Wang et al. 2014). In previous analysis of this model, impairment in social interaction and stereotyped behaviour were revealed with dysregulation in the expression of synaptic proteins [START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF][START_REF] Vicidomini | Pharmacological Enhancement of MGlu5 Receptors Rescues Behavioral Deficits in SHANK3 Knock-out Mice[END_REF] In this study, we characterised the behaviour of this model with a focus on social communication and interaction. We furthermore compared the behavioural results to the RNA expression.

Methods Summary

Experimental procedures

A full description of the methods used (behavioural test, tissue and RNA acquisition and processing, data generation, validation, analyses and statistics) is provided in the material and methods section of the present thesis. Hypoactivity is one of the major and stable deficits found in Shank3-/-mouse models (M. [START_REF] Yang | Reduced Excitatory Neurotransmission and Mild Autism-Relevant Phenotypes in Adolescent Shank3 Null Mutant Mice[END_REF]X. Wang et al. 2011;[START_REF] Jaramillo | Novel Shank3 Mutant Exhibits Behaviors with Face Validity for Autism and Altered Striatal and Hippocampal Function[END_REF][START_REF] Kabitzke | Comprehensive Analysis of Two Shank3 and the Cacna1c Mouse Models of Autism Spectrum Disorder[END_REF]). In our study, during 30 min free exploration of an open-field, Shank3-/-males also travelled a significantly shorter distance in comparison with Shank3+/+ males (W=130, p=0.011) and Shank3+/-males (W=187, p=0.007; Figure 16.A, left panel). There were no significant genotype-related differences in the distance travelled by females, despite a trend for lower activity in Shank3-/-mice (W=92, p=0.107; Figure 16.A, right panel). We replicated these results in a second cohort, where both Shank3-/-males (W=151, p=0. As a parallel to the reduction of exploratory activity, Shank3-/-male mice spent less time digging in the bedding in comparison with Shank3+/+ (W=123, p=0.041) and Shank3+/-male mice (W=194, p=0.002; Figure 16.C). This observation was validated by the analysis of the second cohort, with a decrease of digging behaviour for Shank3-/-male compared to Shank3+/+ (W=173, p=0.001) and Shank3+/-male mice (W=150, p=0.001; Figure S 4.E).

Results

Stereotyped behaviour is one of the major diagnosis criteria in ASD. In mice, we evaluated it by measuring the time spent in self-grooming behaviour. In an observation cage with fresh bedding, Shank3-/-male mice displayed a significant increase in the time spent self-grooming in comparison with Shank3+/+ males (W=21, p=0.004) and Shank3+/-males (W=40, p=0.006; Atypical social interaction is the other major diagnosis criterion in ASD. As a standardised test to evaluate the interest in social interactions, we performed the three-chambered test. We did not reveal any significant impairment since mice of all three genotypes displayed a significant preference for sniffing the inverted cup containing a conspecific in comparison with the empty cup (males:

Shank3+/+: W=156, p<0.001; Shank3+/-: W=350, p<0.001; Shank3-/-: W=128, p<0.001; females: Shank3+/+: W=89, p=0.002; Shank3+/-: W=233, p<0.001; Shank3-/-: W=144, p<0.001; Figure S 4.C-F).

To analyse social communication at a finer level of details, we tested free same-sex social interactions.

During male-male or female-female social interactions at three months of age, the time spent in contact, the latency of first contact and the time spent in the different types of contacts and social events did not differ significantly between Shank3+/+, Shank3+/-and Shank3-/-mice (

Figure S 5.D & G).
In contrast, when we tested the interaction of a male with a C57Bl/6J female in oestrus, we observed a significant increase of the total time in contact for Shank3-/-mice in comparison with Shank3+/+ mice (W=32, p=0.034; Figure 16.E). A part of this increase may be explained by an increase of the time spent in oro-oral contact (W=22, p=0.008; Figure S 5.A). Moreover, we observed a decrease of the time spent by the female in the visual field of a Shank3-/-male in comparison with the time spent by the female in the visual field of a Shank3+/+ male (W=133, p=0.009). The total number of ultrasonic vocalisations recorded did not differ significantly between interactions involving Shank3+/+, Shank3+/-or Shank3-/-male mice (Figure 16.F). However, we quantified the proportion of ultrasonic vocalisations emitted during social events. We observed a significant increase of ultrasonic Longitudinal study of the deficits observed at 3, 8 and 12 months of age

We followed longitudinally the same cohort of Shank3 mutant mice to describe the evolution of the phenotype with increasing age. We focused on exploratory activity (open-field free exploration), stereotyped behaviours as well as social interactions and communication.

In the openfield test, Shank3+/+ and Shank3+/-mice reduced their activity with increasing age (Figure 17.A). In contrast, Shank3-/-mice were already travelling short distances at three months of age, and did not change their activity levels with increasing age (Figure 17.A). Because of these two different trajectories, the hypoactivity of Shank3-/-mice remained significant only at three (see above) and eight months of age (males: W= 132, p= 0.007) when compared to Shank3+/+ mice. At twelve months of age, the levels of activity of Shank3+/+, Shank3+/-and Shank3-/-mice were similarly low.

Digging behaviour was not affected by increasing age in the same way as activity levels. Indeed, the profiles of Shank3+/+, Shank3+/-and Shank3-/-mice evolved in parallel. Digging behaviour remained reduced in Shank3-/-male mice in comparison with Shank3+/+ males (eight months: W= 140, p= 0.001; twelve months: W=107, p=0.024) and Shank3+/-males (eight months: W= 189, p= 0.002; twelve months: W=189, p=0.022; Figure 17.B). In contrast, only eight-months old Shank3-/-females dug for significantly shorter times than Shank3+/+ age-matched females (W=91, p=0.030). The evolution with increasing age of the time spent self-grooming differed between Shank3+/+, Shank3+/-and Shank3-/-mice. Indeed, the level of self-grooming remained stable over ages in Shank3+/+ and Shank3+/-mice (Figure 17.C). In contrast, the level of self-grooming tended to increase with age in Shank3-/-mice. In line with the observation at three months of age, Shank3-/male groomed themselves for significantly longer time in comparison with Shank3+/+ mice (eight months: W= 27, p= 0.014; twelve months: W=25, p=0.062) and Shank3+/-mice (eight months: W= 30, p= 0.003; twelve months: W=26, p=0.004). Interestingly, the inter-individual variability was significantly increased in Shank3-/-mice compared to Shank3+/+ and Shank3+/-mice (Shank3-/-vs Shank3+/+ at eight months for males: AB=118, p=0.002; and females: AB=75, p=0.044; at twelve months for males: AB=102, p<0.001; Shank3-/-vs Shank3+/-at eight months for males: AB=181, p=0.005; at twelve months: males: AB=180, p<0.001). Four Shank3-/-males and four Shank3-/females showed an impressive worsening of the phenotype, displaying at eight and/or twelve months of age a level of self-grooming equivalent to three times more the level displayed at three months of age (Figure 17.C). Among these over-groomed animals, two males and two females had to be killed before the end of the experiment at eight months of age because of self-inflicted injuries.

Social interactions during female-female encounters did not differ significantly between age classes in any genotype, and therefore, similarly to the results at three months of age, no genotype-related significant differences were observed at eight and twelve months of age in any variable measured 

Major effects of the Shank3 mutation in the striatum

We dissected the brains of the mice after they completed the behavioural tests at twelve months of age. We generated RNA-Seq data from four brain structures (whole cortex, striatum, hippocampus and cerebellum) of seven Shank3-/-mice and eight Shank3+/+ mice (Table S 1) First, as expected, Shank3 expression level was significantly reduced in Shank3-/-mice in comparison with Shank3+/+ mice in all four brain structures (whole cortex: B=7.6, p<0.001; striatum: B=12.2, p<0.001; hippocampus: B=12.6, p<0.001; cerebellum: B=19.4, p<0.001; Suppl. Fig. S8A). The as previously reported [START_REF] Boeckers | C-Terminal Synaptic Targeting Elements for Postsynaptic Density Proteins ProSAP1/Shank2 and ProSAP2/Shank3[END_REF][START_REF] Peça | Shank3 Mutant Mice Display Autistic-like Behaviours and Striatal Dysfunction[END_REF]. Contrary to a previous study [START_REF] Peça | Shank3 Mutant Mice Display Autistic-like Behaviours and Striatal Dysfunction[END_REF], we detected Shank1 and Shank2 transcripts in the striatum. We observed no link between the expression level of Shank1, Shank2 or Shank3 and the behavioural variability (Figure S 9).

Second, we studied the genes that were differentially expressed between Shank3+/+ and Shank3-/mice (with an adjusted p-value <0.05) across and within structures (Tables S 3). Shank3 was one of the top differentially expressed genes (DEG) in all comparisons. In the comparisons across all structures, 24 out of 69 DEG were located in the vicinity of the Shank3 locus on chromosome 15 Given that this increased number of SNP in chromosome 15 might be related to the residues of the 129S1/SvImJ genome (due to the genetic construction of the Shank3 mutant mice), all genes from this region were considered separately in the following analyses.

We next examined the DEG within each of the four brain structures. The striatum included 186 DEG (adjusted p-value <0.05; including 23 genes from chromosome 15), with 88 genes overexpressed in Shank3-/-mice (log-Fold-Change>1) and 98 genes underexpressed in Shank3-/-mice (logFC<1; 

Impairments of striatal pathways in Shank3-/-mice

We used the ensemble of gene set enrichment analyses (EGSEA) method [START_REF] Alhamdoosh | Combining Multiple Tools Outperforms Individual Methods in Gene Set Enrichment Analyses[END_REF] to annotate the functions of the DEG and performed a pathway analysis over all brain structures. We selected pathways associated with cellular mechanisms and pathways involved in the brain, with an adjusted p-value above 0.05 and at least one DEG selected Figure 18.B). We found no significant pathway in the cortex and only few pathways in the cerebellum ("PI3K signalling") and in the hippocampus ("Tryptophan metabolism"). From here now, we focus on the striatum that revealed 

Protein-protein interaction analysis

The PPI analysis was performed on all brain structures. The majority of DEG for each structure was not annotated in BioGRID database (striatum: 71/186 DEGs; hippocampus: 7/33 DEGs, cerebellum: 4/24 DEGs, cortex: 3/22 DEGs). The proteins annotated in hippocampus, cortex and cerebellum did not reveal any known network. However, two networks were highlighted by PPI analysis in the striatum (p-value: 0,029) (Figure 19.B). They were composed by eight proteins directly or indirectly interacting with Shank3, including Grm2, Slk, Camk2g, Dlgap1 (GKAP), Prkcg, Lnx1, Srgap1 and Unc13band as well as two proteins associated with G-proteins (Gnal and Ric8b). These proteins are involved in the signalling transduction in post-synaptic glutamatergic synapses. This analysis revealed impairment in signalling pathway in striatum.

Discussion & conclusion

Shank family, and especially Shank3, are some of the most expressed proteins in PSD of glutamatergic synapses (Sheng and Hoogenraad, 2007). Furthermore, several studies showed Shank3 is also expressed in nucleus and is implicated in DNA regulation via HDAC2 (X. Wang et al. 2014;[START_REF] Qin | Social Deficits in Shank3-Deficient Mouse Models of Autism Are Rescued by Histone Deacetylase (HDAC) Inhibition[END_REF]. Our analysis on behaviour and transcriptomic revealed some interesting molecular bases of the impairment generated by a Shank3∆11 mutation.

In our study, we revealed impairments in ASD core symptoms for Shank3-/-mice. The mice displayed stereotyped behaviours, via an increase of self-grooming behaviour, and increase of sociosexual interaction compared to Shank3+/+ mice. We also observed impairment in exploratory behaviour, via the distance travelled in the openfield as well as in digging behaviour, but not in locomotor capacity. Interestingly, we observed a worsening of the phenotype represented by an increase of self-grooming behaviour over the different time points. This aspect can be related with observed regression in patients and can be linked to altered gene expression in the striatum at a later age [START_REF] Rubeis | Delineation of the Genetic and Clinical Spectrum of Phelan-McDermid Syndrome Caused by SHANK3 Point Mutations[END_REF].

Then, using RNA sequencing, we detected an imbalance between D1-MSN and D2-MSN in the striatum. A previous analysis of MSN showed a reduction of synaptic strength in D2-MSN in Based on all observations, mutations in Shank3 PDZ domains, and likely the loss of Shank3ab-c, seem to impair the gene expression of synaptic signalling proteins. Two hypotheses can be drawn.

First, the suppression of Shank3 dysregulates the expression of proteins, mainly those involved in cell signalling (X. Wang et al. 2014;[START_REF] Qin | Social Deficits in Shank3-Deficient Mouse Models of Autism Are Rescued by Histone Deacetylase (HDAC) Inhibition[END_REF]. Second, the suppression of the ANK, SH3 and PDZ domains does not allow the recruitment of signalling proteins, leading to a reduction of those proteins.

In both cases, the reduction of signalling proteins generates impairment in signal transduction, especially in striatum. This impairment in cell signalling has an opposite effect between D1-MSN and D2-MSN that will impair controlled locomotor activities, generating stereotyped behaviour, or affect the reward circuit, generating unusual social interaction.

A deeper analysis of striatum and MSN could provide new pharmaceutical approach targeting the imbalance in MSN. It might also provide complementary information on the worsening of the phenotype observed in mice to better understand the evolution of the patient phenotype and probably identify new therapeutic pathways or validate already used treatment, such as lithium. and comorbidities (activity, exploration, memory, anxiety). After the longitudinal study of the same animals at three time points [START_REF]Chapter 5: Behavioural Phenotypes and Neural Circuit Dysfunctions in Mouse Models of Autism Spectrum Disorder[END_REF]8 and 12 months of age), their brains were extracted and four brain regions were dissected for each animal. RNA sequencing was performed on the left hemispheres of a subset of these samples. Gene sequencing was performed at the CNRGH (Centre National de Recherche en Génomique Humaine). Data were analysed using R software. Selected genes were validated using droplet digital PCR (Bio-Rad). All supplementary tables (Table S1- Furthermore, from unpublished data from the "Human genetic and cognitive functions" lab, E. Ey revealed an increase of Shank3 protein expression in a sub-group of Shank2∆17 mice. Indeed, during a male/female social interaction, two sub-groups of Shank2∆17-/-mice were identified: one displaying low levels of social interaction and vocal communication with oestrus female and the other one displaying levels of social communication similar to that of Shank2∆17+/+ mice. They observed an increase of Shank3 in this second sub-group and not in the first one.

