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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, Bjork
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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 (Leblond et al. 2014). 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 (Huguet, Ey, and Bourgeron 2013; Thomas Bourgeron 2015). Among these genes, the
SHANK family, encoding synaptic scaffolding proteins and composed by SHANKI, SHANK2 and
SHANKS3, 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 (Leblond et al. 2014). 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
(Guilmatre et al. 2014; De Rubeis et al. 2018).

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 1’interaction
sociale, ainsi que des comportements stéréotypés et des intéréts restreints (American Psychiatric
Association, 2013). Derriere cette définition, une importante variabilité phénotypique est présente,
allant de handicaps séveres a des altérations plus subtiles (Leblond et al., 2014). De plus, les personnes
atteintes de TSA présentent plusieurs comorbidités, comme une déficience intellectuelle, de
I'hyperactivité ou de I'épilepsie. Les TSA touchent 1 a 2% de la population.

Plus de 1000 genes sont actuellement associés aux TSA, la majorité d'entre eux codant pour
des protéines synaptiques (Bourgeron, 2015, Huguet, Ey et Bourgeron, 2013). Parmi ces genes, la
famille SHANK, codant pour les protéines d'échafaudage synaptique et composée de SHANKI,
SHANK? et SHANK3, est tres associée aux TSA. Ces protéines sont exprimées dans la densité post-
synaptique 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 géne SHANK (Leblond et al., 2014). 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 a I'adolescence et a
l'age adulte chez les patients portant une mutation dans SHANK3 (De Rubeis et coll., 2018, Guilmatre,
Huguet, Delorme et Bourgeron, 2014).

Suite a ces observations cliniques et génétiques, nous proposons de caractériser un modele 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
séquencage d'ARNm). Nous avons effectué des tests de comportement chez les méles et les femelles
de méme portée. Nous avons ensuite effectué le séquencage de I'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'dge. Ces
comportements peuvent s'expliquer par une altération de la signalisation cellulaire de neurones
spécifiques au striatum, selon nos données issues du séquencage de I'ARN.

Pour conclure, ce projet fournit une caractérisation compléte d'un modele murin des TSA. 1l
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.



Content

CHEALIONS «.unneeeeeeneerecrneeeecnneeeessnesesssssssssssssssassssssassssssnssssssssssssansssssnssssssnssssssnassssns 2
REMETCICHIENLS .....cueeeennneneeiieninnniieniinnnsienissnnssisssssssssssssssssssssssssnsssssssssnsasssssssnsanss 3
SUIIUATY «ueeeneeeeeeeeeeceeieiceeieessneeecseteesssnssesssssssssssssssssssssssssssssassssssnssssssnsassssaasess 5
RESUME ......uunnaonnenneneineinniininniitnneinacssatsstsessssssssssssssssssssssssssssssssssssssssssssans 6
ADDTEVIALIONS ...unannnennernennneiieinninieninississaesssessssssssssssssssssssssssssssssssssssssssssnns 10
TREPOAUCTION «.....nannanneinninninnenneiininnennenecsassssessstsssssssssssssssssssssssssssssssasssnes 12
I.  Clinical aspects of autism spectrum disorders 14
N = (] 1o PSSR 14

[.B. Main CHNICAL CIILEITA ..o.vieuieiiieieieie ettt ettt et et e st aeseeeneeseeaeenes 14

[LC.  EPIdemMUOLOZY ..ocveovieviiiieieiieiieiiete ettt ettt ettt et seeseesessessese s e s e e eseeseeseesenes 17

[.D. COMOTIDIAILIES ..eeuvevieeieeieiieiesiieie ettt ettt ettt e st e e s teestenseeseeneesseeneensesneensesseensenseeneenes 18
[.D.1.  Intellectual diSability (ID) ......cceceruieieiiieiieiesie ettt enens 18

[.D.2.  PSychiatric diSOTAETrS.......ceririiriiriiieiieiiriieierieriesteteetee ettt 19

[LD.3.  EPIlEPSY tioutiiieeieiieiieteteet ettt ettt ettt ettt e et sb e te b e be st ebeereenbesaeenaens 19

LE.  DHAENOSIS c.eeuviiieeiiitieeeetiett ettt ettt ettt et et et e b e e teesbesbeesaesbasteesaesseesaessesseensenseeseessanseenes 19

L CAUSES ettt ettt bbbttt ne ettt ebe e 20

LF. 1. GeNELC FACOTS....cueeiieiieiieeieteeie ettt ettt ettt ne e enas 20

[.LF.2.  Environmental faCtOrS .........cccocirierieieirieiieeiesteieeee ettt 23

[LF.3.  EPIiZenetiC FACIOTS ...ecoiiiiieieiieiieieeie ettt ettt ettt e e sseenaesseennens 24

Il. Neurobiology of autism 25
[ILA.  Neuro-developmental diSOTAETS..........cceeierieriieierieiieieseeteie ettt 25
LA, Brain deVElOPMENt ........cccveviiiiieiiiieieie ettt ettt st ettt esaesteessesesreessesaeesnens 25

LA, GENE EXPIESSION ..uveeevivieeieieieieetesteetteteeteesesteestessesseessesseessessasseessasseessessesseassessesseans 26

[I.B. Imbalanced EXcitatory/inhibitOry SYNaPSES......cccevvirvieruerreereerrieteeeesreeeessesreesesseeseesesseenns 27

[I.C. Pathways associated with ASD COre SYMPLtOMS ........cccvevveeeerrietieriiirieeenreeeeeresreeeeseeeeenns 28
[LC.1.  SOCIAl PATNWAY ....ocveeviiiieeieiiciietecie ettt ettt e b et ete s sreensesreennens 28

[1.C.2.  Stereotyped PAtNWAY .........cceceeuirieiirieiiieiirieiteee ettt 32

lll. SHANK gene: structure and implication 35
LA, Structure of genes and PrOLEINS .......c..eeveruereerieriirienierieete ettt ettt ste st eseeseeeaeens 35
LA, Structure of the Shank ZENes ........c.cccueoiririririeniniereiee et 35

ILA.2.  Structure of the PIrOLEINS .......cceeeviiiieieciieeeeeete ettt ettt re et eeeesaesreessesaeernens 37

ILA.3.  TmPlication il NEUIOMNS .......ccveiveeriireereereeteetesteeetesteereesesseeseesesseessesseessessesseessesseeseens 40

HILALA.  EXPIESSION ...veeviiiieiiiiiiitieeiete ettt et eeete et esbesee e s e steessesbestsessesseessessesrsessesseesnens 42

l.B. Implication of Shank family in neUro-pathologyY ..........cceevieviierierieriiniieerieereesee s 44
[11.B.1.  Heterogeneity of SYMPLOMIS. ....c.coverueieierietieienteniesiesieietereereeeestestesteseseeseeseeseesessennes 44



[11.B.2.  Autism spectrtim diSOTAET..........ccverueieieiieeieiirieeierie ettt eae e aes 45
[11.B.3.  Bipolar diSOTAET ........cueuieuireiriisieieieieieiteie ettt ae e seeseeseeseesennas 47
HI.B.4.  SChIZOPNTENIA ...cvievieeiiiieeieieiieieeie ettt ettt ettt te et esb e be e s e seessessesseessesseesnens 47
[11.B.5.  Alzheimer diSease (AD) ......cccoiirerieieiriiiierieseeee ettt 47

IV.  Mouse models for autism 49
IV.A. Benefits of mouse models for autiSIm .........coeeriiriniiriinieeeeeeeee e 49
IV.B. Mouse models carrying mutations in SHANK genes.........ccceeerieieiiiieieneeieeeeene 50
IV.B.1. SRANKT ..ottt ettt ettt ettt neereeneeren 50
IV.B.1. SRANKD ...ttt ettt ettt ettt et neereeaenren 51
IV.B.2. SRANKS ...ttt ettt ettt e et neereeaeeeen 55