Based on these observations, we hypothesise that Shank2 and Shank3 can compensate each other to reduce the behavioural outcome of the mutation. Therefore, to improve the understanding of the balance between Shank2 and Shank3 expression, we generated a double mutant cohort with all possible combination of gene dosage between Shank2 and Shank3 and characterised the behavioural phenotype of the mice.

II.B. Results

First, based on the number of individuals in each group (Table 5.B) and the expected number of individuals, our cohort did not follow a Mendelian distribution (X² test: p=0.008) with a decreased number of animals with a homozygous mutation in Shank2 (Table 6). This observation suggests that deleting Shank2 is more severe than deleting Shank3 in mice.

Due to the small number of individuals for several groups and the low statistical power, we will only describe the behavioural phenotype without statistics.

To facilitate the understanding of the figures due to the important number of genotypes, we simplify the nomenclature (Table 7). Genotype S2 +/+ S3 +/+ S2 +/-S3 +/-S2 -/-S3 -/-S2 -/-S3 +/+ S2 +/+ S3 -/-S2 -/-S3 +/-S2 +/-S3 -/-S2 +/+ S3 +/-S2 +/-S3 

Shank2

Locomotion

In this cohort, the activity was measured by the distance travelled in the openfield during 30 min (Figure 21.A). Mice of most genotypes displayed similar distance travelled for males and females, around 200 meters. Interestingly, only S2 -/-S3 +/+ and S2 -/-S3 +/-males and S2 -/-S3 +/-females displayed an increase of the distance travelled compared to other genotypes, suggesting a hyperactivity linked to the homozygous deletion of Shank2. Surprisingly, the S2 +/-S3 +/+ mice also displayed an increase of the distance travelled probably due to the heterozygous mutation in Shank2. This observation is consistent with the initial characterisation of Shank2-/-mice [START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF]. Furthermore, S2 -/-S3 -/-and S2 +/+ S3 -/females displayed a reduction of the distance travelled. This could be associated with the homozygous deletion of Shank3.

The digging behaviour could be considered an exploratory behaviour [START_REF] Belzung | Chapter 4.11 Measuring Rodent Exploratory Behavior[END_REF]. This behaviour presented an important variability is present for each genotype. (Figure 22.B). Interestingly, individuals with homozygous mutation in Shank2 or Shank3, S2 -/-S3 -/-, S2 -/-S3 +/+ , S2 +/+ S3 -/-, S2 -/-S3 +/-and S2 +/-S3 -/seemed to display a reduction of the time spent digging in comparison with S2 +/+ S3 +/+ mice.

Social interaction

Concerning the motivation to interact socially, we analysed the time spent in contact during the interaction of a male with a C57Bl/6J oestrus female and during the interaction of a female with a C57Bl/6J female (Figure 21.B).

Regarding the socio-sexual interaction, S2 +/+ S3 +/+ , S2 -/-S3 +/+ , S2 +/+ S3 -/-, S2 +/-S3 -/-, S2 +/+ S3 +/-, S2 +/-S3 +/+ individuals displayed similar time spent in contact with an oestrus female. Surprisingly, S2 +/-S3 +/-mice seemed to spend more time in contact with the oestrus female than mice of other genotypes. S2 -/-S3 -/- and S2 -/-S3 +/-mice displayed a reduction of time spent in contact with the oestrus female in comparison with other mice. For females during same-sex social interactions, S2 -/-S3 +/+ , S2 +/+ S3 -/-, S2 -/-S3 +/-, S2 +/-S3 -/-, S2 +/+ S3 +/-, S2 +/-S3 +/+ individuals spent less time in social contact than S2 +/+ S3 +/+ and S2 +/-S3 +/-mice.

Stereotyped behaviour

We observed two types of stereotyped behaviours: jumping and self-grooming behaviour.

Interestingly, the time spent in self-grooming behaviour is relatively low for the majority of genotypes (Figure 22.A). Indeed, only individuals with homozygous mutation of Shank3, S2 +/+ S3 -/-and S2 +/-S3 -/-, displayed an increase of time spent in self-grooming with an important inter-individual variability.

This observation was consistent with the previous analysis of this manuscript. Surprisingly, the double mutant mice did not display increased self-grooming, neither in males nor in females.

The jumping behaviour is mainly observed in mice with a mutation in Shank2, namely in S2 -/-S3 -/-and S2 -/-S3 +/+ males and for S2 +/-S3 +/-, S2 -/-S3 +/+ , S2 -/-S3 +/-and S2 +/-S3 +/+ females (Figure 22.C). 

Principal component analysis of the behaviour

In a principal component analysis (PCA) on all behavioural variables, we observed independent groups. Here, we present the two first dimensions of the PCA driving 25.5% (dimension 1) and 20.1%

(dimension 2) of the total variability (Figure 23). In the first eight dimensions, none separated the animals by sex. First, S2 +/+ S3 +/+ mice and simple or double heterozygous mutant seemed to be homogenous, except for two animals (S2 +/-S3 +/-and S2 +/-S3 +/+ ). This group was driven by an important time spent in contact during social interaction (male/oestrus female or female/female) and in digging.

Surprisingly, the two double homozygous mutant females were in this group, which revealed little impairment for these animals. A second group can be observed containing animals carrying homozygous mutation of Shank3 except for the double mutant (E and G). This group was characterised by an increase of anxiety-like behaviour in the plus-maze as well as a long time spent in self-grooming behaviour. This last aspect is common with the majority of Shank3 mouse models (See Intro XXX). The last group included mice displaying homozygous mutation in Shank2, S2 -/-S3 +/+ and S2 -/-S3 +/-, and the double homozygous mutant male. This group is characterised by an increase of the number of jumping behaviour and by hyperactivity. Interestingly, hyperactivity was a phenotype related to the homozygous Shank2 mutation.

I. Comparison between studies

Variability between Shank3 mouse models

When considering all studies on Shank3 models, we found behavioural phenotypes that were strongly associated with any Shank3 mutation. The most stable phenotypes seemed to be the increase of stereotyped behaviour via self-grooming and the reduction of locomotor activity. All other phenotypes (anxiety, memory, social interactions) seemed to vary without a real impact of isoforms expression.

As reported in the introduction, (see III.B.1), we noticed an important variability between the models and also between studies on the same model with, as a main phenotype, stereotyped behaviour and locomotor impairment [START_REF] Ferhat | Behavioural Phenotypes and Neural Circuit Dysfunctions in Mouse Models of Autism Spectrum Disorder[END_REF]. For example, the two complete Shank3-/-mice displayed different behavioural phenotypes. Wang and colleagues (2016) showed impairment in social communication and no impairment in locomotion while Drapeau and colleagues (2018) showed opposite observation. Our study showed different results in the behavioural and biochemical parts compared to the previous studies [START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF][START_REF] Vicidomini | Pharmacological Enhancement of MGlu5 Receptors Rescues Behavioral Deficits in SHANK3 Knock-out Mice[END_REF]. Vicidomini and colleagues (2017) revealed a reduction of social interaction and social recognition, and a reduction of mGlu5 in the cortex and homer1b/c that we did not find with RNAseq. Two main hypotheses can be drawn to explain this divergence between studies.

Hypothesis 1 for divergence between studies: differences in the protocols

The first one, especially for behavioural tests, is the use of different protocols to quantify similar phenotypes. Consequently, different interpretations and conclusions can be made. Indeed, the social motivation tests, direct social interaction or three-chambered test for example, illustrate well the situation. For instance, Yang and colleagues (2012) found a reduction of social interaction during free social interaction, but not during the three-chambered social test (M. [START_REF] Yang | Reduced Excitatory Neurotransmission and Mild Autism-Relevant Phenotypes in Adolescent Shank3 Null Mutant Mice[END_REF]. This observation reveals that each test analyses different aspect of social behaviour grouped under the name "social interaction". The different conditions and the experimenter could also impact the observable phenotype during the tests [START_REF] Sorge | Olfactory Exposure to Males, Including Men, Causes Stress and Related Analgesia in Rodents[END_REF].

The diagnostic in human patients is very structured and based on standardised tests and procedures like ADOS (see I.E). Integrating standardised tests for all possible phenotypes and, consequently, developing a kind of rodent ADOS-like, could reduce this variability. This standardised test should avoid all anthropomorphic interference [START_REF] Holmes | Rodent Models of Depression: Reexamining Validity without Anthropomorphic Inference[END_REF], incorporate new approaches and, as much as possible, avoid human intervention during all steps in the test. Drapeau and colleagues (2018) performed a complete behavioural analysis, on adults and pups, noting the majority of behavioural phenotypes associated with ASD-like traits in mice [START_REF] Drapeau | Behavioral Phenotyping of an Improved Mouse Model of Phelan-McDermid Behavioral Phenotyping of a Full Shank3 Knockout Mouse[END_REF]. A standardisation of this study could be an important first step for a standardisation of behavioural tests allowing a comparison between studies.

Furthermore, concerning results interpretation, the majority of studies on animal models did not reveal variability between individuals and stay close to the mean and standard deviation. A metaanalysis of Shank3 mouse model collecting all raw data could improve the understanding of impact of Shank3 mutation, and remaining isoforms, and go deeper on the analysis.

Hypothesis 2 for divergence between studies: genetic and epigenetic factors

The second reason that could explain this variability is the genetic and epigenetic basis. We noticed that the majority of mouse models displayed different genetic backgrounds, even if almost all of them presented several C57Bl/6 backcrosses before testing. Drapeau and colleagues (2014) studied Shank3 mutation in different genetic backgrounds (C57Bl/6N; 129S6/SvEvTac and FVB/NTac) and observed different phenotypes between strains for mutated mice and also control mice [START_REF] Drapeau | Absence of Strong Strain Effects in Behavioral Analyses of Shank3-Deficient Mice[END_REF]. Consequently, this study shows the importance and the impact of the mouse strain on the phenotype.

Furthermore, in our mouse model, even with at least 15 backcrosses on C57Bl/6J background, we observe a higher number of SNP around the Shank3 position compared to other regions of the genome. We associated this increase of SNP with the remaining 129 strain background linked to the genetic construction of the model. In all analyses, we consider genes present in this area apart.

However, several genes that are associated with ASD and PMS in humans are located in this area in the mouse genome, due to the homology of gene position, for instance TCF20 ( SFARI category2) or ADLS and CHKB (associated with syndromic ASD) (see Introduction III.B.2.b). Consequently, these genes could have an impact on the expression of other genes and on the phenotype. No such observation was reported before.

Benefit of variability

Even with behavioural phenotypes in common between studies, this variability can hinder a good comparison to highlight similar impairments and pharmacological pathways. An interesting way to exploit and understand this variability is to perform extensive analysis of gene expression, protein expression or methylation profiles. This type of analyses will provide a better understanding of the mechanisms leading gene mutations to atypical phenotypes in mice for each model. These will also provide clues for new pathways and in fine new pharmaco-therapeutic pathways.

II. Behaviour & transcriptomics

Even with the differences between studies, our analysis validated observations made by previous studies, especially at the behavioural level.

Hypoactivity linked with other behaviours

First of all, our model displayed phenotypes similar to other Shank3 mouse models (see Introduction IV.B.2). Shank3-/-mice displayed an increase of self-grooming, a repetitive-like behaviour [START_REF] Silverman | Behavioural Phenotyping Assays for Mouse Models of Autism[END_REF], as well as a reduction of the distance travelled in the openfield in comparison with their wild-type littermates. Three possibilities can explain this reduced activity: an increase of self-grooming behaviour, a hypoactivity or hypotonicity, or a reduction of the exploratory behaviour. First, a mouse with a high self-grooming score spends less time expressing other behaviours like exploration. Indeed, in a principal component analysis, there was a negative correlation between the time spent in self-grooming behaviour and the distance travelled by each animal (see Results 0). Then, a hypoactivity or hypotonicity could explain this reduction. Indeed, Raab and colleagues (2010) showed the presence of Shank3 in PSD of neuromuscular synapses, which could reduce the synaptic transmission to the muscles and reduce tonicity [START_REF] Raab | Proline-Rich Synapse-Associated Protein-1 and 2 (ProSAP1/Shank2 and ProSAP2/Shank3)-Scaffolding Proteins Are Also Present in Postsynaptic Specializations of the Peripheral Nervous System[END_REF]. However, we did not observe a reduction of tonicity or motor coordination in the rotarod test. The absence of impairment in rotarod suggested intact cerebellar functions [START_REF] Goddyn | Differences in Behavioural Test Battery Performance between Mice with Hippocampal and Cerebellar Lesions[END_REF], and actually we did not find noteworthy impairment in cerebellum by RNAseq. Finally, this reduction can be linked to a lack of interest in exploration. The reduction of distance travelled is correlated with the reduction of digging behaviour, a classic exploratory behaviour [START_REF] Belzung | Chapter 4.11 Measuring Rodent Exploratory Behavior[END_REF].

This can reveal a reduction of the exploratory behaviour not necessarily linked to self-grooming or hypoactivity.

Link between social impairments and reward circuit

In our analysis, no significant differences were observed between genotypes during same-sex social interaction, but, surprisingly, an increase of the time spent in contact was present for Shank3-/males as occupant during socio-sexual interactions. It is difficult to conclude with this observation because no other study revealed this aspect. However, based on the implication of brain structure on social motivation, the implication of social reward can be an interesting hypothesis. Indeed, several studies showed the implication of structures from the mesocorticolimbic system, reward circuit (see Introduction II.C.1.c), like the VTA [START_REF] Bariselli | VTA DA Neuron Excitatory Synapses in Shank3 Δex4-9mouse Line[END_REF][START_REF] Bariselli | SHANK3 Controls Maturation of Social Reward Circuits in the VTA[END_REF] or the striatum (W. [START_REF] Wang | Striatopallidal Dysfunction Underlies Repetitive Behavior in Shank3-Deficient Model of Autism[END_REF][START_REF] Bey | Brain Region-Specific Disruption of Shank3 in Mice Reveals a Dissociation for Cortical and Striatal Circuits in Autism-Related Behaviors[END_REF]. To support the implication of mesocorticolimbic system in social impairment, Bariselli andcolleagues (2016-2017) associated Shank3 with the maturation of dopaminergic neurons in the VTA and showed the impact of Shank3 mutation on the social reward circuit [START_REF] Bariselli | SHANK3 Controls Maturation of Social Reward Circuits in the VTA[END_REF][START_REF] Bariselli | VTA DA Neuron Excitatory Synapses in Shank3 Δex4-9mouse Line[END_REF]. However, no study was made between NAcc, Shank3 mutation and the social reward aspect. Concerning the striatum, Wang and colleagues (2017) and Bey and colleagues (2018) studied the striatum in Shank3 mutant mice and they revealed impairments in synaptic transduction in striatum and especially a reduction of synaptic strength in D2 receptors (W. [START_REF] Wang | Striatopallidal Dysfunction Underlies Repetitive Behavior in Shank3-Deficient Model of Autism[END_REF][START_REF] Bey | Brain Region-Specific Disruption of Shank3 in Mice Reveals a Dissociation for Cortical and Striatal Circuits in Autism-Related Behaviors[END_REF]. They connected impairments in striatal neurons with the presence of stereotyped behaviours and showed the implication of corticostriatal connection.