V. Aims 62
Material & MEtROAS .................eeueeonuinnernerineinaiieinniriiniensesssasssssssssssssssasssaes 64
.  Mouse cohorts 66
AL GENEIAL ...ttt sttt b ettt n et et be e 66
AL WRAMING. ¢ttt ettt et et e st e e s te e st e b e eseenae s st eneenseeneensenseeneenseeneenes 66
LA, Behavioural ProCEAUIES ...........eeeieririeiietieieeie ettt et ettt e e se et eee st esesseeneeseeneenes 67
Il Behavioural teStS.....eiceeeicccssensicsenssenssnssassssssansssssssssssssasssssssssssssssssssssassssssssssssssasss 68
LA, General Nealth..........ooeiiiiieieiiceeee ettt 68
[.B.  Dark/light anxXi€ty-lKe tESt.......cceririerrierieiiirieierte ettt ste et ete et eee s e sreesesreeseesseseeens 68
[I.C. Elevated Plus-maze anxi€ty-liKe teSt.......c.ccurruirvieriiirieiiniieeiete et sre e eeeens 69
[I.D. Locomotion and exploratory test in Open field...........cccveeeviieieriiiieieeceee e 69
[ILE. Stereotyped behaviour ObDSErVALION ...........cc.ecvieieriiiiieieniieieie et eeeens 70
II.LF.  Occupant/new-comer social test with vocalisation recording ...........ceccevervevererceeneennnne 70
[I.G. Male behaviour in presence of an 0estrus female............cceeververieieenerenierieieeeeeeeeeeenns 72
[I.LH.  Three-chambered SOCIAl tESt........ccerieriieiieieiieteie ettt et ae e e eeeaeenes 73
(LI, Behavioural StAtISHICS . ....ceververiesierieeierteettetesie et este st ete e estesesseesaesseessessesseensesseensensesssenes 73
lll.  Biochemical & molecular biology test .74
LA, TISSUE COIECTION ....veueeienieiteeieieete ettt sttt ettt ettt et e e et eneeseeneenesaennas 74
[11.B. Total RINA EXEIACION ..veevveeieiietietesieieieeie ettt ettt et eseeseesesaennas 74
l.C. RNA-SEQ SAMPIES ....oovieveiniieiieniiiieeiecte ettt ettt et e te e e besteeesesbeessesesreessesseessessessnenns 74
l1.D. Mapping and referenCe ZENOME .........cccverveerreerieereerreereereesreesseessressressseesseesseesaessseans 75
.E. Calling variants from the RNASeq data.........cccceoerieniniiiiininiininceeceeeieeeeeeseee 75
lI.F. Differential EXpression ANalySiS.......cocceeerererriininienienieienieetenieeitenee et 76
l.G. GENE SEL ANALYSIS ..ttt ettt sttt ettt ettt ettt st ettt ebeebe bt ebe e naes 76
I.H. RNA isolation and dd-PCR ...........coociiiiiiiiiiiee et 77
lll.I.  Protein-protein interaction NEtwWork analysiS.........ccccvecvereeieriieierienieieriesresie e eee e eeeens 77

) ] 7 T 78



l. Molecular and behavioural characterisation of Shank3A11 mutant mice............. 80

AL COMLEXL 1ottt ettt ettt ettt ettt et sttt et e st e st e bt e b e b et et et eneeseeneebeebenbenee 80
[.B.  ArtiCle MANUSCIIPE cveevviiieiieieiiieieste ettt ettt ete st et e teeeeesbeeteessesseesaessesseessessesssessenssenns 80
Il. Behavioural characterisation of Shank2/Shank3 double mutant mice............. 104
[LLAL  COMEEXE ittt ettt ettt et e bttt et e st e et e teest e ae e st enee st entesesseensesseeneenseeneensenseenean 104
1= R T 11 TSRS 104
DISCUSSTON c.ceeueeeveennneeiiiniinnnnieniissastiesssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssses 110
. Comparison between StUAIES ......cceveversureserssensnnsarssensnsssnsssnsnsssnssasssssssssssssssssssssses 112
Il Behaviour & tranSCriptomiCs ....c.ciieiciecsssicssensssncssasssascssasssssossasssssessasssssessasssascse 113
lll.  Specific gene expression iIMPAIred........ccceveeveesensensansansanssnssessesssssssssssssssssssssssssosees 118
IV.  Perpectives and CONCIUSION ......ccceveirreicsseessancsssnssanessasssascsssssssessasssssossasssssessasssasese 119
REfOIENCES ......nneenenevnneinneiieiriniinneinessiassssnssesassssassssssssssssssssssessssssassssssssssaes 122
ATIICXES cuvveveeenneriinesssnessssssssssssssssssssssssssssssssssssssssssssssssnsasssssssnsssssssssnsssssssssnsass 150
I. Article 1: “Social Communication in Mice — Are There Optimal Cage Conditions?
152

Il. Article 2: “Recording Mouse Ultrasonic Vocalizations to Evaluate Social

COMMUNICALION cauureeuiesseecssecssancssnnsssncssnsssseessnssssssssassssnsssasssssesssssssssssassssssssssssassssassssasssses 175

lll. Review: “Chapter 5: Behavioural Phenotypes and Neural Circuit Dysfunctions
in Mouse Models of Autism Spectrum Disorder” 188




A
ABP1
AC
ACI
AD
ADHD
ADI-R
ADOS
AMPA
ANK
AOB
ASD
AB
BLA
BPD
CARS
CCS
CDC
CNV
CSL
dmPFC
DR
DREADD
DRN
DSM
fEPSP
FISH
GKAP
GluA
GluN
GPCR
Gpi/e
GRIP
HDAC2
ID
InsG
1P3

IQ

KO
LGD
LTP
mEPSP
mGluR

ABBREVIATIONS

Deletion

Abelson tyrosine kinase interacting
Adenylate cyclase

Autism Comorbidity Interview
Alzheimer’s disease

Attention-deficit with hyperactivity disorder
Autism Diagnostic Interview, Revised
Autism Diagnostic Observation Schedule
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
Ankyrins

Accessory olfactory bulb

Autism spectrum disorders

Amyloid-beta

Basolateral amygdala

Bipolar disorder

Childhood Autism Rating Scale

Children Communication Scale

Centers for Disease Control and Prevention
Copy number variation

Corticostriatal loops

Dorsomedian PFC

Dopamine receptor 1/2

Designer receptor exclusively activated by designer drugs
Dorsal raphe nucleus

Diagnostic and Statistical Manual of Mental Disorders
Field excitatory postsynaptic potential
Fluorescent in Situ Hybridization
Guanylate Kinase-Associated Protein
AMPA glutamate receptor

NMDA glutamate receptor
G-Protein-Coupled-Receptor

Globus palidus intern / extern

Glutamate receptor-interaction protein
Histone deacetylase-2

Intellectual disability

Insertion of Guanine

Inositol 1,4,5-triphosphate

Intelligence quotient

Knock-out

Likely gene-disrupting

Long-Term potentiation

Miniature excitatory postsynaptic potential
Metabotropic glutamate receptor

10



mPFC
MRI
MSN
NAcc
NC
NLGN
NMDA
NOS1
NRXN
OB
PAG
PCW
PDD
PDZ
PFC
PLPc
PK A-B-C
PMS
PND
PPI
Pro
PSD
PVN
RBS
SAM
SCZ
SEM
SFARI
SH3
SHANK
SNP/SNV
SNr/c
SRS
STN
USV
vmPFC
VPA
VTA
WAIS
WISC

Median PFC

Magnetic resonance imaging

Medium spiny neurons

Nucleus accumbens

New-comer

Neuroligin

N-methyl-D-aspartate

Nitric oxide synthase 1

Neurexin

Olfactory bulb

Periaqueductal grey

Post conception week

Pervasive developmental disorder
PSD-95/Disc-large/Z0O-1

Prefrontal cortex

Phospholipase C

Protein kinase A-B or C
Phelan-McDermid syndrome

Post-natal day

Protein-protein interaction

Proline rich

Post-synaptic density

Paraventricular nucleus

Repetitive Behaviour Scale

Sterile alpha motif

Schizophrenia

Standard error of the mean

Simons Foundation Autism Research Initiative
Src homology 3

SH3 and multiple Ankyrin repeat domains
Single nucleotide polymorphism/ variant
Substantia nigria reticulata / compacta
Social Responsiveness Scale
Subthalamic nucleus

Ultrasonic vocalisations

Ventromedian PFC

Valproic acid

Ventral tegmental area

Wechsler Adult Intelligence Scale
Wechsler Intelligence Scale for Children

11



INTRODUCTION

12



13



I. Clinical aspects of autism spectrum disorders

LLA.  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 ” (Kanner 1943). Kanner borrowed the term
“autism” to schizophrenia terminology, used to qualify a schizophrenic patient with unusual social
interactions (Stotz-Ingenlath 2000). 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 (Frith 1991; Asperger 1944).
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” (Eisenberg and Kanner 1956).

|.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.
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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
(Yu et al. 2011; Ghaziuddin 2010). 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 (Hazen, McDougle, and Volkmar 2013). 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
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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.

Restricted, repetitive

Severity level Social communication behaviours

‘Without supports in place, deficits in social communication cause

Level 1 noticeable impairments. Difficulty initiating social interactions, and Inflexibility of behaviour causes
clear examples of atypical or unsuccessful responses to social significant interference with functioning
“Requiring overtures of others. May appear to have decreased interest in social in one or more contexts. Difficulty
support” interactions. For example, a person who is able to speak in full switching between activities. Problems of
sentences and engages in communication, but whose to-and-fro organization and planning hamper
conversation with others fails, and whose attempts to make friends independence.

are odd and typically unsuccessful.

Level 2 Inflexibility of behaviours, difficulty

Marked deficits in verbal and nonverbal social communication skills;

) ) coping with change or other restricted /
“Requiring social impairments apparent even with supports in place; limited
repetitive behaviours appears frequently
- initiation of social interactions; and reduced or abnormal responses to
substantial enough to be obvious to the casual
social overtures from others. For example, a person who speaks
’ observer and interfere with functioning
support simple sentences, whose interaction is limited to narrow special ) i )

in a variety of contexts. Distress and/ or
interests, and who has markedly odd nonverbal communication.

difficulty changing focus or action.

Level 3

Severe deficits in verbal and nonverbal social communication skills o .
o . L . L. o Inflexibility of behaviour, extreme
Requlrlng cause severe impairments in functioning, very limited initiation of
difficulty coping with change, or other
social interactions, and minimal response to social overtures from . . )
very ) o restricted/ repetitive behaviours markedly
others. For example, a person with few words of intelligible speech . . L
substantial interferes with functioning in all spheres.
who rarely initiates interaction and, when he or she does, makes . . .
Great distress/ difficulty changing focus
support” unusual approaches to meet needs only and responds to only very .
or action.
direct social approaches.

Table 2: Severity levels for autism spectrum disorder based on the DSM-5 diagnostic criteria (American
Psychiatric Association 2013).
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[.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
(Baio et al. 2018). 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 (Mandell and Palmer 2005). The sex ratio for ASD is unbalanced, with four boys
affected for one girl (Baio et al. 2018). 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 1Q
(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 LF.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 (Lyall
et al. 2017; Hansen, Schendel, and Parner 2015), with an enlargement of DSM diagnosis criteria
especially between DSM-III and DSM-VI (see 1.B.), the improvement of detection and inclusion in the
spectrum, the set-up of standardised tests for the diagnosis, and the possibility to detect children with
ASD in schools (Turnbull 2005). Furthermore, a study in Sweden revealed a stable prevalence

between 1993 and 2002, but an increase of diagnosis (Figure 1.B) (Lundstrom et al. 2015).

Item under right, unauthorised broadcast Item under right, unauthorised broadcast

A B

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 born 1993-2002 (Lundstrom et al. 2015).
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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).

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).

1.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 (Mefford, Batshaw, and Hoffman 2012; Newschaffer et al. 2007;
Wilkins and Matson 2009). 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 1Q, 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 (Boat et al. 2015):
- 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.
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- Profound: IQ<19; the patient requires 24-hour assistance.

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

1.D.2. Psvychiatric 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 (Leyfer et al. 2006). 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 (White et al. 2009). Patients with ASD may
also have ADHD (28-27%) and mood disorders, including bipolar disorders and depression (2-57%)
(Mansour et al. 2017; Ghaziuddin and Greden 1998). 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% (Martin 2003; Boat
et al. 2015; Fayyad et al. 2007).

1.D.3. Epilepsy

Epilepsy is a neurological disorder characterised by an excessive and abnormal neuronal
activity in the brain followed by seizure (Fisher et al. 2005). It occurs more often in patients with ASD
than in the neurotypical population, with 5-38% of patients with ASD displaying seizure (Frye et al.
2016). This prevalence in ASD patients varies between studies and with the associated comorbidities
(Spence and Schneider 2009). Indeed, 21.5% of patients with ASD and ID suffer from epilepsy while
only 8% of patients with ASD, but without ID display epilepsy (Amiet et al. 2008).

.LE.  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:
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- The Autism Diagnostic Interview, Revised (ADI-R) (C Lord, Rutter, and Le Couteur 1994)
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 Lord et al. 2000) 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) (Schopler et al. 1980) which allows an
evaluation of the global deficit associated with ASD core symptoms;

- The Social Responsiveness Scale (SRS) (Constantino et al. 2000) which evaluates more
specifically the social behaviours;

- The Children Communication Scale (CCS) (Bishop 1998) which tests the social
communication;

- The Repetitive Behaviour Scale (RBS) (Bodfish et al. 2000) 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 (Ozonoff et al. 2010). In the majority of

cases, the psychological evaluation is followed by a diagnostic of comorbidities.

LF. 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.

l.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 (August, Stewart, and
Tsai 1981; Folstein and Rutter 1977). 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
(Bailey et al. 1995). A recent study on a larger cohort shows that the concordance rate for dizygotic

twins is around 20% (Hallmayer et al. 2011). Furthermore, a study on siblings calculated an increase
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of 20% of recurrence rate if the first born displayed ASD versus 1% if the first born did not display
ASD (Ozonoff et al. 2010).

More recently, several studies on large cohorts estimated the heritability of ASD at 50-59%
(Lundstrom et al. 2012; Sandin et al. 2014). 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 (Colvert et al. 2015). 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 (Huguet, Ey, and Bourgeron 2013).

The first genetic causes of ASD were identified in different syndromes, counting for 10% of
cases (Zafeiriou et al. 2013). These syndromes are due to monogenic mutations especially in Fragile X
syndrome (gene Fragile X Mental Retardation, FRM ) and Rett syndrome (gene Methyl CpG binding
protein 2, MECP2) (Pieretti et al. 1991; Amir et al. 1999). 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. FOXPI;

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

- 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) (Yuen et
al. 2015).

All these genes associated with ASD are involved in cellular functions, including synaptic
function, chromatin remodelling and RNA translation (see LF.3 & Figure 3) (Huguet, Ey, and
Bourgeron 2013). However, different mutations can affect the same pathway in the neuronal

functioning (Guilmatre et al. 2014).
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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 post-
synapse; panel b illustrates the synapse and gene transcription regulation in the nucleus (from Huguet et al.,
2013).

The mutations involved in ASD are mostly dominant (Casey et al. 2012). Chromosomic
abnomalities are observed in 3% of cases with duplication, deletion, inversion or translocation (Reddy
2005), and de novo copy number variants (CNVs) are more present in individuals with ASD than in
non-affected siblings or controls (Huguet, Ey, and Bourgeron 2013), 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 (Huguet, Ey, and Bourgeron 2013). Recent analysis of the whole
exome showed a higher number of single nucleotide variants (SN'Vs) in patients than in non-affected
siblings and controls (lossifov et al. 2014). 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).
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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).

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
(Bourgeron 2015; E. T. Lim et al. 2013). 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) (Thomas Bourgeron 2015). The

genetic background can also influence the sensitivity to gene expression dosage (Toro et al. 2010).

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
(Karimi et al. 2017). 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
(Sasanfar et al. 2010). 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 (Reichenberg et al. 2006; Lauritsen, Pedersen, and Mortensen 2005). The
prenatal exposition to drugs is the most robust factor associated with ASD and can increase the risk by
46% (Gardener, Spiegelman, and Buka 2009). Several studies showed an impact of anti-epileptic

drugs (Valproic acid, VPA) or antidepressant drugs on social behaviour, motor activities and post-
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natal development of the child (Narita et al. 2010; Rai et al. 2013). Other prenatal factors impact the
brain development and induce autism, like infections of the mother during pregnancy (Berger, Navar-
Boggan, and Omer 2011; Ornoy, Weinstein-Fudim, and Ergaz 2015) or caesarean delivery (Gardener,

Spiegelman, and Buka 2011).

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 (Siu and Weksberg 2017). 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 FMRI (SFARI-
category:1) in Fragile X syndrome (Siu and Weksberg 2017). For instance, a mutation in MECP2, a
gene encoding a methyl-CpG binding protein, causes Rett syndrome (Amir et al. 1999). 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 (Bird 2002). 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 FMRI. This mutated
region becomes an abnormal methylation site, resulting in an inhibition of the expression of the
protein, FMRP (Crawford, Acufia, and Sherman 2001). Other mutations associated with non-
syndromic ASD are related to epigenetics. The gene CHDS8 (SFARI-category: 1) encodes for a protein
involved in chromatin remodelling (Merner et al. 2016). 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 (HDAC?2) and disturbs the chromatin expansion and gene transcription (Qin et al. 2018).