Validating these observations, our findings showed that the mutation of Shank3 had opposite effects on gene expression in D1-MSN and D2-MSN, with an increase of gene expression in D2-MSN and a decrease of gene expression in D1-MSN, based on genes expressed in specific striatal cell types [START_REF] Gokce | Cellular Taxonomy of the Mouse Striatum as Revealed by Single-Cell RNA-Seq[END_REF]). An increase of self-grooming behaviour might be associated with observed impairment in MSN and in particular in the dorsal striatum and locomotor activities. However, our results are performed on the whole striatum and we cannot determine if the impairments in MSN are linked to the cognitive aspect, via the NAcc, or locomotor aspect, via the dorsal striatum. An interesting future analysis will be to dissociate the ventral and dorsal striatum and to separate social cognition and locomotor activities. Interestingly, based on our RNAseq analysis, the implication of MSN and dopamine pathway, in Shank3∆11, is accentuated by the increase of glutamate acid decarboxylase 2 (Gad2) in striatum, suggesting an increase of GABA formation and release. Based on KEGG analysis, we also observed correlations with Shank3 mutation and the pathway associated with addiction and reward circuit (see Results 0). Recently, Rothwell and colleagues found common impaired pathways between ASD and drug addiction disorders [START_REF] Rothwell | Autism Spectrum Disorders and Drug Addiction: Common Pathways, Common Molecules, Distinct Disorders?[END_REF]). An interesting behavioural validation of impairment in mesocorticolimbic pathway could be to test addiction of substance of abuse by conditioned place preference or drug self-administration procedure.

All this information suggested impairment in the striatum in Shank3-/-mice and especially in NAcc which will impair reward circuit and socio-sexual behaviour. This aspect was tested with social conditioned place preference using cotton soaked with female smell as a stimulus. However, social scent and interaction are a very subtle stimulus for induction and no significant difference were observed in wild-type or knock-out Shank3 mice (data not shown). Furthermore, a deeper analysis of free social interaction with same genotype or modifying genotype for the "new-comer" could be interesting to detect subtle modulations of social interactions [START_REF] Chaumont | Live Mouse Tracker: Real-Time Behavioral Analysis of Groups of Mice[END_REF].

Home cage social behaviour

We observed another surprising behaviour. Indeed, in cages, with at least three females (Shank3 +/+ or Shank3 +/-) and only one Shank3-/-mouse, we observed that the Shank3-/-female was the only one to present intact fur and whiskers, suggesting that the Shank3 -/-mouse performed barbering on its cage mates. This behaviour might reflect dominant traits in Shank3-/-females over Shank3 +/+ and Shank3 +/-females [START_REF] Kalueff | Hair Barbering in Mice: Implications for Neurobehavioural Research[END_REF] 

Isoform expression

In our analysis, we observed a significant reduction of Shank3 expression and no modification of Shank1 and Shank2. Even with little information on expressed isoforms, we only observed the global expression of Shanks. However, the expression of Shank1 and Shank2 was not modified between Shank3+/+ and Shank3-/-mice. Very little information can be extracted about the different isoforms expressed, mainly because of the type of RNAsequencing used and the small size of the reads generated. Ususally, long-read RNAsequencing is used for this kind of analaysis. Future analyses should perform a quantification of different Shank (1-2-3) isoforms expression in different brain structures for each genotype (in Shank3 cohort and Shank2/Shank3 cohort) using qPCR analysis.

Interaction between Shank2 and Shank3

Schmeisser and colleagues (2012) revealed an increase of Shank2 expression in Shank3 mutant mouse and vice versa for Shank2 mouse model [START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF]. Furthermore, in unpublished data from E. Ey, compensation between Shank2 and Shank3 seemed to be present in a subgroup of Shank2-/-mice performing similar social interaction and communication than Shank2+/+ mice. Unfortunately, when we analysed the behaviour of mice mutated in Shank2 and/or Shank3, little information could be extracted due to the low number of individuals of each genotype.

In our characterisation of the Shank2/Shank3 double mutant, mice carrying Shank2 homozygous deletion displayed hyperactivity like Shank2-/-mice previously described [START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF][START_REF] Won | Autistic-like Social Behaviour in Shank2-Mutant Mice Improved by Restoring NMDA Receptor Function[END_REF][START_REF] Pappas | Deficiency of Shank2 Causes Mania-like Behavior That Responds to Mood Stabilizers[END_REF], while mice carrying Shank3 homozygous deletion displayed an increase of self-grooming like Shank3-/-mice previously described. Surprisingly, the double homozygous mutants did not seem to display Shank2 hyperactivity or Shank3 self-grooming and males and females displayed different phenotypes. The behavioural phenotype did not seem to be impacted by the presence or not of the other Shank. A complementary study with more animals as well as RNA or proteins expression analysis will improve the understanding of Shank2/Shank3 interaction and document any potential compensation between Shank2 and Shank3.

Heterogeneity in patients and mice

As we saw in a previous part of this manuscript, different factors, genetic, environmental and epigenetic, impact gene expression (see Introduction III.B.1). These factors cause an important phenotypic heterogeneity in observable phenotype between patients. This is especially true for the gene SHANK3. Several analyses of phenotype and genotype of SHANK3 patients highlighted this heterogeneity, with an implication in different neurological and psychiatric disorders [START_REF] Guilmatre | The Emerging Role of SHANK Genes in Neuropsychiatric Disorders[END_REF]). In addition, there exists also an important variability between patients with ASD carrying a mutation in SHANK3 [START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF]. To understand the mechanisms underlying SHANK3 mutations in humans, several mouse models were generated. However, the aspect of inter-individual variability in patients is not studied in mouse models.

In our study, we highlighted an important variability between Shank3-/-mice, especially in self-grooming behaviour. We compared, for the first time, this variability with the observation in patients and we tried to exploit this aspect to understand the underlying pathways. This important variability between individuals is already present in young adults (three months of age), with some animals displaying a level of self-grooming similar to Shank3+/+ mice, and others expressing an already high level of self-grooming. Based on RNA-Seq, we tried to find specific genes and cellular pathways in different brain structures explaining the self-grooming variability for Shank3-/-mice.

Surprisingly, we did not find significant explanation for the variability at 12 months, due to the low statistical power. A similar study with a larger cohort or a study on selected genes should be performed. Other levels need to be investigated like proteomic or epigenetic analyses. Indeed, Wang and colleagues (2014) showed the presence of the isoform Shank3b in the nucleus, suggesting an impact of Shank3 on gene expression without proposing a mechanism of action (X. Wang et al. 2014).

Furthermore, Qin and colleagues (2018) promoted the implication of Shank3 in the regulation of a HDAC, which regulate the opening of DNA strain and DNA expression [START_REF] Qin | Social Deficits in Shank3-Deficient Mouse Models of Autism Are Rescued by Histone Deacetylase (HDAC) Inhibition[END_REF].

Consequently, Shank3 seemed to have an impact at the epigenetic level. However, the relation between HDAC and Shank3 could depend on the isoform expressed because this observation was only made on Shank3∆21P and not on the models expressing more isoforms, especially in mouse Shank3∆11 via proteomic [START_REF] Reim | Proteomic Analysis of Post-Synaptic Density Fractions from Shank3 Mutant Mice Reveals Brain Region Specific Changes Relevant to Autism Spectrum Disorder[END_REF]) and transcriptomic (this study) or mouse with overexpression via proteomic (Y. Lee, Kim, et al. 2017).

Our study gives some clues to explain the inter-individual variability and the behavioural trajectories. Unfortunately, due to the small number of individuals, we cannot propose a likely explanation of inter-individual variability, based on RNA sequencing. To better understand the impact of gene or protein expression explaining the evolution of the phenotype in mice, and potentially in patients, future studies should investigate the proteomics and transcriptomics including microRNA analysis in a larger cohort.

Behavioural worsening with age

Interestingly, the phenotypic variability between animals increased while ageing. In several Shank3-/-individuals, we observed a worsening of the phenotype with increasing age that was not present in Shank3+/+ and Shank3+/-mice, especially for self-grooming behaviour. Interestingly, patients with SHANK3 mutation or deletion often displayed similar decline at adolescence [START_REF] Rubeis | Delineation of the Genetic and Clinical Spectrum of Phelan-McDermid Syndrome Caused by SHANK3 Point Mutations[END_REF]. However, all Shank3-/-mice did not display this worsening of the phenotype and revealed different behavioural trajectories while ageing. This worsening of the phenotype, or regression, is observed in several patients at adolescence or young adulthood, and a lithium treatment is proposed to reduce some aspects of this regression [START_REF] Serret | Lithium as a Rescue Therapy for Regression and Catatonia Features in Two SHANK3 Patients with Autism Spectrum Disorder: Case Reports[END_REF][START_REF] Guilmatre | The Emerging Role of SHANK Genes in Neuropsychiatric Disorders[END_REF][START_REF] Rubeis | Delineation of the Genetic and Clinical Spectrum of Phelan-McDermid Syndrome Caused by SHANK3 Point Mutations[END_REF]. Lithium is usually used as a mood stabiliser in Shank3 patients. Study of lithium treatment on mouse models, displaying worsening of the phenotype, will validate the phenotype and allow a better understanding of cellular interaction.

In future studies, we will analyse the expression of genes in different parts of the brain for mice at three months of age. The aim of this analysis is to confirm the gene expression at different ages and to provide a time course for the modification of the gene expression. Further investigation should be performed to assess relations between regressions of phenotype, gene expression and protein expression in this model.

III. Specific gene expression impaired

In previous studies, Shank3 seemed to have an impact on the nucleus and gene expression (X. Wang et al. 2014;[START_REF] Qin | Social Deficits in Shank3-Deficient Mouse Models of Autism Are Rescued by Histone Deacetylase (HDAC) Inhibition[END_REF]). In the present thesis, we analysed the general gene expression to determine the impact of mutation at the cellular level. Comparing our analysis with the different omics analyses on our model (∆11; [START_REF] Reim | Proteomic Analysis of Post-Synaptic Density Fractions from Shank3 Mutant Mice Reveals Brain Region Specific Changes Relevant to Autism Spectrum Disorder[END_REF])) and over-expressing model (Y. Lee, Kim, et al. 2017), we did not notice any crossed gene/protein in common with an adjusted p.value 0.05. Two main reasons can explain this observation. The first is related to the variability of the phenotype (behaviour and electrophysiology), as explained above. Indeed, as we observed a variability of the behavioural phenotype between studies on the same model, we hypothesise similar variability at the molecular level. The second reason is the presence of impairment in pre/post-traductional regulation and, by extension, the direct or indirect implication of Shank3 in this regulation. Indeed, no study was made on the regulation of protein expression from RNA. Further investigations on the pre/post traductional regulation could improve the understanding of the difference between the results from the proteomic and the results of transcriptomic analysis.

We studied the differential gene expression between Shank3+/+ and Shank3-/-mice.

Surprisingly, the whole striatum seemed to be the most impacted among all brain structures and several differentially expressed genes encode for neuronal and synaptic proteins. As we saw in the introduction, the striatum is a key structure involved in different aspects of social interaction as well as stereotyped behaviours (see Introduction II.C).

First, we showed an implication of different glutamate receptors. Previous studies on Shank3 mouse mutants showed a decrease of some ionotropic glutamate receptors, more specifically GluA ( Shank3∆4-9J (X. [START_REF] Wang | Synaptic Dysfunction and Abnormal Behaviors in Mice Lacking Major Isoforms of Shank3[END_REF]), Shank3∆13 (Jaramillo et al. 2017), Shank3InsG3680 [START_REF] Zhou | Mice with Shank3 Mutations Associated with ASD and Schizophrenia Display Both Shared and Distinct Defects[END_REF])); GluN1, GluN2A-B (Shank3∆4-9J (X. [START_REF] Wang | Synaptic Dysfunction and Abnormal Behaviors in Mice Lacking Major Isoforms of Shank3[END_REF]), Shank3∆11 (Schmeisser et al. 2012;[START_REF] Reim | Proteomic Analysis of Post-Synaptic Density Fractions from Shank3 Mutant Mice Reveals Brain Region Specific Changes Relevant to Autism Spectrum Disorder[END_REF], Shank3∆13 [START_REF] Jaramillo | Novel Shank3 Mutant Exhibits Behaviors with Face Validity for Autism and Altered Striatal and Hippocampal Function[END_REF], Shank3InsG3680 [START_REF] Zhou | Mice with Shank3 Mutations Associated with ASD and Schizophrenia Display Both Shared and Distinct Defects[END_REF])), and Introduction III.A.2.d). This protein negatively modulates the adenylate cyclase and reduces the production of cAMP and protein kinase A [START_REF] Conn | PHARMACOLOGY AND FUNCTIONS OF METABOTROPIC GLUTAMATE RECEPTORS[END_REF]Anwyl 1999aAnwyl , 1999b)). Interestingly, Grm2 and Grm3 are target for schizophrenia treatment [START_REF] Muguruza | Group II Metabotropic Glutamate Receptors as Targets for Novel Antipsychotic Drugs[END_REF][START_REF] Conn | Promise of MGluR2/3 Activators in Psychiatry[END_REF] and a decrease of mRNA and protein expression of Grm2 was observed in valproateinduced rat model of autism (Y.-W. [START_REF] Chen | Activation of MGluR2/3 Underlies the Effects of N-Acetylcystein on Amygdala-Associated Autism-like Phenotypes in a Valproate-Induced Rat Model of Autism[END_REF]. However, up to now, no modification of this protein expression has been reported in other Shank3 mouse models.

Furthermore, cornichon family AMPA receptor auxiliary protein 3 (Cnih3) is a protein binding AMPAR, promotes receptor traffiking and AMPAR sub-unit assembly and slows down AMPAR deactivation [START_REF] Herring | Cornichon Proteins Determine the Subunit Composition of Synaptic AMPA Receptors[END_REF]). The protein is associated with dependence behaviour especially for opioid (E. C. [START_REF] Nelson | Evidence of CNIH3 Involvement in Opioid Dependence[END_REF]. We found a decrease of Cnih3 gene expression in Shank3-/-mice that could reveal impairments in AMPAR activation. However, we did not test the addiction to drugs on our mouse model. This observation indicates a possible impairment on ionotropic glutamatergic receptors without a reduction of the ionotropic receptors expression.