In the following part, we will mainly focus on the genetic causes of ASD. We will discuss
about SH3 and multiple Ankyrin repeat domains (SHANKSs) 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 (Durand et al. 2007). Following a meta-analysis on SHANK family, almost
1% of ASD patients display mutation (SHANKI: 0.04%; SHANK2: 0.17%; SHANK3: 0.70%) and 2%
of patients with ASD and ID display mutation in SHANK3 (Leblond et al. 2014).
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Il. Neurobiology of autism

IILA.  Neuro-developmental disorders

1.LA.1. Brain development

Based on the DSM-5, we qualified above (see 1.B) ASD as a PDD condition, with an
emergence of clinical signs in the first three years of life (see I.E). The first direct link between
neuronal impairments and ASD was established by comorbidities like epilepsy. Neurobiological
analyses revealed brain abnormalities in ASD patients. Indeed, magnetic resonance imaging (MRI)
studies showed that the cerebral volume and the head circumference were increased by 20% in ASD
patients compared to neuro-typical controls, during early childhood (Sacco, Gabriele, and Persico
2015; Redcay and Courchesne 2005). The brain size is reduced at birth compared to neuro-typical
controls, but radically growths the first years to reach, in the majority of cases, a normal size at
puberty (Redcay and Courchesne 2005; Xiao et al. 2014; Courchesne, Campbell, and Solso 2011).
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 (Courchesne, Campbell, and Solso 2011;
Carper and Courchesne 2005; Hazlett et al. 2005; Herbert et al. 2004). Abnormalities in gyrus
formation on the cerebral cortex were observed, with an increase of the cortical folds or an increase of
the gyrus size (Wallace et al. 2013; Ecker et al. 2016). 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 (Lefebvre et al. 2015). At the neuronal organisation level, a modification of
cortical columns was reported with an increase of the number of columns, combined with fewer cells.
This structural modification describes abnormal circuitry without significant difference in neuronal
density in cerebrum cortex (M. F. Casanova et al. 2002; 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 (Nordahl et al. 2012; Schumann et al.
2004). The number of neurons is increased in the prefrontal cortex while it is decreased in the
amygdala (Lai et al. 2015; Courchesne, Campbell, and Solso 2011). Interestingly, these two structures

are strongly associated with social interactions (see 11.C.1).
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1.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 (Kang et al. 2011; Colantuoni et al. 2011). 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 (Berchtold et al. 2008). 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
(Chow et al. 2012). Several genes associated with ASD, such as Neuroligin 4 (NLGN4), Neurexinl
(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 Sestan 2012).

Item under right, unauthorised broadcast

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 & Sestan, 2012).
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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 FMR], 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. Wang, Kim, and Zhuo 2010; Soden
and Chen 2010; Kwan et al. 2012). 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 (Isaacson and Scanziani 2011). 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 y-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 (Rubenstein and Merzenich 2003; Gogolla et al. 2009;
S. B. Nelson and Valakh 2015; T Bourgeron 2007). The E:I balance is impacted in ASD cases, with an
increase of neural excitation (Rubenstein and Merzenich 2003). Using optogenetic techniques in
mouse models, Yizhar and colleagues (2011) showed that an activation of excitatory synapses leads to
impairments in social interactions (Yizhar et al. 2011). 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 (Cellot and Cherubini 2014).
Nevertheless, other studies showed opposite observations with an increase of GABA inhibition
(Bertone et al. 2005; Gongalves et al. 2017). 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 (Xue, Atallah, and Scanziani
2014).

Some genes associated with ASD are linked to excitatory synaptic impairments, like the Shank
family, or to inhibitory synaptic impairments, like NLGN and GABRb (Tabuchi et al. 2007; Foldy,
Malenka, and Siidhof 2013; Rothwell et al. 2014; DeLorey et al. 2008). 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 ).
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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 (Belmonte et al. 2004). 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) (Ferhat et al. 2017).

11.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).
However, behind this apparent specification, other brain structures are involved in different aspects of
social behaviours and all structures interact together. Despite the new techniques of brain imaging
(electro-encephalogram, MRI) in humans, the experiments on mice are more effective and the brain
structures involved in social behaviours are more documented in mice than in humans. Furthermore,
several mouse brain structures are considered homologous to human brain structures (Wise 2008;

Karten 2015).

I1.C.1.a. Sensory input

Social interactions are regulated by social signals, forming social communication. In mice,
these signals include ultrasonic vocalisations (USV), odours, pheromones, tactile stimuli, involving
whisking and body contacts, and visual signals using body postures (Latham and Mason 2004;
Brennan and Kendrick 2006; Portfors 2007).

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 (Arriaga, Zhou, and Jarvis 2012), or odour information through the olfactory and vomeronasal
system (Figure 6.A) (Matsuo et al. 2015). All these sensory inputs can be integrated at different

levels, in the primary sensory cortex or in specific pathways.
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A. Sensory input B. Emotions encoding
C. Social motivation D. Social decision-making

E. Vocalisation emission

Legende
~——® Glutamatergic projection and structure

~——® GABAergic projection and structure
«~———® Dopaminergic projection and structure
~——@ Oxytocin

O sub-nucleus

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

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 (Keverne 1999; Matsuo et al. 2015). 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 I1.C.1.d).
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1.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 (Maren 2003).
The medial amygdala is activated by positive or negative valence especially in social recognition
(Bosch and Neumann 2012). It receives projections from different brain structures to integrate stimuli,
as the AOB (Keverne 1999; Matsuo et al. 2015) and the pre-optic area (Popik and van Ree 1991). This
last structure, a sub-nucleus of hypothalamus, is strongly associated with mating and social reward
(McHenry et al. 2017). 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) (Price 2006). 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 (Veening et al. 2005).

The hippocampus plays also an important role in social memory and emotion. This structure is
associated with the encoding of declarative memory (Squire and Wixted 2011) 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 (Hitti and
Siegelbaum 2014).

The hypothalamus integrates stimuli from the external environment, but also from the internal
state (Kruk, De Vos-frerichs, and Van Der Poel 1979; Matsuo et al. 2015). Especially, the
paraventricular nucleus (PVN) is strongly associated with management of social stimuli. A sub-
population of neurons in the PVN, the magnocellular neurons, releases oxytocin and vasopressin
locally (Swanson and Sawchenko 1983), 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 (Ferguson et al. 2000;

Owen et al. 2013).
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1.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 (Chevallier et al.
2012) and is involved in the mediation of social motivation, mating, maternal behaviour and formation
of pair bonds (Kohls et al. 2013; Robinson, Zitzman, and Williams 2011).

The reward circuit is composed by three main structures: the ventromedial PFC (vimPFC), 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
(Russo and Nestler 2013). 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, DIR 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
(Fernandez, Mollinedo-Gajate, and Pefiagarikano 2018). However, recent investigations revealed that
MSNs can express DIR and D2R simultaneously, which complicates the classical “dichotomy” of
NAcc (Kupchik et al. 2015). 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 (Gunaydin et al. 2014).

I1.C.1.d. Social decision-making

The PFC is involved in different cognitive processes, such as reinforcement (see I1.C.1.c),
working memory, attention and decision-making, especially during social interaction. The PFC is
mainly composed by glutamatergic neurons and GABAergic interneurons (Schubert, Martens, and

Kolk 2015).
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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 sub-
nucleus 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 (Fuster 2008). 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. Wang, Kessels, and Hu
2014). The vmPFC is involved in the organisation of cooperative relationships, valuing rewarding
social interaction and regulating emotional reactions (Rilling and Sanfey 2011). 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 (Eichenbaum

2017). Connexions between these two structures support functions in episodic and long-term memory.

I.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 (Ferhat et al. 2016). USVs, with
a frequency range between 30kHz and 110kHz (Heckman et al. 2016), are considered innate with very
little evidence of learning (Hammerschmidt et al. 2012; Portfors and Perkel 2014). 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
(Arriaga and Jarvis 2013). Furthermore, a direct cortical projection to the nucleus ambiguus has been

highlighted, which can support the idea of voluntary control of emission (Arriaga and Jarvis 2013).

11.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),
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the pallidum (globus pallidus), the ventral pallidum, the subthalamic nucleus and the substantia nigra
(Ikemoto, Yang, and Tan 2015). All these structures are interconnected, and they are strongly
connected to the cortex, to form corticostriatal loops (CSL) (Alexander, DeLong, and Strick 1986).
Other structures, such as hippocampus or amygdala, allow a modulation of the CSL activation
(Bachevalier 1996).

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 (GP1) 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. Presti et al. 2004). 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 (Haber, Fudge, and
McFarland 2000; Sesack and Grace 2010). This interconnection allows the modulation of information
in the different cortico-striatal circuits (Haber, Fudge, and McFarland 2000) and could influence the
presence of motor stereotyped behaviours, but also the presence of cognitive repetitive behaviours
(Table 1) (Groenewegen 2003). This observation reinforced the idea of implication of striatum in ASD

at different levels (Fuccillo 2016).
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Item under right, unauthorised broadcast

Figure 8: Circuit diagram for direct (left panel) & indirect
pathways (right panel). Ach, acetylcholine; DA, dopamine;
Glu, glutamate; Enk, enkaphalin; SP, substance P. Nuclei:
SNc, substantia nigra pars compacta; SNr, substantia nigra
pars reticulata; GPe, extern globus pallidus; GPi, intern
globus pallidus;, STN, subthalamic nucleus; VL, ventral
lateral nucleus; VA, ventral anterior nucleus (Leisman,
Melillo, and R. 2013).
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lll. 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:
SHANKI, SHANK2/PROSAPI (hereafter SHANK2) and SHANK3/PROSAP2 (hereafter SHANK?3).
This gene family is strongly associated with ASD and was identified by Fluorescent In Situ
Hybridization (FISH) analysis and whole genome sequencing (Durand et al. 2007). Following a meta-
analysis on patients with mutations in the SHANK gene family, almost 1% of ASD patients display a
mutation (SHANKI: 0.04%; SHANK?2: 0.17%; SHANK3: 0.70%) and 2% of patients with ASD and ID
display a mutation in SHANK3 (Leblond et al. 2014). 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.

IILA.  Structure of genes and proteins

I.A.1. Structure of the Shank genes

In the human genome, SHANK] 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 (Shankla-b; Figure 8). SHANK? is located on chromosome 11 in position 11q13.3 and
the mRNA measures 7.2 kb. There are 25 exons and three promoters for, at least, three distinct
isoforms (Shank2a-b-e; Figure 8). 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; Figure 7; reviewed in Jiang
and Ehlers 2013; Sala et al. 2015).

The organisation of the Shank gene family in the mouse genome is very similar to the one in
the human genome. Shankl and Shank2 are located on chromosome 7, respectively in 7B3 and 7F5.
Shankl 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.

Little is currently known on the expression of the different isoforms for Shankl 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
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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 I1I.A.4).
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Figure 8: Schematic representations of Shankl (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.
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I1.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/Z0O-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 (Kreienkamp 2008). 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.

I11.LA.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 a-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).

I.LA.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 (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptor,
GluA1-GluA2 (Briickner et al. 1999; Dong et al. 1997; Sheng and Kim 2000). Furthermore, a voltage-
dependent calcium channel, CaV1.3, directly interacts with the SH3 domain of Shank proteins (Figure
9) (Zhang et al. 2005).
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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: a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor; NMDAR: N-Methyl-D-aspartic acid or N-Methyl-D-aspartate receptor;
mGlu: metabotropic glutamatergic receptor; NRXN: Neurexin;, NLGN: Neuroligin, Grip: Glutamate receptor-
interaction protein; GKAP: Guanylate Kinase-Associated Protein; PSD-95: Post-synaptic density protein 95;
Cor: Cortactin; IP3:Inositol triphosphate; PLPc: Phospholipase C.

II.A.2.c. PSD-95/Disc-large/Z0-1 (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 SHANKS3 and the scaffolding protein PSD-95
(Boeckers et al. 1999). 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, GKAPI1b, 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 (Uemura, Mori, and
Mishina 2004) and GluAl by a C-terminal motif (Uemura, Mori, and Mishina 2004). Furthermore,
direct interaction seems to be involved between SHANK PDZ domain and mGLURI1 (metabotropic
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glutamate receptor 1), but this observation is still unclear in vivo (Tu et al. 1999). 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-D-
aspartate receptor), GluN1-GluN2A-B or indirectly with sub-units of AMPAR by the STARGAZIN
protein (L. Chen et al. 2000). 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.

111.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, mGLURS, 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 (Tu et al. 1999) and the
structural and functional organisation of the dendritic spine (Sala et al. 2001).

The proline-rich domain also interacts with CORTACTIN proteins. CORTACTIN is a F-
actin-binding protein and is involved as an actin regulatory protein (Naisbitt et al. 1999). 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 (Qualmann 2004). 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 (Proepper et al. 2007).
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I1.LA.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 (Boeckers et al. 2005). Furthermore, several studies showed a homo-
multimerisation of SHANK proteins through the SAM domain. In this case, the two SAM domains
interact through a Zn>* ion and this ion is crucial for the recruitment of SHANKS and their binding

(Figure 9) (Y. Lee, Ryu, et al. 2017; Grabrucker 2014; E.-J. Lee et al. 2015).

I1.A.3. Implication in neurons

As we saw above, SHANKSs/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
jons (Ca®™) through NMDAR, and let potassium ions (K") flow out (Kandel et al. 2013). 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
(Herring et al. 2013). This ionic input triggers membrane depolarization in post-synaptic area and
allow signal propagation (Figure 10) (Dingledine and McBain 1999). The rise of intracellular Ca**
concentration also activates shared signalling pathway with metabotropic receptors (Beaulieu and
Gainetdinov 2011).

Two main groups of metabotropic receptors are present, Group I composed by mGluR1 and
mGIuRS5, and Group II composed by mGluR2 and mGIluR3. 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®* and PLPc activates the protein kinase C, phosphorylating and
regulating downstream proteins. The mGIluR 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 (Gladding et al. 2009).

The receptor mGlur5 is a promising target for Fragile X syndrome target (Pop et al. 2014).
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Figure 10: Schematic of interaction of glutamatergic receptors at the post synaptic density of glutamatergic
synapses. AMPAR: o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; NMDAR: N-Methyl-D-
aspartic 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.

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) (Yin and Niswender 2014). In normal condition, PKA allows phosphorylation and regulation
of several proteins, including mGluRS especially in D2-MSN (Figure 10) (Uematsu et al. 2015). PKA
also allows activation of potassium channels (K" output) and inhibition of Ca®* channels (Niswender
and Conn 2010). 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 (Beaulieu and Gainetdinov

2011). Furthermore, due to the direct or indirect interaction with the glutamatergic receptors,
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SHANKSs 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 (Sala et al.
2015; Naisbitt et al. 1999; Tu et al. 1999).

The first studies on SHANK showed the presence of these proteins, co-localizing with
Cortactin, in cone growth in developing neurons (Du et al. 1998; Naisbitt et al. 1999; Durand et al.
2007). 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 (HDAC?2) that is strongly
implicated in the transcriptomic regulation (Qin et al. 2018). These observations support the

implication of SHANK in nucleus and in epigenetic modulation on neurons.

111.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 Shankl and Shank2. Most of the studies are based on the mouse brain for the expression of Shankl
and Shank?2.

Shankl mRNA is strongly expressed in cortex, hippocampus (CAl and CA3), amygdala,
substantia nigra, and cerebellar Purkinje cells in the mouse brain (Figure 11.A-B) (Peca et al. 2011;
Harony-Nicolas et al. 2015). In these regions, Shank1 is expressed close to the membrane in the PSD
of neurons, but also in astrocytes (Collins et al. 2017). According to the NCBI database, two main
isoforms of Shankl exist: Shankla and ShankIb (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) (Du et al. 1998; S.
Lim et al. 1999; Peca et al. 2011; Harony-Nicolas et al. 2015). Shank?2 is also present in the kidneys
and the liver (Du et al. 1998; S. Lim et al. 1999; Uhlen et al. 2015). In subcellular level, Shank?2 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

42



cerebellar granule cells, the cortex, and the striatum (Figure 11.A-B) (Boeckers et al. 1999; Peca et al.
2011). 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 SHANKS3 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 SHANKI and SHANK? seems to be similar between structure
(Beri et al. 2007). Concerning SHANK3, CpG islands displayed a tissue-specific methylation profile,
especially between cerebellum and the rest of the brain (Beri et al. 2007). These observations underlie
a CpG-dependent regulation of the Shank expression. Furthermore, a post-transcriptional regulation of
SHANKS3 is present, by micro-RNAs, playing a role on splicing and SHANK3 protein expression
(Choi et al. 2015)
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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
Jfrom 5 week old mice of Shank family of genes (from Pega et al., 2011). (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 Pega et al., 2011). (C) Representation of mean RNA expression of SHANKI,
SHANK?2 and SHANK3 in humans over age for the whole brain. PCW: post conception week; mos: months: yrs
Years. Based on BrainSpan Allen brain atlas.
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III.B. Implication of Shank family in neuro-pathology

I11.B.1. Heterogeneity of symptoms

As stated in the previous part (see L.F), ASD phenotype may result from a complex interaction
between genetic, environmental and epigenetic factors, but also a stochastic impact can be proposed
(Huguet, Ey, and Bourgeron 2013). 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 (Guilmatre et al. 2014). 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) (Guilmatre et al. 2014).
These observations imply an important heterogeneity between SHANK3 patients, but also in the
genetic background of these patients (Guilmatre et al. 2014). Interestingly, Guilmatre and colleagues
(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).

Item under right, unauthorised broadcast

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) SHANKI 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) SHANK?2
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
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phenotypic outcomes already associated with SHANK genes mutations and dotted lines show candidate
disorders that should be screened for SHANK genes ( from Guilmatre et al., 2014).

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 Rubeis et al. 2018). 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 (Serret et al. 2015).

SHANKI and SHANK?2 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.

I11.B.2. Autism spectrum disorder

Autism spectrum disorders are strongly associated with genetic variations (Geschwind 2009;
Huguet, Ey, and Bourgeron 2013; Thomas Bourgeron 2016). Mutations in the SHANK gene family are

significantly associated with syndromic or non-syndromic autism.

Ill.B.2.a. Association with non-syndromic autism

Mutations in the three members of the SHANK gene family can be deletions, duplications or
SNV (Durand et al. 2007; Leblond et al. 2014, 2012; Pinto et al. 2010). All patients displayed
heterozygous mutation on SHANK family, revealing a haploinsufficiency.

The main clinical signs associated with SHANKI mutations are ASD symptoms with a normal
IQ (mean 1Q=107). These mutations were de novo mutations, and they were found in 0.04% of
patients with ASD, but never in control people (Leblond et al. 2014). Nevertheless, a recent study
described a patient carrying a SHANK/ mutation in exon 22 (T. Wang et al. 2016) displaying ASD
with moderate IQ (35 < IQ < 55). This suggests that SHANKI1 can also be involved in cognitive
processes, and can be related with studies in mouse models (see [V.B.1).