Finally, the expression of GKAP/SAPAP is significantly reduced in striatum. This is a scaffolding protein connecting PDZ domain with AMPAR and NMDAR (see III.A.2.c).

All these observations indicate impairment in signal induction at glutamatergic synapses in Shank3-/-mice. This aspect is reinforced by the PPI analysis. This last analysis revealed dysregulation of the expression of several genes related to cellular signalisation in striatum. Impairment in postsynaptic processing in glutamatergic synapses provokes dysregulation of gene expression, which is, apparently, specifically associated with striatum and MSN.

However, these findings should also be interpreted with caution due to the difference observed between RNAseq analysis and ddPCR validation. Indeed, an important variability is present in PCR validation results, preventing a robust validation of these genes, likely due to the different techniques used.

IV. Perpectives and conclusion 123

To conclude, due to the variability between studies, new approaches of mouse models study should be generated to allow a better characterisation and a better understanding over the age of the observed phenotype of models and by extension in humans. These new approaches will improve the understanding of the phenotypic evolution that we observed in mice.

Our analysis on behaviour and transcriptomic revealed some interesting molecular bases of the impairment generated by a Shank3∆11 mutation. We revealed impairments in self-grooming behaviour, socio-sexual interaction and locomotion at different time points, which can be related with observed impairment in gene expression in striatum at a later age. In our study, we noticed especially an impairment of the balance between D1-MSN and D2-MSN (see Results 0). However, we cannot define the implication of dorsal or ventral striatum as well as the modification of synaptic strength of D1-MSN or D2-MSN. Complementary behavioural analyses will be interesting, especially social reward test and addiction test. These behavioural studies can be complemented by a conditional knock-out Shank3 mice in the striatum and especially in D1-MSN or D2-MSN. This study on striatal conditional knock-out mice can be associated with the analysis of other conditional mice, in cerebellar granule cells or cortex. An electrophysiological study would be recommended to determine these aspects and elucidate the impact of Shank3∆11 in sub-level of our transcriptome analysis in all brain structures to determine impairment.

One of the important bias in our study is the age of the mice used for RNAseq. The majority of studies used adult animal of three to four months of age. We are currently analysing the brains of three-months old mice from a second cohort to validate the RNA expression results observed in old animals. This complementary study will allow us to determine the impact of Shank3 mutation in younger animals and to understand the evolution of the phenotype based on RNA expression.

However, as we said previously, a possible post-transcriptomic regulation can be present.

Complementary analysis of RNA expression, including miRNA, protein expression and expression regulation could provide more details on the mechanisms underlying Shank3 mutation.

Furthermore, we did not determine the expression of the different isoforms of Shank1, Shank2

and Shank3. We are currently trying to quantify by qPCR the expression of the different isoforms of the three Shanks in the different brain structures in different cohorts. Then, we will study the correlation between Shank expression and behaviours.

Based on all observations, mutation on Shank3 PDZ domains, and likely the loss of Shank3ab-c, seems to impair the gene expression of synaptic signalisation proteins. Two hypotheses can explain this reduction. The suppression of Shank3 generates dysregulation of expression of proteins mainly involved in cell signalling (X. Wang et al. 2014;[START_REF] Qin | Social Deficits in Shank3-Deficient Mouse Models of Autism Are Rescued by Histone Deacetylase (HDAC) Inhibition[END_REF]. Or the suppression of ANK SH3 and PDZ domains does not allow recruitment of signalling proteins, provoking a reduction of those proteins. In both cases, reduction of signalling proteins generates impairment in signal transduction, especially in striatum over the long term. In view of antagonist mechanisms for D1-MSN and D2-MSN and the relationship between dopamine and glutamatergic receptors, impairment in glutamatergic synaptic signalisation have opposite effect for both types of striatal neurons [START_REF] Beaulieu | The Physiology, Signaling, and Pharmacology of Dopamine Receptors[END_REF]. This imbalance will impair controlled locomotor activities, generating stereotyped behaviour, or impair reward circuit, generating unusual social interaction.

Finally, this study gives good understanding of the level of impairment generated by Shank3

and the pathway and brain structure implicated. Our data corroborate previous studies. A deeper analysis of striatum and MSN could suggest new pharmaceutical approach for patients, targeting the imbalance in MSN. Furthermore, complementary study on the worsening of the phenotype observed in mice will give new knowledge about the evolution of the patient phenotype. A better understanding will give new therapeutic pathways, using mGluR2 agonist [START_REF] Muguruza | Group II Metabotropic Glutamate Receptors as Targets for Novel Antipsychotic Drugs[END_REF][START_REF] Conn | Promise of MGluR2/3 Activators in Psychiatry[END_REF], or validate already used treatment, for instance lithium [START_REF] Serret | Lithium as a Rescue Therapy for Regression and Catatonia Features in Two SHANK3 Patients with Autism Spectrum Disorder: Case Reports[END_REF], to avoid or reduce this variability.

Study on the neurobiological bases of autism spectrum disorders: Behavioural and molecular characterisation of Shank3 mutant mice Autism spectrum disorders (ASD) are neurodevelopmental psychiatric disorders characterised by alterations in social interactions and communications as well as stereotyped behaviours and restricted interests. Mutations in genes coding synaptic proteins are strongly associated with ASD and more specifically SHANK3, encoding for a scaffolding protein in the post-synaptic density of glutamatergic synapses. The aim of the present PhD thesis is to characterise a mouse model deleted for exon 11 in Shank3 and to better understand the brain regions affected by this mutation. We characterised the mice at the behavioural level (a longitudinal study between three and twelve months of age) and at the molecular level (transcriptome analysis using mRNA sequencing). At three months of age, we observed a decreased locomotor activity, increased stereotyped behaviour and increased social motivation during free interaction in Shank3-/-mice compared to Shank3+/+ mice. When testing animals at 3, 8, and 12 months of age, we noticed a worsening of the phenotype in Shank3-/mice while ageing, especially in self-grooming behaviour. When exploring the transcriptomic, we revealed an impairment of gene expression of striatal neurons sensitive to dopamine, the medium spiny neurons, as well as post-synaptic signalling in striatum. Altogether, this project provides a comprehensive characterisation of a mouse model of ASD. It sheds some light on the molecular mechanisms possibly involved in patients with ASD mutated in SHANK3. This insight could reveal new therapeutic approaches targeting the imbalance in dopaminosensitive neurons.

Étude des bases neurobiologiques des troubles du spectre autistique : Caractérisation comportementale et moléculaire de souris invalidées pour Shank3. Les troubles du spectre autistique (TSA) sont des troubles psychiatriques neurodéveloppementaux caractérisés par des altérations de l'interaction et de la communication sociales ainsi que des comportements stéréotypés et des intérêts restreints. Les TSA sont fortement associés à des composantes génétiques et en particulier avec le gène SHANK3, codant pour une protéine d'échafaudage dans la densité post-synaptique des synapses glutamatergiques.

L'objectif de ce doctorat est de caractériser un modèle de souris Shank3 et de mieux comprendre les régions du cerveau affectées par la délétion de Shank3. Nous avons caractérisé les souris au niveau comportemental (une étude longitudinale entre trois et douze mois) et au niveau moléculaire (analyse du transcriptome en utilisant le séquençage de l'ARNm).

À l'âge de trois mois, nous avons observé une diminution de l'activité locomotrice, une augmentation des comportements stéréotypés et une motivation sociale accrue au cours d'interaction libre chez les souris Shank3-/-en comparant aux souris Shank3+/+. Lorsque nous avons testé les animaux à l'âge de 8 et 12 mois, nous avons observé une détérioration du phénotype chez les souris Shank3-/ -en vieillissant, en particulier pour les comportements stéréotypés.

Lors de l'analyse du transcriptome, nous avons révélé, au niveau du striatum, une altération de l'expression génique des neurones sensibles à la dopamine, les neurones épineux moyens, ainsi que des problèmes de la signalisation post-synaptique.

Ainsi, ce projet fournit une caractérisation complète d'un modèle murin de l'autisme. Il met en lumière les mécanismes moléculaires éventuellement impliqués chez les patients atteints de TSA et portant une mutation dans SHANK3. Cette idée pourrait révéler une nouvelle approche thérapeutique pour les patients ciblant le déséquilibre dans les neurones du striatum.
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Figure 1 :

 1 Figure 1: Evolution of prevalence of ASD over years. (A) Estimated prevalence of autism spectrum disorder in the United States of America from 2004 to 2018 based on Centers for Disease Control and Prevention (CDC) reports (Autism Speaks). (B) Estimated prevalence of autism spectrum disorder in Sweden based on Child and Adolescent Twin Study in Sweden (CATSS), national patient register (NPR), and NPR diagnoses in Swedish twins. *Prevalence calculated on 19993 people responding in twin study born1993[START_REF] Bird | DNA Methylation Patterns and Epigenetic Memory[END_REF][START_REF] Lundström | Autism Phenotype versus Registered Diagnosis in Swedish Children: Prevalence Trends over 10 Years in General Population Samples[END_REF].

Figure 2 :

 2 Figure 2: Core symptoms and most frequent comorbidities in ASD. Red line defines the level of severity, low at the centre (dotted circle) and high at the periphery (full circle). Colours represent the combination of clinical features. From (Huguet, Ey, and Bourgeron 2013).

Figure 3 :

 3 Figure 3: Biological pathways of pre-and post-synaptic proteins mutated in ASD or other disorders. These proteins are involved in many functions, including the organization of the postsynaptic density, cytoskeleton dynamics, cellular signalling cascades, epigenetic regulation of transcription, and release of neurotransmitters. Proteins associated with ASD are in red, those associated with other psychiatric disorders are in purple, and those associated with intellectual disability are in blue. Panel a illustrates the pre-and postsynapse; panel b illustrates the synapse and gene transcription regulation in the nucleus (from[START_REF] Huguet | The Genetic Landscapes of Autism Spectrum Disorders[END_REF].

Figure 4 :

 4 Figure 4: Possible transmission of ASD. (Far left) De novo highly penetrant mutation non-present in parents; (left-of-middle) child inherits of rare variant; (right-of-middle) combination of rare variant and genetic background; (far right) child inherits of high risk genetic background. Adapted from (Bourgeron 2015).
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 5 Figure 5: Developmental neurobiology of ASD risk genes. (A) A subset of genes associated with ASD are expressed in neurons. (B) Expression profiles of several genes associated with ASD during development of the human neocortex (from State & Šestan, 2012).
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  3 and the mRNA measures 7.2 kb. There are 25 exons and three promoters for, at least, three distinct isoforms (Shank2a-b-e; Figure8). The last member of SHANK family, SHANK3, is located on chromosome 22 in position 22q13.3 and the mRNA measures 7.1 kb. This gene displays 22 exons with six promoters, which generate at least six main isoforms (Shank3a-f; Figure7; reviewed in Jiang and Ehlers 2013;[START_REF] Sala | Shank Synaptic Scaffold Proteins: Keys to Understanding the Pathogenesis of Autism and Other Synaptic Disorders[END_REF].The organisation of the Shank gene family in the mouse genome is very similar to the one in the human genome. Shank1 and Shank2 are located on chromosome 7, respectively in 7B3 and 7F5. Shank1 displays 23 exons and two main promoters and Shank2 displays 25 exons with three promoters. Shank3 is located on chromosome 15, in position 15E3, and has 22 exons with, at least, six promoters.

Figure 8 :

 8 Figure 8: Schematic representations of Shank1 (A), Shank2 (B) and Shank3 (C) genes and proteins in the mouse. Gene: Black squares are exons. Black arrows are intragenic promoters. Purples squares are position of CpG islands Protein: black lines are amino acids sequence; geometrical figures are domains. The protein domains are aligned with the corresponding exons. The diagram was drawn on the basis of the information contained at the National Centre for Biotechnology Information (NCBI) and Uniprot database.

Figure 9 :

 9 Figure 9: Schematic representation of the partial proteins interacting with Shank protein at the post-synaptic density of glutamatergic synapses. CaV: Calcium-voltage gate; AMPAR: α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid receptor; NMDAR: N-Methyl-D-aspartic acid or N-Methyl-D-aspartate receptor; mGlu: metabotropic glutamatergic receptor; NRXN: Neurexin; NLGN: Neuroligin; Grip: Glutamate receptorinteraction protein; GKAP: Guanylate Kinase-Associated Protein; PSD-95: Post-synaptic density protein 95; Cor: Cortactin; IP3:Inositol triphosphate; PLPc: Phospholipase C.

Figure 10 :

 10 Figure 10: Schematic of interaction of glutamatergic receptors at the post synaptic density of glutamatergic synapses. AMPAR: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; NMDAR: N-Methyl-Daspartic acid or N-Methyl-D-aspartate receptor; mGlu: metabotropic glutamatergic receptor; PLPc: Phospholipase C; IP3:Inositol triphosphate; PKC: Protein kinase C; PI3K: Phosphoinositide3-kinase; PKB: Protein kinase B; AC: Adenylate cyclase; PKA: Protein kinase A; cAMP: cyclic adenosine monophosphate;Ca2+: calcium ions; NA2+: sodium ions; K+: potassium ions.

Figure 11 :

 11 Figure 11: Expression of Shank proteins and RNAs in mice (A-B) and humans (C).(A) mRNA in situ hybridization of coronal, medial parasagittal and lateral parasagittal mouse brain section from 5 week old mice of Shank family of genes (from[START_REF] Peça | Shank3 Mutant Mice Display Autistic-like Behaviours and Striatal Dysfunction[END_REF]. (B) Relative Expression of Shank family of proteins in different structure of the brain from 5 week old mice (++++++ highest expression; -no detectable expression) (From[START_REF] Peça | Shank3 Mutant Mice Display Autistic-like Behaviours and Striatal Dysfunction[END_REF]. (C) Representation of mean RNA expression of SHANK1, SHANK2 and SHANK3 in humans over age for the whole brain. PCW: post conception week; mos: months: yrs Years. Based on BrainSpan Allen brain atlas.

  (2014) described a possible evolution of the phenotype for different patients and noticed a worsening of this phenotype especially for individuals with Phelan-McDermid (Guilmatre et al. 2014).