De novo truncating mutations or de novo deletions in SHANK?2 affect 0.17 % of patients with
ASD (Leblond et al. 2014). These patients appeared to present more severe symptoms than patients
mutated in SHANKI. They displayed ASD or PDD- not otherwise specified with mild intellectual
disability (ID; mean 1Q=62 + 17) and delayed development, like motor delay or late language
development. Patients with SHANK2 mutations often present comorbidities such as dysmorphic
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) (Leblond et al. 2014). These mutations
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can be deletions, 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 (Waga et al.
2011; Gauthier et al. 2010; Moessner et al. 2007; Leblond et al. 2014; Boccuto et al. 2013).

111.B.2.b. Phelan-McDermid syndrome

SHANK3 was the first and the most studied gene of the SHANK family due to its role in PMS,
also known as 22q13 syndrome (Guilmatre et al. 2014; Phelan and McDermid 2012). 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 (Kolevzon et al. 2014; Leblond et al.
2014; Phelan and McDermid 2012). 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 (Tabet et al. 2017).

The modification of 22q13.3 region can be due to ring chromosome (14%), unbalanced
translocations (7%), interstitial deletion (11%) or simple deletion (68%) (Bonaglia et al. 2011). 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
(Disciglio et al. 2014; Wilson et al. 2008). The deletion of some specific regions of 22q13 seems to be
associated with different features like absence of speech, seizure or ophthalmic features (Tabet et al.
2017). 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 (Tabet et al. 2017). 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.

IIl.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
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SHANK3, in a boy with Asperger’s syndrome (Durand et al. 2007). Another patient with Asperger’s
syndrome displayed a mutation in PDZ domain in SHANK3 (Boccuto et al. 2013). Sato and colleagues
(2012) showed three members of a family with Asperger’s syndrome carrying a large deletion in
SHANK] (Sato et al. 2012). To date, no mutation in SHANK?2 has been associated with Asperger’s

syndrome.

I11.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 (Sovner, Stone, and Fox 1996; Ma
Verhoeven et al. 2012; Verhoeven et al. 2013; Willemsen et al. 2011; Vucurovic et al. 2012; Denayer
et al. 2012). The patient in the Vucurovic’s study displayed a multiple deletion of at least six exons of
SHANKS3, 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 (Egger et al.
2017). A partial duplication of SHANK?2 was highlighted in a patient with bipolar disorder (Noor et al.
2014). Recently, four points mutations in SHANK2 (c.3979G>A; c.2900A>G; c.4461C>T
;€.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 SHANKI and bipolar disorder.

Il1.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 (Gauthier et al. 2010). The patients displayed ADHD, ID or seizure. Another
study highlighted a significant association of five SNVs located in SHANKI promoter and reduced
auditory working memory in schizophrenic patients (Lennertz et al. 2012). Recently, a mutation
A1731S of SHANK?2 (in the proline-rich domain) was identified in four unrelated schizophrenic

patients, but not in controls (Peykov et al. 2015).

Il1.B.5. Alzheimer disease (AD)
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Several studies showed a possible link between AD and the expression of SHANK. The protein
Amyloid-beta (AB), a marker of AD, is increased in the forebrain of AD patients (Hardy and Selkoe
2002). This increase of A} observed in AD patients was accompanied by an increase of SHANK?
expression and a decrease of SHANK3 expression in brain tissues from AD patients (Gong et al.
2009). In parallel, a significant negative correlation between the level of AB and the level of
expression of Shankl, Shank3, Homer1B and mGluR1 was found in APPTg mouse model and in iPSC
model from patients (Roselli et al. 2009; Pham et al. 2010). To conclude, these studies revealed an
association between AP level and SHANK expression in AD, but further studies are needed to unravel

the causes and consequences of the two aspects.
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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 (Chinwalla et al. 2002; Brown, Hancock, and Gates
2006). 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 (Crawley 2012). 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 (Silverman et al. 2010). 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 (Ferhat et al. 2015). The social motivation and the
social memory can be studied using the three-chambered test and free interaction test. The three-
chambered test, divided in three different phases, allows the discrimination between social interest and
interest in novelty (M. Yang, Silverman, and Crawley 2011). The social communication and
interaction in pups are tested during brief maternal separation with a recording of USV's 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.

To understand the implication of cerebral pathways (see IL.C), studies analysed

electrophysiology, protein composition or neuronal development. However, the majority of brain
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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. Shankl

The unique mouse model had been generated by Hung and colleagues (2008) (Hung et al.
2008). This mutant mouse displayed a deletion (A) of exons 14 and 15 in Shankl (A14-15; Figure
13.A; Table 3). These exons carry one of the two promoters and are present in the two known
isoforms (Shankla-b). Therefore, this model should be a complete knock-out (KO) (Hung et al. 2008),
according to the current knowledge about Shankl isoform expression (Figure 8.A; (X. Wang et al.

2014)).

IV.B.1.a. Behavioural analysis

The Shankl mutant mouse was the first ASD model mutated in one gene of the Shank family
generated (Hung et al. 2008). Shankl-/- mice displayed few impairments in ASD core symptoms, and
Shank1+/- mice displayed even more limited impairments (Hung et al. 2008; Silverman et al. 2011;
Wohr et al. 2011; Sungur et al. 2014; Sungur, Schwarting, and Wohr 2016; Sungur et al. 2017).
Normal social interaction was observed in the three-chambered test and free social interaction (Sungur
et al. 2017). Only ShankI-/- 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 Shankl-/- 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 Shankl-/- adult males
during scent marking test with female urine in comparison with wild-type mice (Wohr et al. 2011;
Sungur, Schwarting, and Wohr 2016). Shanki-/- adult mice also displayed stereotyped behaviour with
an increase of self-grooming behaviour (Sungur et al. 2014). Surprisingly, these Shankl-/- mice
displayed a reduction of marbles burying behaviour as well as exploration behaviour in the open-field
in comparison with Shankl+/+ mice (Silverman et al. 2011; Sungur et al. 2014). In humans, patients
did not display intellectual disabilities, but can exhibit anxiety. Shankl-/- mice manifested impairment
during a memory test, object recognition test (Sungur et al. 2017), and slight anxiety-like behaviour, in

the dark/light test (Hung et al. 2008) contrary to human patients (Leblond et al. 2014).
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IV.B.1.b. Neurobiology and electrophysiology

In this model, only one study analysed the neuronal pattern (Hung et al. 2008). Shankl-/- 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, Shankl-/- 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 (Shank2A16-17; Figure 13.B; Table 3; (Won et al. 2012)), the
second one a deletion in exon 17 (Shank2A17; Figure 13.C; Table 3; (Schmeisser et al. 2012)) and the
third, recently generated, displayed a mutation in exon 24 (Shank2A24; Figure 13.D; Table 3; (Pappas
et al. 2017)). The mouse model Shank2A16-17 and Shank2A17 are often annotated as Shank2A6-7 and
Shank2A7 based on the exons from Shank2a isoforms (Figure 8).

In parallel of mouse models expressing the mutation in the whole body, four floxed
conditional models were generated, specific to excitatory (cShank2Ae) or inhibitory neurons
(cShank2Ai) (Kim et al. 2018), and two specific to the Purkinje cells of the cerebellum, using
Shank2A16-17 mutation (cShank2A16-17) (Peter et al. 2016) (Peter 2016) or Shank2A17 mutation
(cShank2A17) (Ha et al. 2016). 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) (Ferhat et al. 2017). 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 Shank2A16-17,
studies showed different results for social interactions. Shank2A16-17-/- mice showed a decrease of
social motivation or interest in social novelty (E.-J. Lee et al. 2015; Won et al. 2012). However, Lim
and colleagues (2016) showed no significant difference between genotypes (C.-S. Lim et al. 2017).

Concerning communication, according to Won and colleagues (2012), Shank2A16-17-/- mice

showed a decrease of call rate in males during mating behaviour. Shank2A17-/- displayed a decrease
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of the time spent in contact and a decrease of call rate during same-sex social interaction (Schmeisser
et al. 2012; Ey et al. 2013). Shank2A24-/- mice displayed a decrease of time spent in contact compared
to Shank2A24+/+ in the three-chambered test and dyadic social test (Pappas et al. 2017). 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 SHANK?2 patients, who

manifested mild social impairments (Leblond et al. 2014).
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Figure 13: Schematic representation of mutation in Shankl (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: Shankl model: A: Al4-15 (Hung et al. 2008;
Silverman et al. 2011; Sungur et al. 2014; Sungur, Schwarting, and Wohr 2016; Sungur et al. 2017); Shank2
model: B: A16-17 (Won et al. 2012), C: A17 (Schmeisser et al. 2012), D: A24 (Pappas et al. 2017), Shank3
model: E: A4-7 (Peca et al. 2011), F: A4-9B (Bozdagi et al. 2010), G: A4-9J (X. Wang et al., 2011, H: A4-9P
(Jaramillo et al. 2016), I: A9 (J. Lee et al. 2015), J: A11 (Schmeisser et al. 2012), K: A13 (Jaramillo et al. 2017),
L : Al3-16 (Pecaetal. 2011), M: A21P (Kouser et al. 2013), N: InsG21 (Speed et al. 2015), O: InsG3680 (Zhou
etal. 2016), P: A4-22 (X. Wang et al. 2016), Q. A4-22 (Drapeau et al. 2018).