Figure 12 :

 12 Figure 12: Clinical features and possible trajectories of patients carrying heterozygous deleterious mutations or copy number variations in the different SHANK genes. (A) SHANK3 mutations/deletions/ translocations are associated with Phelan-McDermid syndrome (PMS), ASD, severe intellectual disability, and patients can develop schizophrenia, bipolar disorder, attention deficit with hyperactivity (ADHD), epilepsy and Alzheimer's disease. A regression is observed in childhood and from adolescence. (B) SHANK1 deletions and mutations are associated with high-functioning autism in males, and patients can develop schizophrenia (SCZ), bipolar disorder (BPD) and Alzheimer's disease (AD). (C) SHANK2 mutations/deletions/translocations are found in patients with ASD and mild to moderate intellectual disability (ID), and patients can develop schizophrenia, bipolar disorder and Alzheimer's disease. Plain lines indicate

  chambered test, divided in three different phases, allows the discrimination between social interest and interest in novelty (M.[START_REF] Yang | Automated Three-Chambered Social Approach Task for Mice[END_REF]. The social communication and interaction in pups are tested during brief maternal separation with a recording of USVs emitted.Stereotyped behaviours are usually characterised by repeated body movements such as excessive self-grooming, digging, marble burying, jumping or circling behaviour. Direct observation allows a quantification of the time spent in each category of stereotyped behaviour. Mainly motor repetitive behaviour can be observed in mice.
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 13 Figure 13: Schematic representation of mutation in Shank1 (A), Shank2 (B) and Shank3 (C) genes in the mouse genome. Black squares are exons. Red letters refer to the mouse model. Black arrows are intragenic promoters. Red squares indicate exons mutated to generate the mouse models: Shank1 model: A: ∆14-15 (Hung et al. 2008; Silverman et al. 2011; Sungur et al. 2014; Sungur, Schwarting, and Wöhr 2016; Sungur et al. 2017); Shank2 model: B: ∆16-17 (Won et al. 2012), C: ∆17 (Schmeisser et al. 2012), D: ∆24 (Pappas et al. 2017); Shank3 model: E: ∆4-7[START_REF] Peça | Shank3 Mutant Mice Display Autistic-like Behaviours and Striatal Dysfunction[END_REF], F: ∆4-9B[START_REF] Bozdagi | Haploinsufficiency of the Autism-Associated Shank3 Gene Leads to Deficits in Synaptic Function, Social Interaction, and Social Communication[END_REF], G: ∆4-9J (X.[START_REF] Wang | Synaptic Dysfunction and Abnormal Behaviors in Mice Lacking Major Isoforms of Shank3[END_REF], H: ∆4-9P[START_REF] Jaramillo | Altered Striatal Synaptic Function and Abnormal Behaviour in Shank3 Exon4-9 Deletion Mouse Model of Autism[END_REF], I: ∆9 (J.Lee et al. 2015), J: ∆11[START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF], K: ∆13[START_REF] Jaramillo | Novel Shank3 Mutant Exhibits Behaviors with Face Validity for Autism and Altered Striatal and Hippocampal Function[END_REF], L : ∆13-16[START_REF] Peça | Shank3 Mutant Mice Display Autistic-like Behaviours and Striatal Dysfunction[END_REF], M: ∆21P[START_REF] Kouser | Loss of Predominant Shank3 Isoforms Results in Hippocampus-Dependent Impairments in Behavior and Synaptic Transmission[END_REF], N: InsG21[START_REF] Speed | Autism-Associated Insertion Mutation (InsG) of Shank3 Exon 21 Causes Impaired Synaptic Transmission and Behavioral Deficits[END_REF], O: InsG3680[START_REF] Zhou | Mice with Shank3 Mutations Associated with ASD and Schizophrenia Display Both Shared and Distinct Defects[END_REF], P: ∆4-22 (X.Wang et al. 2016), Q: ∆4-22[START_REF] Drapeau | Behavioral Phenotyping of an Improved Mouse Model of Phelan-McDermid Behavioral Phenotyping of a Full Shank3 Knockout Mouse[END_REF]).

  highlighted a downregulation of excitatory transmission to GABAergic and dopaminergic neurons in the VTA and reduction of dopaminergic neuron activity in the VTA, in shShank3 (Adeno-Associated Virus expressing shRNA targeting Shank3) models. Impairment of social interaction, compared to wild-type mice, correlated with these observations. Injection of mGluR1 agonist allowed a rescue of the phenotype[START_REF] Bariselli | SHANK3 Controls Maturation of Social Reward Circuits in the VTA[END_REF]. Furthermore, in Shank3∆13-16 mice, Wang and colleagues (2017) related a specific decrease of mEPSP of striatal D2-MSN, and a reduction of the spine density and alteration of calcium channel voltage-dependent, Cav1.3, in striatal D2-MSN, but not in striatal D1-MSN (W.[START_REF] Wang | Striatopallidal Dysfunction Underlies Repetitive Behavior in Shank3-Deficient Model of Autism[END_REF]). However, the authors associated this alteration with the locomotor pathway (see II.C.2), and stereotyped behaviour pathway, and not with the mesocorticolimbic pathway. They reduced selfgrooming behaviour targeting D2-MSN using the DREADD (designer receptor exclusively activated by designer drugs) technique, that allows the activation of specific cells via a designed receptor sensitive to a specific drug.To corroborate the idea of impairment in striatal connection, Bey and colleagues proposed a Shank3∆4-22J conditional mutant according to different cellular types, including Striatum specific mutant (Dlx5/6), Cortex-hippocampus specific mutant (NEX), D1-MSN specific mutant (Drd1) and D2-MSN specific mutant (Drd2)

  were used for treatment trials in Shank3 mutant mice: biological and molecular tools and well-known drugs. As we already mentioned above,[START_REF] Wang | Striatopallidal Dysfunction Underlies Repetitive Behavior in Shank3-Deficient Model of Autism[END_REF] used DREADD technique, based on the incorporation of designed-G-Protein-Coupled-Receptor (GPCR) exclusively activated by a designed-drugs (W.[START_REF] Wang | Striatopallidal Dysfunction Underlies Repetitive Behavior in Shank3-Deficient Model of Autism[END_REF]. With this technique, they showed the implication of D2-MSN in stereotyped behaviours. However, the implication of dopamine more specifically in D2-MSN was already demonstrated, as well as a reduction of stereotyped behaviours with D2 agonist (F.[START_REF] Sams-Dodd | Phencyclidine-Induced Stereotyped Behaviour and Social Isolation in Rats: A Possible Animal Model of Schizophrenia[END_REF][START_REF] Sams-Dodd | Effects of Dopamine Agonists and Antagonists on PCP-Induced Stereotyped Behaviour and Social Isolation in the Rat Social Interaction Test[END_REF], but this technique has several limitations because of its invasiveness. In 2016, Mei and colleagues proposed a Shank3 mouse model floxed around the exon of PDZ domain with an activation of cre function after tamoxifen administration. This technique allowed a restoration of the Shank3 normal expression after tamoxifen administration in adult. They observed a restoration of electrophysiological and physiological impairment (mEPSC frequency and spine density), but also of behaviours (self-grooming behaviour, social motivation), but not of the locomotion in adult mice[START_REF] Mei | Adult Restoration of Shank3 Expression Rescues Selective Autistic-like Phenotypes[END_REF].Recently,Luo and colleagues (2017) showed a rescue of social deficit using social training with optogenetic activation of neurons in the midbrain dorsal raphe nucleus (DRN) (J.[START_REF] Luo | Optogenetic Activation of Dorsal Raphe Neurons Rescues the Autistic-like Social Deficits in Shank3 Knockout Mice[END_REF]. Optogenetic activation of DRN allows a direct activation of reward circuit as a substitute of behavioural therapies. With this study, they highlighted the importance of behavioural therapies such ABA (see I.E).
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 14 Figure 14: Generation of ProSAP1/Shank2 (A & B) and ProSAP2/Shank3 (C & D) mutant mice. (A; C) ProSAP1/Shank2 (A; in red: ProSAP1E/Shank2E and blue: ProSAP1A/Shank2A.) and ProSAP2/Shank3 (C) structures. Ank = Ankyrin repeats, SH3 = SH3 domain, PDZ = PDZ domain, PRC, ppI = proline-rich clusters and ppI motif, SAM = sterile alpha motif domain. The deleted exon within the sequence of the PDZ domain (Shank2) or SH3 domain (Shank3) is marked by an empty triangle; the cDNA sequence around the deleted exon of homozygous ProSAP1/Shank2-/-mice is highlighted as is the frameshift caused by the deleted exon leading to a translational stop. (B; D) Targeting strategy. 5'HR and 3'HR mark the probes used for Southern Blot analysis, S and AS the primers used for genotyping. HR = homologous recombination, S = sense, AS = antisense. From[START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF] 

  .A). At the same time, ultrasonic vocalisations were recorded with a Condenser ultrasound microphone Polaroid/CMPA, the interface UltraSoundGate 416-200, and the software Avisoft SASLab Pro Recorder from Avisoft Bioacoustics (Glienicke, Germany; sampling frequency: 300 kHz; FFT-length: 1024 points; 16-bit format). Vocalisation files were manually annotated using the software Avisoft SASLab Pro Recorder from Avisoft Bioacoustics by an experienced worker. Different types of vocalisations were annotated according to the duration, frequency modulation and frequency jumps. Each call was classified into one category adapted from Scattoni et al (2011) (Scattoni, Ricceri, and Crawley 2011; Ey et al. 2013) (Figure 15.B):

  Differential gene expression (DGE) analysis was performed with limma-voom v3.34.8[START_REF] Law | Voom: Precision Weights Unlock Linear Model Analysis Tools for RNA-Seq Read Counts[END_REF], and the version of Voom using sample-quality weights[START_REF] Liu | Why Weight? Modelling Sample and Observational Level Variability Improves Power in RNA-Seq Analyses[END_REF] (function voomWithQualityWeights) was used in order to take into account the sample heterogeneity observed within and across brain regions. The Trimmed Mean of M-values (TMM) method was used to calculate normalization factors between samples (Figure S 7). Four factors were included in the design matrix: the batch, the flow cell, the brain tissue and Shank3 status combined into one factor of eight levels (Figure S 11

Figure 16 :

 16 Figure 16: Shank3-/-mice displayed reduced activity and increased stereotyped behaviour at three months of age. (A) Total time spent in the dark compartment in a 5-min dark-light anxiety test in Shank3+/+ (green), Shank3+/-(blue) and Shank3-/-(orange) mice, for males (left panel) and females (right panel). (B) Total distance travelled during 30 min of free exploration of an open-field in males (left panel) and females (right panel). (C) Total time spent digging, i.e. moving the bedding with front and/or hind legs, during 10 min observation in a test cage (after 10 min habituation) for males (left panel) and females (right panel). (D) Total time spent self-grooming during 10 min observation in a test cage with fresh bedding (after 10 min habituation), for males (left panel) and females (right panel). (E-F) Total time spent in contact (E) and rate of ultrasonic vocalisations emitted (F) during free male-female social interaction. Mann-Whitney U test, with Bonferroni correction for multiple testing (in black): #p<0.1, *p<0.05, **p<0.01, ***p<0.001; Ansari-Bradley test, with Bonferroni correction for multiple testing (in grey): #p<0.1, *p<0.05, **p<0.01, ***p<0.001; data are presented as mean ± s.e.m. (black squares and circles); 12-14 mice per group.Mild behavioural differences at three months of age:At three months of age, Shank3-/-males and females did not display a significantly different weight between genotypes (Figure S 3.A). In the dark-light anxiety-like test, Shank3-/-male mice spent a slightly shorter time in the dark compartment of the test box in comparison with their wild-type littermates (W=122, p=0.048; Figure16.A), suggesting that Shank3-/-male mice are less anxious than Shank3+/+ and Shank3+/-mice. No significant difference was observed between Shank3+/+ and Shank3+/-females. No significant difference was observed between Shank3+/+, Shank3+/-and Shank3-/-mice of both sexes in the latency to enter the dark compartment (Figure S 3.B). In the second cohort, no significant difference was observed in the elevated-plus maze or in the dark-light anxiety-like test (Figure S 4.A-B). In the Y-maze test to evaluate working memory, contrary to our expectations, Shank3-/-female mice displayed a tendency of higher proportion of perfect alternations

  039) and Shank3-/-females (W=35, p=0.008) displayed a reduced activity in comparison with Shank3+/+ mice of the same sex (Figure S 4.C). Since the performance of Shank3-/-mice in the rotarod test did not differ significantly from other genotype (Figure S 4.F), the reduced activity of Shank3-/-mice in the open-field could not be explained by an impaired motor coordination and could reflect a reduced interest in exploration.

  Figure16.D). Interestingly, a subset of Shank3-/-males and females increased their self-grooming behaviour to such an extent that it leads to hair removal. The inter-individual variability in the time spent self-grooming was indeed significantly higher in Shank3-/-mice in comparison with Shank3+/+ mice (male: AB=111, p=0.036; female: AB=82, p=0.009; Figure16.D) and Shank3+/-mice (female: AB=144, p=0.001). In the second cohort, Shank3-/-males still displayed an increased time spent selfgrooming in comparison with Shank3+/+ males (W=43, p=0.033), but this was not verified in females anymore(Figure S 4.D).

  vocalisations emitted during oro-oral contact for Shank3-/-mice in comparison with Shank3+/+ mice (Figure S 5.H) but no significant difference between the type of USVs emitted (Figure S 5.I).

Figure 17

 17 Figure 17 Shank3-/-mice displayed a significant worsening of self-grooming abnormalities with increasing age, while locomotion and exploration were mildly affected. (A) Total distance travelled during 30 min of free exploration of an openfield in Shank3+/+ (green), Shank3+/-(blue) and Shank3-/-(orange) mice, at three, eight, and twelve months of age, for males (left panel) and females (right panel). (B) Total time spent digging during 10 min observation in a test cage, at three, eight, and twelve months of age, for males (left panel) and females (right panel). (C) Total time spent self-grooming during 10 min observation in a test cage with fresh bedding, at three, eight, and twelve months of age, for males (left panel) and females (right panel). (D) Total time spent in contact during free male/female social interaction (left panel) or female/female social interact (right panel), at three, eight, and twelve months of age. Mann-Whitney U test, with Bonferroni correction for multiple testing: #p<0.1, *p<0.05, **p<0.01, ***p<0.001; data are presented as mean ± s.e.m. (black squares and circles); 12-14 mice per group.

(

  Figure 17.D, right panel, & Figure S 5.E & F). In contrast, during male/female social interactions, we observed an increase in the duration of nose-to-nose sniffing at eight months of age in Shank3-/compared to Shank3+/+ mice (W=29, p=0.025) and Shank3+/-(W=48, p=0.035), similarly to what we found at three months of age (Figure S 5.B). These differences were not significant any more at twelve months of age (Figure S 5.C). Nevertheless, we detected an increase of approach/escape behaviour of C57Bl/6J females toward the Shank3-/-male in comparison with C57Bl/6J females toward the Shank3+/+ male (W=15.5, p=0.007, Figure S 5.C).