Concerning communication, according to Won and colleagues (2012), Shank2A16-17-/- mice showed
a decrease of call rate in males during mating behaviour. Shank2A17-/- displayed a decrease of the
time spent in contact and a decrease of call rate during same-sex social interaction (Schmeisser et al.
2012; Ey et al. 2013). Shank2A24-/- mice displayed a decrease of time spent in contact compared to
Shank2A24+/+ in the three-chambered test and dyadic social test (Pappas et al. 2017). 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 SHANK?2 patients, who
manifested mild social impairments (Leblond et al. 2014).

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

Shank2A16-17-/- mice displayed an increase of jumping behaviour in comparison with their wild-type
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littermates, similarly to Shank2A17-/- mice (E.-J. Lee et al. 2015; Schmeisser et al. 2012; C.-S. Lim et
al. 2017). Furthermore, Shank2A17-/- mice displayed an increase of duration of bouts of self-
grooming behaviour in comparison with their wild-type littermates. Surprisingly, Shank2A24-/- mice
displayed a decrease of self-grooming behaviour in comparison with their wild-type littermates

(Pappas et al. 2017).

Model Shankl Shank2 Shank2 Shank2
Mutation A14-15 A17 A16-17 A24
(Hung et al. 2008; (Won et al.
Silverman et al. 2012; E.-J. Lee
2011; Wohr et al. (Schmeisser et al. | et al. 2015; C.-S.
Reference 2011; Sungur et al. 2012; Ey et al. Lim et al. 2017; (Pappas et al.
2014; Sungur, 2013; Ferhat et al. | Ha et al. 2016; 2017)
Schwarting, and 2016) Yoon et al.
Wohr 2016; Sungur 2017; Ko et al.
et al. 2017) 2016)
Remaining . . . None
isoforms None (predicted) None (predicted) | None (predicted) (oreitsicd)
Disturbed socio-
Social . . szl iz i, *Reduced Reduced
. . Normal interaction reduced .. ..
interaction motivation motivation
preference for
novelty
” :
.. *Reduction of call *Reduction of ime i of
Communication call rates (male
. rates (pups & call rates (female . -
observation adult mating
adults) adult) .
behaviour)
Stereotyped *| digging; 1 self- . . . .
behaviour o 1 self-grooming 1 jumping | self-grooming
1 in open-field; . =
Locomeotion | in open-field 1 in open-field | motor 1 GRETHEE &
N & water maze
coordination
1 in fear
Memory conditioning test; | - | MWM | MWM
Object Recognition
Anxiety *1 in Dark/light 1 in Dark/light *1 in EPM -
Abnorm.aq PSD | mEPSP; 1 | NMDAR
Cellular composition; | NMDAR,
. . . &LTP & | NMDAR
Physiology spine density & Shank3, LTP; | GABAR & PSD
size. PSD, AMPAR

Table 3: Behavioural, synaptic, and molecular phenotypes of Shankl and Shank2 mutant mice. All models
represented are deleterious in whole brain and body A: deletion of exon; 1: augmentation of phenotype
compared to wild-type; |: reduction of phenotype compared to wild-type; *: Indicate different results between
studies.

Literature highlights an important comorbidity in Shank2 mutant mice. First, the three models
(Shank2A16-17-/-, Shank2A17-/- and Shank2A24-/-) showed an increase of the distance travelled in

the open-field, revealing consistent hyperactivity in mice not reported in all human cases displaying a
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mutation in SHANK?2 (Leblond et al. 2014). Furthermore, Shank2A16-17-/- mice displayed impairment
in motor coordination (Ha et al. 2016). Pappas and colleagues (2017) suggested to relate the
hyperactivity of Shank2A24-/- mice (and by extension of other complete Shank2? models) with
schizophrenia-like phenotype (Peykov et al. 2015) and manic-like behaviour seen in bipolar patients
and models (Pappas et al. 2017). This observation is consistent with unpublished data, on Shank2A17-
/-, 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 (Leblond et al. 2014). Anxiety-like behaviour had been reported in the
dark/light test for Shank2A17-/- mice (Schmeisser et al. 2012) and in the elevated plus maze test for
Shank2A16-17-/- mice (Won et al. 2012), but Lim and colleagues (2017) and Ha and colleagues
(2016) did not observe any anxiety-like behaviours (C.-S. Lim et al. 2017; Ha et al. 2016).
Furthermore, Shank2A24-/- mice showed an important dysregulation in circadian cycle (Pappas et al.
2017).

Concerning the conditional models, Peter and colleagues (2016) observed a reduction of social
interest and social memory in cShank2A17 mouse as well as reduction of motor learning and
impairment in repetitive behaviours (Peter et al. 2016). Ha and colleagues (2016) only observed a
decrease of motor coordination and increase of self-grooming behaviours in cShank2A16-17 mouse
(Ha et al. 2016). 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 cShank2Ae mouse and a reduction of vocalisations emitted and an increase of self-grooming with
inhibitory neurons with the cShank2Al mouse (Kim et al. 2018). Hyperactivity was found in both

models.

IV.B.1.b. Neurobiology and electrophysiology

Shank2A16-17-/- 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 GluAl in comparison with their wild-type littermates (Won et al.
2012). 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 (Pappas et al. 2017). 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.
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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 (Schmeisser et
al. 2012). Furthermore, Lim and colleagues (2017) highlighted a reduction of GABRA2, a GABA
receptor sub-unit, in Shank2A16-17-/- mice, but not in Shank2A17-/- mice, in the hippocampus (C.-S.
Lim et al. 2017). 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 GABRA?2 in the hippocampus, Lim and colleagues (2017)
used a GABAR agonist, the L.838.417, 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 Shank2A17-
/- 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)
(Pappas et al. 2017). With chronic lithium treatment (incorporated in chow alimentation), Shank2A24-
/- mice demonstrated an improvement of circadian cycle that got similar to the one of Shank2A24+/+
mice. Furthermore, chronic lithium treatment or acute VPA treatment seemed to reduce the
hyperactivity observed in Shank2A24-/- mice. These two drugs were used to treat mania in bipolar
disorder and reduced the hyperactivity aspect in patients (Bowden 2000; Pope et al. 1991; Young and
Newham 2006). Interestingly, a drug screening study on iPS cells from SHANK3 patients revealed an
increase of SHANK3 expression in iPSC with lithium treatment (Darville et al. 2016). 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 (Schmeisser et al. 2012).

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
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(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 (Shank3A4-9B (Bozdagi et al. 2010; M. Yang et al. 2012), Shank3A4-9J (X. Wang et al.
2011), Shank3A4-9P (Jaramillo et al. 2016), Shank3A11 (Vicidomini et al. 2017), Shank3A13
(Jaramillo et al. 2017), Shank3A13-16 (Peca et al. 2011; J. Luo et al. 2017), Shank3A21P (Duffney et
al. 2015; Qin et al. 2018), Shank3A4-22J (X. Wang et al. 2016), Shank3InsG3680 (Zhou et al. 2016))
or a reduction of interest in social novelty (associated with social memory) (Shank3A4-7 (Peca et al.
2011), Shank3A11 (Vicidomini et al. 2017), Shank3A13 (Jaramillo et al. 2017), Shank3A13-16 (Peca
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
Shank3A4-22B (Drapeau et al. 2018). 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
Shank3A4-9]J, but not Kabitzke and colleagues (2017). Little information was gathered about the
social communication, mainly olfactory and vocal communication. Studies on the models Shank3A4-
9B (Bozdagi et al. 2010), Shank3A4-9J (Kabitzke et al. 2017), Shank3A13-16 (Kabitzke et al. 2017),
Shank3A4-22) (X. Wang et al. 2016, 2014), Shank3A4-6 (rat) (Berg et al. 2018) 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 Shank3A4-9B (X. Wang et al. 2011). 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
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Jaramillo and colleagues (2016), pups with Shank3A4-9P (Jaramillo et al. 2016) 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 (Han et al. 2013), which emmited less ultrasonic vocalisations
than wild-type mice., but this observation was not replicated for Shank3A9 (J. Lee et al. 2015), and
Shank3InsG3680 (Zhou et al. 2016).