Shank3

  expression level was not null since Shank3-/-mice are deleted for exon 11 and still expressed some Shank3 isoforms (Figure S 9.A &D). Expression levels of Shank1 and Shank2 in the cortex, hippocampus, and cerebellum were not significantly impacted by the reduced expression of Shank3 since no significant variations were found between Shank3+/+ and Shank3-/-mice (Figure S 9.B & C)

(

  Figure 18.A; Figure S 10.A). The local genetic background differs between Shank3-/-(129S1/SvImJ x C57Bl/6J) and Shank3+/+ (C57Bl/6J) mice. This can explain the presence of DEG around Shank3 position revealed by RNA-Seq (see Methods). In the region spanning between 10.4 Mb upstream and 7.5 Mb downstream of Shank3, many single nucleotide polymorphisms (SNP) differing from the reference genome of C57Bl/6J mice were found in Shank3-/-mice, but not in Shank3+/+ mice (Figure S 10.B-C).

Figure 18 .

 18 Figure 18.A, left panel) in comparison with wild-type mice. By comparison, the hippocampus displayed 33 DEG (logFC>1: 18; logFC<1: 15), the cortex 22 DEG (logFC>1: 8; logFC<1: 14) and the cerebellum 24 DEG (logFC>1: 5; logFC<1: 19; Figure 18.A, left panel). DEGs with a log-foldchange larger than one in absolute value are shown in Figure S 8.A. A large majority of the DEG found in the striatum (163 over 186) was specific to this structure and was not found in any other brain structure (Figure 18.A, right panel). Only a few genes were found differentially expressed in all or at least three brain regions, most of them being located around Shank3 locus except for two of them (Rpl3-ps1 and Gm12906). The DEG in the striatum displayed an increased dispersion compared to the other structures, indicating an increased variability of response between animals (Figure S 8.B, panel up-right).

  several sub-cellular pathways impacted by the Shank3 mutation revealed by the EGSEA method (Figure18.B; see hereafter).First, we found enrichment in gene sets associated with the dopaminergic pathway (Figure18.B). The DEG in the striatum were enriched (Fisher test p-value < 0.02) in five clusters of genes previously identified from scRNA-Seq data as markers of GABAergic medium spiny neurons (MSN) in the striatum[START_REF] Gokce | Cellular Taxonomy of the Mouse Striatum as Revealed by Single-Cell RNA-Seq[END_REF]): D1-MSN, D1-Cxcl4-MSN, D1-Tacr1-MSN, D2-MSN, and D2-Htr7-MSN. Almost all genes with an adjusted p-value above 5% associated with D1-MSN were underexpressed in Shank3-/-mice in comparison with Shank3+/+ mice (Figure19.A). In contrast, almost all genes associated with D2-MSN were overexpressed in Shank3-/-mice (Figure19.A), like Tropomyosin 1 (TPM1), a gene strongly associated with D2-MSN and displaying an important increase in Shank3-/-mice in comparison with Shank3+/+ mice (logFC: -0.25; adj.p=0.011). Then, the D1 and D2 MSN are GABAergic neurons that generate GABA from glutamate with the glutamate decarboxylase (Gad). The Shank3-/-mice display an increase of gene expression of Gad2 in striatum(Figure S 12). Glutamatergic pathways in striatum were also impacted according to EGSEA analysis.The expression of glutamatergic receptors and associated proteins is impacted in Shank3-/-mice.

Figure 18 :

 18 Figure 18: The striatum displayed the largest gene expression differences between Shank3+/+ and Shank3-/mice and the largest number of impacted pathways. (A) Upset plot displaying the intersection between brain structures for the genes differentially expressed between Shank3-/-and Shank3+/+ mice (adjust p-value < 5%; determined by limma-voom using observation quality weights). Genes located around theShank3 region in chromosome 15 are shown in blue. The horizontal bar plots on the left show the number of differentially expressed genes in the different brain regions according to the value of their log-fold changes. (B) Average logarithmic fold change (avg logFC) of GO or KEGG pathways with an adjusted p-value < 0.05 and at least one differentially expressed gene in the striatum (GO: red; KEGG: purple), cerebellum (KEGG: green) and hippocampus (KEGG: blue); the white number indicate the number of DEG in the pathway.

Figure 19 :

 19 Figure 19: Genes were overexpressed in D2-MSN and underexpressed in D1-MSN in the striatum. (A) Based on specific gene expression in D1-MSN (D1-MSN in yellow; D1-Cxcl14 in red; Tacr1-MSN in purple) and D2-MSN (D2-MSN in green and Htr7-MSN in blue). Logarithmic p-value and logarithmic fold change were presented. Annotated genes have an adjust p-value < 5%. (B) Protein-protein interaction network for the differentially expressed genes (DEGs). Node represents protein, edge represents interaction between proteins. The colour of the node represents theLogFC of DEG: Red means up-regulation and blue means downregulation in Shank3-/-. C. Number of randomized networks based of proteins in B

Shank3∆13- 16

 16 model (W.[START_REF] Wang | Striatopallidal Dysfunction Underlies Repetitive Behavior in Shank3-Deficient Model of Autism[END_REF], which could support our results. The D1-MSN and D2-MSN are involved in two behavioural circuits: the reward system and the locomotor control. However, in the present work, we cannot define the implication of the dorsal or ventral striatum, as well as the modulation of synaptic strength of D1-MSN or D2-MSN. Further behavioural analyses will provide complementary information. We would suggest to use social reward test and addiction test, associated with Shank3 mouse models conditionally mutated in the striatum and especially in D1-MSN or D2-MSN.Furthermore, RNA sequencing revealed a decrease of G-protein-coupled receptors and proteins involving in signaling pathway. This modulation of the signalling will impair the expression of several genes, particularly in the striatum. Considering the antagonist mechanisms for D1-MSN and D2-MSN and the relation between dopamine and glutamatergic receptors, impairments in glutamatergic synaptic signalling may have opposite effect for both types of striatal neurons[START_REF] Beaulieu | The Physiology, Signaling, and Pharmacology of Dopamine Receptors[END_REF].

Figure S 1 :

 1 Figure S 1: Schematic representations of Shank3 gene in mouse genome and corresponding protein isoforms. The protein domains are aligned with the corresponding exons. Gene: Black squares are exons. Black arrows are intragenic promoters. Protein: black lines are amino acids sequences; geometrical figures are domains. The diagram was drawn on the basis of the information contained at the National Centre for Biotechnology Information (NCBI) and Uniprot database.

Figure S 2 :

 2 Figure S 2: Pipeline of testing and analyses used to characterise the Shank3 mutant mice.The behavioural characterisation included tests to evaluate ASD core symptoms (social communication, stereotyped behaviours) and comorbidities(activity, exploration, memory, anxiety). After the longitudinal study of the same animals at three time points[START_REF]Chapter 5: Behavioural Phenotypes and Neural Circuit Dysfunctions in Mouse Models of Autism Spectrum Disorder[END_REF] 8 and 12 months of age), their brains were extracted and four brain regions were dissected for each animal. RNA sequencing was performed on the left hemispheres of a subset of these samples. Gene sequencing was performed at the CNRGH (Centre National de Recherche en Génomique Humaine). Data were analysed using R software. Selected genes were validated using droplet digital PCR (Bio-Rad).

Figure S 3 :

 3 Figure S 3: Shank3-/-mice displayed subtle genotype-related differences in weight, working memory and social behaviour at three months of age. (A) Body weight of male (left panel) and female (right panel) Shank3+/+ (green), Shank3+/-(blue) and Shank3-/-(orange) mice aged of three months. (B) Proportion of alternations between the three arms of a Y-maze. Mann-Whitney U test, with Bonferroni correction for multiple testing (in black): #p<0.1, *p<0.05, **p<0.01, ***p<0.001; Ansari-Bradley test, with Bonferroni correction for multiple testing (in grey): #p<0.1, *p<0.05, **p<0.01, ***p<0.001; data are presented as mean ± s.e.m.; 12-14 mice per group. (C-D) Social preference measured in the three-chambered test. First phase of three-chambered test with the time spent in sniffing (C) or time spent in the compartment (E) containing a caged same-sex conspecific (hashed bars) and in the compartment containing the empty wired cup (non-social stimulus; solid bars) for Shank3+/+ (green), Shank3+/-(blue) and Shank3-/-(orange) mice, with males (left panel) and females (right panel). Second phase of three-chambered test with the time spent in sniffing (E) or in the compartment (F) containing an unfamiliar caged same-sex conspecific (hashed bars) and in the compartment containing a familiar caged same-sex conspecific (solid bars) for Shank3+/+ (green), Shank3+/-(blue) and Shank3-/-(orange) mice, with males (left panel) and females (right panel). Mann-Whitney U test, with Bonferroni correction for multiple testing: #p<0.1, *p<0.05, **p<0.01, ***p<0.001; data are presented as mean ± s.e.m. (black squares and circles); 12-14 mice per group.

Figure S 4 :

 4 Figure S 4: Shank3-/-mice of a second cohort displayed decreased activity and increased stereotyped behaviour. (A) Time spent in open arm in EPM during 10 min in Shank3+/+ (green), Shank3+/-(blue) and Shank3-/-(orange) mice, for males (left panel) and females (right panel). (B) Time spent in the dark compartment in dark/light test during 5 min. (C) Total distance travelled during 30 min of free exploration of an open-field. (D) Total time spent self-grooming during 10 min observation in a test cage with fresh bedding (after 10 min habituation), for males (left panel) and females (right panel). (E) Total time spent digging, i.e. moving the bedding with front and/or hind legs, during 10 min observation in a test cage (after 10 min habituation) for males (left panel) and females (right panel). (F) Latency to fall in the rotarod test. Three trials were conducted on day 1 and 2, and only one trial was performed on day 3 and 4. Mann-Whitney U test, with Bonferroni correction for multiple testing (in black): *P<0.05, **P<0.01, ***P<0.001; Ansari-Bradley test, with Bonferroni correction for multiple testing (in grey): *P<0.05, **P<0.01, ***P<0.001; data are presented as mean ± s.e.m. (black squares and circles); 12-14 mice per group.

Figure S 5 :

 5 Figure S 5: Shank3-/-mice displayed limited genotype-related difference in social events at eight and twelve months of age. Time spent in the different types of social events during 4-min male/female (A-B-C), female/female (D-E-F) and male/male (G) social interactions of Shank3 s with a female C57Bl/6J conspecific for Shank3+/+ (green), Shank3+/-(blue) and Shank3-/-(orange) mice. USVs rate in the different types of social events (H) and types of USVs emitted (I) during 4-min male/female interactions. Mann-Whitney U test, withBonferroni correction for multiple testing (in black): #p<0.1, *p<0.05, **p<0.01, ***p<0.001; data are presented as mean ± s.e.m (black squares and circles).; 12-14 mice per group.

Figure S 6 :

 6 Figure S 6: Principal component analysis of the behaviour of Shank3 cohort 1. (A-B) Dimensions 1 & 2 separate individuals according to their sex and age, in particular the 12m old males are separated from the others. The separation is mainly based on the type of social interaction. (C-D) Dimensions 5 & 6 separate individuals according to the genotype. The separation is based on the time spent in grooming and digging and the distance travelled.

Figure S 7 :

 7 Figure S 7: Mean-variance relationship. (A) Voom mean-variance trend output for the RNA-Seq data. Genewise means and variances of the RNA-Seq data are represented by black points with a LOWESS trend. (B) 'Voom' sample-specific weights, each bar plot represents the weight of one sample used to model variability between different samples.

Figure S 8 :

 8 Figure S 8: Gene expression differences associated with the mutation in Shank3 in four brain regions of Shank3 mutant mice. (A) Heat map of the average gene expression (logarithmic count per million; logCPM) of the differentially expressed genes (adjust p-value < 5%; determined by limma-voom using observation quality weights; absolute logFC value larger than 1). (B) Mean-difference plots showing logFC between Shank3-/-and Shank3+/+ samples as a function of logCPM in the cortex (upper left), the striatum (upper right), the cerebellum (lower left) and the hippocampus (lower right). Genes with a FDR lower than 5% are coloured in orange; genes with a FDR lower than 5%, located around the Shank3 region in chromosome 15, are displayed in blue. Only names of the genes with an absolute log fold-change value larger than 1 are shown.

Figure S 9 :

 9 Figure S 9: RNA sequencing-based expression levels of Shank3, Shank2 and Shank1 in four brain regions. (A-B-C). Log counts of reads per million of (A) Shank3, (B) Shank2 and (C) Shank1 in the cerebellum, cortex, hippocampus and striatum for Shank3+/+ (green) and Shank3-/-(orange) mice. Data are presented as box-plots (median and first and third quartiles) and sample points (black points). (D) Reads expression profiles of the different Shank3 (upper panel) related with exon and Shank3 isoforms (lower panel) in the cerebellum, cortex, hippocampus and striatum for Shank3+/+ (green) and Shank3-/-(orange) mice. Reads expression profiles of the different Shank3 (upper panel) related with exon andShank3 isoforms (lower panel) in the cerebellum, cortex, hippocampus and striatum for Shank3+/+ (green) and Shank3-/-(orange) mice. Red arrow indicates the position of exon 11 according to National Centre for Biotechnology Information (NCBI).

Figure S 10 :

 10 Figure S 10: An increased number of SNP around the Shank3 position suggests a construct bias. (A) Manhattan plot showing the negative log10-transformed p-value of the comparison (across all brain structures) of gene expression between Shank3+/+ and Shank3-/-mice for each read on the whole genome (upper panel) and a close-up on the chromosome 15. (B) Distribution over the chromosome 15 of the number of heterozygous variant genotypes (0/1; right panel) and homozygous variant genotypes (1/1; left panel) that are specific to either Shank3+/+ mice (upper panels) or Shank3+/+ mice (lower panels). Data are presented as the counts of variants as a function of the genomic position on chromosome; each line represents an individual, with samples from all brain regions pooled together. (C) Distribution of the number of homozygous and heterozygous variants counted across individuals of the same genotype. Data are presented as the counts of variants as a function of the genomic position on chromosome 15. Homozygous (resp. heterozygous) variant genotypes are shown in red (resp. green). Plain (resp. dotted) lines represent variants specific to the Shank3-/-(resp. Shank3+/+) mice.

Figure S 11 :

 11 Figure S 11: Multi-dimensional scaling (MDS) plots of the gene log counts-per-million (logCPM) data showing the positions of the samples in the space spanned by the first and second MDS dimensions. Samples are coloured with respect to brain region (upper left), batch of sequencing and RNA extraction (upper right), flow cell (lower left) and genotype (lower right). (B) Multi-dimensional scaling (MDS) plots of the gene log counts-per-million (logCPM) data showing the positions of the samples in the space spanned by the third and fourth MDS dimensions. Samples are coloured with respect to brain structure (upper left), batch of sequencing and RNA extraction (upper right), flow cell (lower left) and genotype (lower right).

Figure S 12 :

 12 Figure S 12: Log FC of selected genes for PCR validation compared to RNAseq. In pink Log FC based of RNAseq analysis, in blue LogFC based of dd-PCR validation.

  5) are present in the following repository: II. Behavioural characterisation of Shank2/Shank3 double mutant mice II.A. Context In the study in 2012, Schmeisser and colleagues studied expressions of Shank protein in Shank2∆17 and Shank3∆11 mice. They revealed an increase of Shank2 protein expression in Shank3∆11 mice and an increase of Shank3 protein expression in Shank2∆17 mice in the striatum at p70 (≈ 2 months of age).

Figure 20 :

 20 Figure 20: Anxiety-like tests in Shank2/Shank3 double mutant mice. (A) Total time spent in the dark compartment in a dark-light test during 5 min, for males (left panel) and females (right panel). (B) Total time spent in the closed arms in a plus-maze test during 10 min, for males (left panel) and females (right panel).

Figure 22 :

 22 Figure 22: Social interaction and stereotyped phenotype according to the genotype. (A) Total time spent in contact during free male-female social interaction (left panel) and free female/female social interaction (right panel). (B) Total time spent self-grooming during 10 min observation in a test cage with fresh bedding (after 10 min habituation), for males (left panel) and females (right panel). (C) Total number of jumping, i.e. jump against the cage wall, during 10 min observation in a test cage (after 10 min habituation) for males (left panel) and females (right panel).

Figure 23 :

 23 Figure 23: Principal component analysis of the behaviour of double mutant cohort. Dispersion of the different individuals (Right panel) according to the contribution of behaviour (Left panel)

  

  

  

  

  

Table 2 : Severity levels for autism spectrum disorder based on the DSM-5 diagnostic criteria

 2 (American Psychiatric Association 2013).

			Restricted, repetitive
	Severity level	Social communication	behaviours
		Without supports in place, deficits in social communication cause	
	Level 1 "Requiring	noticeable impairments. Difficulty initiating social interactions, and clear examples of atypical or unsuccessful responses to social overtures of others. May appear to have decreased interest in social	Inflexibility of behaviour causes significant interference with functioning in one or more contexts. Difficulty
	support"		switching between activities. Problems of
			organization and planning hamper
			independence.
	Level 2		
	"Requiring		
	substantial		
	support"		
	Level 3		
	"Requiring very		Inflexibility of behaviour, extreme difficulty coping with change, or other restricted/ repetitive behaviours markedly
	substantial		interferes with functioning in all spheres.
	support"		Great distress/ difficulty changing focus or action.

interactions. For example, a person who is able to speak in full sentences and engages in communication, but whose to-and-fro conversation with others fails, and whose attempts to make friends are odd and typically unsuccessful. Marked deficits in verbal and nonverbal social communication skills; social impairments apparent even with supports in place; limited initiation of social interactions; and reduced or abnormal responses to social overtures from others. For example, a person who speaks simple sentences, whose interaction is limited to narrow special interests, and who has markedly odd nonverbal communication. Inflexibility of behaviours, difficulty coping with change or other restricted / repetitive behaviours appears frequently enough to be obvious to the casual observer and interfere with functioning in a variety of contexts. Distress and/ or difficulty changing focus or action.

Severe deficits in verbal and nonverbal social communication skills cause severe impairments in functioning, very limited initiation of social interactions, and minimal response to social overtures from others. For example, a person with few words of intelligible speech who rarely initiates interaction and, when he or she does, makes unusual approaches to meet needs only and responds to only very direct social approaches.

). OB: olfactory bulb; AOB: Accessory olfactory bulb; PFC: prefrontal cortex; mPFC: median PFC; dmPFC: dorsomedian PFC; vmPFC: ventromedian PFC; Amy: amygdala; HH: hypothalamus; Auc: auditory cortex; MGM: medial geniculate nucleus; SON: superior olivary nucleus; IC: inferior colliculus; Hip: hippocampus; TH: thalamus; PAG: periaqueductal grey; NAcc: nucleus accumbens; PVN: paraventricular nucleus; LH: lateral hypothalamus; POA: preoptic area; VTA: ventral tegmental area; Perirhinal: perirhinal cortex; Amb: nucleus ambiguus

  

  , duplications or truncating mutations. If the deletion is large, patients usually display PMS (see III.B.2.b). In the case of duplication, the patient can display Asperger syndrome (see III.B.2.c) and ADHD. In the case of non-syndromic ASD, in addition to ASD core symptoms, patients with a deletion might display developmental delay, severe language delay or epilepsy[START_REF] Waga | Novel Variants of the SHANK3 Gene in Japanese Autistic Patients with Severe Delayed Speech Development[END_REF][START_REF] Gauthier | De Novo Mutations in the Gene Encoding the Synaptic Scaffolding Protein SHANK3 in Patients Ascertained for Schizophrenia[END_REF][START_REF] Moessner | REPORT Contribution of SHANK3 Mutations to Autism Spectrum Disorder[END_REF][START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF][START_REF] Boccuto | Prevalence of SHANK3 Variants in Patients with Different Subtypes of Autism Spectrum Disorders[END_REF].SHANK3 was the first and the most studied gene of the SHANK family due to its role in PMS, also known as 22q13 syndrome[START_REF] Guilmatre | The Emerging Role of SHANK Genes in Neuropsychiatric Disorders[END_REF][START_REF] Phelan | The 22q13.3 Deletion Syndrome (Phelan-McDermid Syndrome)[END_REF]. The PMS is a severe genetic condition associated with ASD. PMS is characterized by a variety of clinical symptoms with heterogeneous degrees of severity, including hypotonia, global developmental delay, intellectual disability, absent or delayed speech and ASD core symptoms[START_REF] Kolevzon | Phelan-McDermid Syndrome: A Review of the Literature and Practice Parameters for Medical Assessment and Monitoring[END_REF] Leblond et al. 

	III.B.2.b.	Phelan-McDermid syndrome
	De novo truncating mutations or de novo deletions in SHANK2 affect 0.17 % of patients with
	ASD (Leblond et al. 2014). These patients appeared to present more severe symptoms than patients
	mutated in SHANK1. They displayed ASD or PDD-not otherwise specified with mild intellectual
	disability (ID; mean IQ=62 ± 17) and delayed development, like motor delay or late language
	development. Patients with SHANK2 mutations often present comorbidities such as dysmorphic

Wang et al. 2016) 

displaying ASD with moderate IQ

(35 ≤ IQ ≤ 55)

. This suggests that SHANK1 can also be involved in cognitive processes, and can be related with studies in mouse models (see IV.B.1). features, abnormal neurological examination, hypotonia, oral dyspraxia or cerebellar syndromes.

Mutations in SHANK3 were found in 0.69 % of all patients with ASD and in up to 2.12 % of ASD patients with moderate to profound ID (mean IQ=31 ± 8)

[START_REF] Leblond | Meta-Analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments[END_REF]

). These mutations can be deletions2014;

[START_REF] Phelan | The 22q13.3 Deletion Syndrome (Phelan-McDermid Syndrome)[END_REF]

. Several comorbidities can also appear, like seizures, kidney malformation and abnormalities, cardiac defects, gastro-intestinal disorders or dysmorphic features.

These symptoms are associated with the genetic deletion of a large part of the long arm of chromosome 22, 22q13.3. The prevalence of this condition is uncertain, but PMS are present in 0.2-0.4% of patients with neurodevelopmental disorders

Table 3

 3 

;

[START_REF] Won | Autistic-like Social Behaviour in Shank2-Mutant Mice Improved by Restoring NMDA Receptor Function[END_REF]

), the second one a deletion in exon 17 (Shank2∆17; Figure

13

.C; Table

3

;

[START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF]

)) and the third, recently generated, displayed a mutation in exon 24 (Shank2∆24; Figure

13

.D; Table

3

;

[START_REF] Pappas | Deficiency of Shank2 Causes Mania-like Behavior That Responds to Mood Stabilizers[END_REF]

). The mouse model Shank2∆16-17 and Shank2∆17 are often annotated as Shank2∆6-7 and Shank2∆7 based on the exons from Shank2a isoforms (Figure

Table 3 : Behavioural, synaptic, and molecular phenotypes of Shank1 and Shank2 mutant mice.

 3 

	All models

  ). Anxiety-like behaviour had been reported in the dark/light test for Shank2∆17-/-mice[START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF]) and in the elevated plus maze test for Shank2∆16-17-/-mice[START_REF] Won | Autistic-like Social Behaviour in Shank2-Mutant Mice Improved by Restoring NMDA Receptor Function[END_REF]), butLim and colleagues (2017) andHa and colleagues (2016) did not observe any anxiety-like behaviours (C.-S.[START_REF] Lim | Enhancing Inhibitory Synaptic Function Reverses Spatial Memory Deficits in Shank2 Mutant Mice[END_REF][START_REF] Ha | Cerebellar Shank2 Regulates Excitatory Synapse Density, Motor Coordination, and Specific Repetitive and Anxiety-Like Behaviors[END_REF]).

  Shank3∆4-22B[START_REF] Drapeau | Behavioral Phenotyping of an Improved Mouse Model of Phelan-McDermid Behavioral Phenotyping of a Full Shank3 Knockout Mouse[END_REF]). However, an important variability was present between studies on the same model. For example,Wang and colleagues (2011) showed a decrease of social interest on Shank3∆4-9J, but notKabitzke and colleagues (2017). Little information was gathered about the social communication, mainly olfactory and vocal communication. Studies on the models Shank3∆4-

	9B (Bozdagi et al. 2010), Shank3∆4-9J (Kabitzke et al. 2017), Shank3∆13-16 (Kabitzke et al. 2017),

; M.

[START_REF] Yang | Reduced Excitatory Neurotransmission and Mild Autism-Relevant Phenotypes in Adolescent Shank3 Null Mutant Mice[END_REF]

), Shank3∆4-9J (X.

[START_REF] Wang | Synaptic Dysfunction and Abnormal Behaviors in Mice Lacking Major Isoforms of Shank3[END_REF]

), Shank3∆4-9P

[START_REF] Jaramillo | Altered Striatal Synaptic Function and Abnormal Behaviour in Shank3 Exon4-9 Deletion Mouse Model of Autism[END_REF]

, Shank3∆11

[START_REF] Vicidomini | Pharmacological Enhancement of MGlu5 Receptors Rescues Behavioral Deficits in SHANK3 Knock-out Mice[END_REF]

, Shank3∆13

[START_REF] Jaramillo | Novel Shank3 Mutant Exhibits Behaviors with Face Validity for Autism and Altered Striatal and Hippocampal Function[END_REF]

), Shank3∆13-16

[START_REF] Peça | Shank3 Mutant Mice Display Autistic-like Behaviours and Striatal Dysfunction[END_REF] J. Luo et al. 2017)

, Shank3∆21P

[START_REF] Duffney | Autism-like Deficits in Shank3-Deficient Mice Are Rescued by Targeting Actin Regulators[END_REF][START_REF] Qin | Social Deficits in Shank3-Deficient Mouse Models of Autism Are Rescued by Histone Deacetylase (HDAC) Inhibition[END_REF]

), Shank3∆4-22J (X.

Wang et al. 2016)

, Shank3InsG3680

[START_REF] Zhou | Mice with Shank3 Mutations Associated with ASD and Schizophrenia Display Both Shared and Distinct Defects[END_REF] 

or a reduction of interest in social novelty (associated with social memory) (Shank3∆4-7

[START_REF] Peça | Shank3 Mutant Mice Display Autistic-like Behaviours and Striatal Dysfunction[END_REF]), Shank3∆11 (Vicidomini et al. 2017)

, Shank3∆13

[START_REF] Jaramillo | Novel Shank3 Mutant Exhibits Behaviors with Face Validity for Autism and Altered Striatal and Hippocampal Function[END_REF]), Shank3∆13-16 (Peça et al. 2011), Shank3InsG3680 (Zhou et al. 2016)

). Interestingly,

Drapeau and colleagues (2018) 

revealed a reduction of the latency of first contact, but not in the time spent in interaction in

  [START_REF] Yang | Reduced Excitatory Neurotransmission and Mild Autism-Relevant Phenotypes in Adolescent Shank3 Null Mutant Mice[END_REF]), Shank3∆4-9J (X.[START_REF] Wang | Synaptic Dysfunction and Abnormal Behaviors in Mice Lacking Major Isoforms of Shank3[END_REF]), Shank3∆4-9P[START_REF] Jaramillo | Altered Striatal Synaptic Function and Abnormal Behaviour in Shank3 Exon4-9 Deletion Mouse Model of Autism[END_REF], Shank3∆11[START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF][START_REF] Vicidomini | Pharmacological Enhancement of MGlu5 Receptors Rescues Behavioral Deficits in SHANK3 Knock-out Mice[END_REF], Shank3∆13[START_REF] Jaramillo | Novel Shank3 Mutant Exhibits Behaviors with Face Validity for Autism and Altered Striatal and Hippocampal Function[END_REF]), Shank3∆13-16[START_REF] Peça | Shank3 Mutant Mice Display Autistic-like Behaviours and Striatal Dysfunction[END_REF], Shank3∆21P[START_REF] Kouser | Loss of Predominant Shank3 Isoforms Results in Hippocampus-Dependent Impairments in Behavior and Synaptic Transmission[END_REF][START_REF] Qin | Social Deficits in Shank3-Deficient Mouse Models of Autism Are Rescued by Histone Deacetylase (HDAC) Inhibition[END_REF]), Shank3∆4-22J (X.Wang et al. 2016;[START_REF] Bey | Brain Region-Specific Disruption of Shank3 in Mice Reveals a Dissociation for Cortical and Striatal Circuits in Autism-Related Behaviors[END_REF]), Shank3∆4-22B[START_REF] Drapeau | Behavioral Phenotyping of an Improved Mouse Model of Phelan-McDermid Behavioral Phenotyping of a Full Shank3 Knockout Mouse[END_REF]), Shank3InsG3680[START_REF] Zhou | Mice with Shank3 Mutations Associated with ASD and Schizophrenia Display Both Shared and Distinct Defects[END_REF]. Only Shank3∆4-9B displayed different phenotype according to the study. ForYang and colleagues (2012), mice displayed an increase of self-grooming behaviour, whenDrapeau and colleagues (2014) did not observe significant difference between genotype. OnlyDrapeau and colleagues (2018) presented circling behaviour as a stereotyped behaviour for Shank3∆4-

	2017).
	Other comorbidities were noticed in Shank3 mouse models and can be related to comorbidities
	in SHANK3 patients (see I.D). The most common comorbidity was cognitive defects, which can be
	paralleled with ID in patients. To test this aspect, several studies performed a spatial learning task,
	using the Morris water maze, and they identified a deficiency in this task for Shank3∆4-9B (M. Yang
	et al. 2012), Shank3∆4-9J (X. Wang et al. 2011), Shank3∆4-9P (Jaramillo et al. 2016), Shank3∆11
	(Vicidomini et al. 2017), Shank3∆21P (Kouser et al. 2013), Shank3∆4-22J (X. Wang et al. 2016),

22B

[START_REF] Drapeau | Behavioral Phenotyping of an Improved Mouse Model of Phelan-McDermid Behavioral Phenotyping of a Full Shank3 Knockout Mouse[END_REF]

. The digging and marble burying behaviour is often associated with stereotyped behaviour

[START_REF] Silverman | Behavioural Phenotyping Assays for Mouse Models of Autism[END_REF][START_REF] Deacon | Digging and Marble Burying in Mice: Simple Methods for in Vivo Identification of Biological Impacts[END_REF]

. Surprisingly, Shank3 mutants displayed a decrease of time spent in digging behaviour or marbling (Shank3∆13

[START_REF] Jaramillo | Novel Shank3 Mutant Exhibits Behaviors with Face Validity for Autism and Altered Striatal and Hippocampal Function[END_REF]

), Shank3∆13-16

[START_REF] Kabitzke | Comprehensive Analysis of Two Shank3 and the Cacna1c Mouse Models of Autism Spectrum Disorder[END_REF]

, Shank3∆21P

[START_REF] Kouser | Loss of Predominant Shank3 Isoforms Results in Hippocampus-Dependent Impairments in Behavior and Synaptic Transmission[END_REF]

, Shank3InsGex21

[START_REF] Speed | Autism-Associated Insertion Mutation (InsG) of Shank3 Exon 21 Causes Impaired Synaptic Transmission and Behavioral Deficits[END_REF]

). This observation can be due to the increase of time spent in other behaviour (i.e., selfgrooming), or a reduction of exploratory behaviour. Indeed, the locomotion activity or the exploratory behaviour seems to be impacted, with a reduction of distance travelled in the open-field (Shank3∆4-9B (M.

[START_REF] Yang | Reduced Excitatory Neurotransmission and Mild Autism-Relevant Phenotypes in Adolescent Shank3 Null Mutant Mice[END_REF]

), Shank3∆4-9J (X.

[START_REF] Wang | Synaptic Dysfunction and Abnormal Behaviors in Mice Lacking Major Isoforms of Shank3[END_REF]), Shank3∆13 (Jaramillo et al. 2017)

, and Shank3∆13-16

[START_REF] Kabitzke | Comprehensive Analysis of Two Shank3 and the Cacna1c Mouse Models of Autism Spectrum Disorder[END_REF]

)) or impairments in motor coordination (Shank3∆4-9B (M.

[START_REF] Yang | Reduced Excitatory Neurotransmission and Mild Autism-Relevant Phenotypes in Adolescent Shank3 Null Mutant Mice[END_REF]

), Shank3∆4-9J (X.

[START_REF] Wang | Synaptic Dysfunction and Abnormal Behaviors in Mice Lacking Major Isoforms of Shank3[END_REF]

, ∆13

[START_REF] Jaramillo | Novel Shank3 Mutant Exhibits Behaviors with Face Validity for Autism and Altered Striatal and Hippocampal Function[END_REF]

). In the opposite way, mouse with an overexpression of Shank3 displayed hyperactivity

[START_REF] Han | SHANK3 Overexpression Causes Manic-like Behaviour with Unique Pharmacogenetic Properties[END_REF] B. Lee et al. 

  [START_REF] Drapeau | Absence of Strong Strain Effects in Behavioral Analyses of Shank3-Deficient Mice[END_REF]), Shank3∆4-9J[START_REF] Kabitzke | Comprehensive Analysis of Two Shank3 and the Cacna1c Mouse Models of Autism Spectrum Disorder[END_REF]), Shank3∆13-16 (Peça et al. 2011;[START_REF] Kabitzke | Comprehensive Analysis of Two Shank3 and the Cacna1c Mouse Models of Autism Spectrum Disorder[END_REF], Shank3∆21P[START_REF] Kouser | Loss of Predominant Shank3 Isoforms Results in Hippocampus-Dependent Impairments in Behavior and Synaptic Transmission[END_REF]), Shank3∆4-22J (X.Wang et al. 2016;[START_REF] Bey | Brain Region-Specific Disruption of Shank3 in Mice Reveals a Dissociation for Cortical and Striatal Circuits in Autism-Related Behaviors[END_REF] and Shank3∆4-22B[START_REF] Drapeau | Behavioral Phenotyping of an Improved Mouse Model of Phelan-McDermid Behavioral Phenotyping of a Full Shank3 Knockout Mouse[END_REF] during the elevated plus maze test, elevated zero maze test, dark/light test or openfield test. However, several mouse models did not display anxiety-like behaviour, and this aspect was not observed in the previously cited models. It suggests an important impact of laboratory conditions during the test and, maybe, a kind of increase of sensibility in Shank3-

/-mice.

Table 4 : Behavioural, synaptic and molecular phenotype of Shank3 mutant mice. All

 4 

	models represented are

Table 5 : Number of individuals for each cohort
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	The animals were weighted at 3 and 12 months of age and the physical aspect was noted at 8 months
	of age. Five females (two heterozygous and three knock-out mice) and three males (one heterozygous
	and two knock-outs) were euthanatized before the end of the experiment due to important self-
	inflicted injuries. We tested Cohort 2 and Shank2/Shank3 cohort with dark/light anxiety test; elevated
	plus-maze; open field; stereotyped behaviour observation; occupant/new-comer social test with
	ultrasonic vocalisations (USV) recording; male behaviour in presence of an oestrus female with USV
	recording; rotarod.

3 months, 8 months and 12 months of age: Y-maze working memory test; dark/light anxiety test; open field; three-chambered social test; stereotyped behaviour observation; occupant/new-comer social test with ultrasonic vocalisations (USV) recording; male behaviour in presence of an oestrus female with USV recording; observation of barbering and allo-grooming. Dark/light anxiety test, Ymaze and three chambered social tests were not performed on mice at eight and twelve months of age. . (A) Number of mice from Shank3 cohort 1 at 3, 8 and 12 months of ages and cohort 2 at 3 months of age. (B) Number of mice for each genotype for the double mutant Shank2/Shank3 cohort.

  in 2-pass mode to a masked version of the Mus Musculus GRCm38 genome. During a first round of the differential gene expression analysis, we observed enrichment of the differentially expressed genes in genes located on the same arm of the chromosome 15 as Shank3. The potential difference of local genetic backgrounds of the Shank3∆11-/mice (129S1/SvImJ x C57Bl/6J) compared to the Shank3∆11+/+ mice (C57Bl/6J) could affect the mapping by increasing the number of unmapped reads for the former in region with 129S1/SvImJ-specific variants. To avoid this bias, we masked the GRCm38 genome for variants of the 129S1/SvImJ mouse strain before mapping the sequencing reads. Variants were extracted from the VCF file provided by The Mouse Genome Project

	(Yalcin	et	al.	2012)

(ftp://ftp-mouse.sanger.ac.uk/REL-1505-SNPs_Indels/mgp.v5.merged.snps_all.dbSNP142.vcf) and masked in the reference genome using the SNPsplit software

[START_REF] Krueger | SNPsplit: Allele-Specific Splitting of Alignments between Genomes with Known SNP Genotypes[END_REF]

.

Table 6 :

 6 Abnormal Mendelian distribution

		+/+ +/-	-/-	-/-	+/+	-/-	+/-	+/+	+/-
	Shank3	+/+ +/-	-/-	+/+	-/-	+/-	-/-	+/-	+/+
	Expected 6.13 24.5 6.13 6.13 6.13 12.25 12.25 12.25 12.25
	Proportion 1/16 4/16 1/16 1/16 1/16 2/16 2/16 2/16 2/16
	Observed	9	29	3	3	7	5	11	23	8

Table 7 :

 7 

Corresponding table between genotype and annotation on the graphics. In green: homozygous wildtype; in blue: heterozygous mutant; in orange: homozygous mutant for Shank2 or Shank3.

  . Based on the social brain aspect of hierarchy and dominance, it possibly revealed impairment in dorsomedian prefrontal cortex (see Introduction in the home cage might involve a combination of events. Since our males were housed in social isolation from three months of age on, we could not observe this dominance specificity on males.

II.C.1.d)

. However, the dominance test, based on the dominance tube test, was not efficient to validate this observation (data not shown). Two potential reasons might explain this failure: (i) we tested females and the test is designed for males; (ii) the tube test reflects the immediate physical dominance while dominance

Several studies showed a possible link between AD and the expression of SHANK. The protein Amyloid-beta (A), a marker of AD, is increased in the forebrain of AD patients[START_REF] Hardy | The Amyloid Hypothesis of Alzheimer's Disease: Progress and Problems on the Road to Therapeutics[END_REF]. This increase of A observed in AD patients was accompanied by an increase of SHANK2 expression and a decrease of SHANK3 expression in brain tissues from AD patients[START_REF] Gong | Disruption of Glutamate Receptors at Shank-Postsynaptic Platform in Alzheimer's Disease[END_REF]. In parallel, a significant negative correlation between the level of A and the level of expression of Shank1, Shank3, Homer1B and mGluR1 was found in APPTg mouse model and in iPSC model from patients[START_REF] Roselli | Disassembly of Shank and Homer Synaptic Clusters Is Driven by Soluble β-Amyloid1-40 through Divergent NMDAR-Dependent Signalling Pathways[END_REF][START_REF] Pham | Progressive Accumulation of Amyloid-β Oligomers in Alzheimer's Disease and in Amyloid Precursor Protein Transgenic Mice Is Accompanied by Selective Alterations in Synaptic Scaffold Proteins[END_REF]). To conclude, these studies revealed an association between A level and SHANK expression in AD, but further studies are needed to unravel the causes and consequences of the two aspects.

MATERIAL & METHODS

RESULTS

Animals

All procedures were performed according to the guidelines for the welfare of experimental animals of Ministry of agriculture of France and they were approved by the ethical committee CETEA n°89 (Institut Pasteur, Paris, France). Shank3 mice were generated by Genoway (Lyon, FRANCE) [START_REF] Schmeisser | Autistic-like Behaviours and Hyperactivity in Mice Lacking ProSAP1/Shank2[END_REF]. They were raised on a C57Bl/6J background (more than 15 backcrosses).

The Shank3 mice displayed a deletion in exon 11. In this model, only 3 isoforms remained expressed, Shank3-d, Shank3-e and Shank3-f. All analyses were performed on mice whose genotype was unknown to the experimenter.

Behavioural assays

Behavioural tests were performed on homozygous Shank3+/+, heterozygous Shank3+/-and homozygous Shank3-/-male and female mice at three, eight and twelve months of age. The behavioural characterisation included Y-maze working memory test, dark/light anxiety test, open field, three-chambered social test, stereotyped behaviour observation, occupant/new-comer social test with ultrasonic vocalisations (USV) recording, male behaviour in presence of an oestrus female with USV recording, and observation of barbering and allo-grooming.

RNA analysis and validation

Brains were extracted from 12 months old male mice and were dissected to collect whole cortex, whole striatum, hippocampus and cerebellum. Total RNA of each structure was extracted using miRNeasyPlus Micro Kit (Qiagen, Hamburg, Germany). The cDNA and oriented mRNA sequencing were performed on samples with a RIN larger than eight by CNRGH (Centre National de Recherche en Génomique Humaine) and sequenced in paired-end 100bp . The gene validation was performed using a droplet digital Polymerase Chain Reaction (dd-PCR) (Bio-Rad, France).

Data analysis

All group data of behaviour were presented as mean ± standard error of the mean (S.E.M.), as well as the individual points. The RNA-Seq reads were mapped to the genome of the Mus Musculus GRCm38 genome. Differential analysis and gene set analysis were performed using R software. Protein-protein interaction (PPI) analysis is based on BioGRID database [START_REF] Chatr-Aryamontri | The BioGRID Interaction Database: 2017 Update[END_REF]. All statistics were performed with R software (R Core Team (R Foundation for Statistical Computing, Vienna,Austria) 2014). Between genotypes, the comparison was performed with Mann-Whitney tests.

Between age points, the comparison was performed using paired Wilcoxon signed-rank tests. To analyse the variability within groups, the variances were compared using Ansari-Bradley tests.

Differences between groups were considered significant when p<0.05. https://www.dropbox.com/sh/bz2hqg38hvlsy66/AAD0Jm2ioVFAfTHrSOcx_Rj8a?dl=0

Tables S 1: Statistical analyses of behavioural tests Table S 2: RNAseq annotations

Tables S 3: Results of differential analysis based on RNA sequencing Tables S 4: GSEA tables Table S 5

: Selected genes for validation

Anxiety-like

We analysed the anxiety-like behaviour through two tests, dark/light test and elevated plus maze. In the dark/light test, S2 +/+ S3 +/+ , S2 +/-S3 +/-, S2 +/-S3 -/-, S2 +/+ S3 +/-, S2 +/-S3 +/+ males displayed similar time spent in the dark compartment, suggesting no anxiety-like behaviour. However, S2 -/-S3 +/+ , S2 +/+ S3 -/-, S2 - /-S3 +/-males seemed to display a reduction of time spent in dark compartment while S2 -/-S3 -/-mice spent more time in dark compartment revealing an increase of anxiety-like behaviour. Concerning females, no difference seemed to be present between genotypes in the time spent in the dark compartment.

However, S2 +/-S3 +/-and S2 -/-S3 -/-females presented an important inter-individual variability compared to other genotypes in the time spent in the dark compartment. In the elevated plus maze, there seemed to be no difference between genotypes in the time spent in close arms for males, except a slight reduction for S2 -/-S3 +/-mice, but there was only one animal (Figure 20.B). S2 -/-S3 -/-and S2 -/-S3 +/+ females seemed to show a decrease of time spent in close arms compared to other genotypes.