Stereotyped behaviours appeared to be the trait most importantly impacted by the deletion in
Shank3 mutant mice (Ferhat et al. 2017). We observed an increase of self-grooming behaviour in
Shank3A4-9B (M. Yang et al. 2012), Shank3A4-9J (X. Wang et al. 2011), Shank3A4-9P (Jaramillo et
al. 2016), Shank3A11 (Schmeisser et al. 2012; Vicidomini et al. 2017), Shank3A13 (Jaramillo et al.
2017), Shank3A13-16 (Peca et al. 2011), Shank3A21P (Kouser et al. 2013; Qin et al. 2018),
Shank3A4-22J (X. Wang et al. 2016; Bey et al. 2018), Shank3A4-22B (Drapeau et al. 2018),
Shank3InsG3680 (Zhou et al. 2016). Only Shank3A4-9B displayed different phenotype according to
the study. For Yang and colleagues (2012), mice displayed an increase of self-grooming behaviour,
when Drapeau and colleagues (2014) did not observe significant difference between genotype. Only
Drapeau and colleagues (2018) presented circling behaviour as a stereotyped behaviour for Shank3A4-
22B (Drapeau et al. 2018). The digging and marble burying behaviour is often associated with
stereotyped behaviour (Silverman et al. 2010; Deacon 2006). Surprisingly, Shank3 mutants displayed
a decrease of time spent in digging behaviour or marbling (Shank3A13 (Jaramillo et al. 2017),
Shank3A13-16 (Kabitzke et al. 2017), Shank3A21P (Kouser et al. 2013), Shank3InsGex21 (Speed et
al. 2015)). This observation can be due to the increase of time spent in other behaviour (i.e., self-
grooming), 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 (Shank3A4-9B
(M. Yang et al. 2012), Shank3A4-9J (X. Wang et al. 2011), Shank3A13 (Jaramillo et al. 2017), and
Shank3A13-16 (Kabitzke et al. 2017)) or impairments in motor coordination (Shank3A4-9B (M. Yang
et al. 2012), Shank3A4-9J (X. Wang et al. 2011), A13 (Jaramillo et al. 2017)). In the opposite way,
mouse with an overexpression of Shank3 displayed hyperactivity (Han et al. 2013; B. Lee et al.
2017).

Other comorbidities were noticed in Shank3 mouse models and can be related to comorbidities
in SHANK3 patients (see 1.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 Shank3A4-9B (M. Yang
et al. 2012), Shank3A4-9J (X. Wang et al. 2011), Shank3A4-9P (Jaramillo et al. 2016), Shank3A11
(Vicidomini et al. 2017), Shank3A21P (Kouser et al. 2013), Shank3A4-22J (X. Wang et al. 2016),
Shank3InsGex21 (Speed et al. 2015). No impairment in spatial learning was observed in Shank3A9 (J.
Lee et al. 2015), Shank3A13-16 (Peca et al. 2011). No other cognitive impairment was reported except
in touchscreen pairwise discrimination task in heterozygous Shank3A13-16 (Copping et al. 2017).

Among other comorbidities, an increase of anxiety-like behaviour was also reported in Shank3A4-9B
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(Drapeau et al. 2014), Shank3A4-9J (Kabitzke et al. 2017), Shank3A13-16 (Peca et al. 2011; Kabitzke
et al. 2017), Shank3A21P (Kouser et al. 2013), Shank3A4-22) (X. Wang et al. 2016; Bey et al. 2018)
and Shank3A4-22B (Drapeau et al. 2018) 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.

Then, in a study on over-expression of Shank3, transgenic mice presented dysregulated
circadian rhythm (Han et al. 2013). This can be related to the modulation of Shank3 expression, in
striatum and hippocampus, along the circadian cycle (Sarowar et al. 2016).

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 Shank3A21P (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 (Sorge et al. 2014).

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
(Shank3A4-9B (M. Yang et al. 2012), Shank3A4-9J (X. Wang et al. 2011), Shank3A13-16 (Peca et al.
2011), Shank3A21P (Kouser et al. 2013), Shank3InsG21 (Speed et al. 2015), Shank3A4-6-Rat
(Harony-Nicolas et al. 2017)) or mEPSP (Shank3A11 (Vicidomini et al. 2017), Shank3A21P (Kouser
et al. 2013), Shank3A21G (Bidinosti et al. 2016), Shank3A4-22]J (X. Wang et al. 2016),
Shank3InsG3680 (Zhou et al. 2016)), revealing impairment in signal transduction in different brain
structures caused by Shank3 mutation. Furthermore, the model Shank3A9 presented a synaptic
imbalance with an increase of fIPSP (field Inhibitory Post Synaptic Potential) and a decrease of fEPSP
(J. Lee et al. 2015), correlating with the synaptic E:I imbalance theory in autism (see I1.B).

In parallel with electrophysiology studies, the expression of several proteins is deregulated in
mutant mice. lonotropic glutamatergic channels were under-expressed in mutant mice in comparison

with wild-type mice; GluRA1-2-3 (Shank3A4-9J (X. Wang et al. 2011), Shank3A13 (Jaramillo et al.
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2017), Shank3InsG3680 (Zhou et al. 2016)); GluN1, GluN2A-B (Shank3A4-9J (X. Wang et al. 2011),
Shank3A11 (Schmeisser et al. 2012; Reim et al. 2017), Shank3A13 (Jaramillo et al. 2017),
Shank3InsG3680 (Zhou et al. 2016)). Similar effects were found for metabotropic glutamatergic
receptors 5 (mGIluRS) (Shank3A11 (Schmeisser et al. 2012), Shank3InsG3680 (Zhou et al. 2016)).
Surprisingly, Schmeisser and colleagues (2012) presented an increase of GIluN2B, in opposite
observation with other models (Schmeisser et al. 2012). However, a complete proteomic analysis on
Shank3A11 showed a decrease of GIuN2B and potassium channel KCal.l in striatum, but also a
decrease of Sapap2-3 and Homerl, scaffolding proteins associated with Shank (Reim et al. 2017). In
the opposite, Kouser and colleagues (2013) and Wang and colleagues (2016) revealed an increase of
mGLURS. The expression of several proteins, directly interacting with Shank3, was altered, especially
a decrease of Homer 1 was observed (see III.A.2.d; Shank3A4-9) (X. Wang et al. 2011), Shank3A13
(Jaramillo et al. 2017), Shank3A11 (Schmeisser et al. 2012), Shank3A4-22 (X. Wang et al. 2016),
Shank3InsG3680 (Zhou et al. 2016)) and SAPAP3 was also reduced (see III.A.2.c; Shank3A11
(Schmeisser et al. 2012), Shank3InsG3680 (Zhou et al. 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 Shank3A21P model. They also show a reduced
Purkinje-cell dendritic spine density (Kloth et al. 2015).

Another pathway seems to be relevant in Shank3 mouse model: the mesocorticolimbic
dopamine system (see II.C.1). First, Bariselli and colleagues (2016) 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 (Bariselli et
al. 2016). Furthermore, in Shank3A13-16 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. Wang et al.
2017). 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 self-
grooming 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
Shank3A4-22]) conditional mutant according to different cellular types, including Striatum specific
mutant (DIx5/6), Cortex-hippocampus specific mutant (NEX), D1-MSN specific mutant (Drd1) and
D2-MSN specific mutant (Drd2) (Bey et al. 2018). Drdl and Drd2 showed an increase of action

potential and excitability, and a decrease of the expression of Homerlb/c in striatum compared to
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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 DIx5/6 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.

IV.B.2.c. Pharmacological studies

Two different approaches were used for treatment trials in Shank3 mutant mice: biological and
molecular tools and well-known drugs. As we already mentioned above, Wang et al. (2017) used
DREADD technique, based on the incorporation of designed-G-Protein-Coupled-Receptor (GPCR)
exclusively activated by a designed-drugs (W. Wang et al. 2017). 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. Sams-Dodd 1996; Frank Sams-Dodd 1998), 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 (Mei et al. 2016).

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. Luo et al.
2017). 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 LE).

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 (Egger et al. 2017).
Valproic acid rescued the hyperactivity phenotype (see IV.B.2.a), but not the lithium (Han et al. 2013).
Recently, Qin and colleagues (2018) associated an over-regulation of a class I HDAC2 with
Shank3A21P mutant mice (Qin et al. 2018). An increase of HDAC2 revealed epigenetic modulation in
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this mouse model. Treatment with romidepsin, a specific HDAC2 inhibitor, induced a rescue of

observed social deficit without rescuing the increased self-grooming behaviour

Table 4: Behavioural, synaptic and molecular phenotype of Shank3 mutant mice. All models represented are
deleterious in whole brain and body. A: deletion of exon, 1: augmentation of phenotype compares to wild-type;
L reduction of phenotype compares to wild-type; *: Indicate different results between studies;, Remaining
isoforms based on (X. Wang et al. 2014)
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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
(Leblond et al. 2014) and 65% these patients displayed a regression of the phenotype at puberty
(Guilmatre et al. 2014; De Rubeis et al. 2018). 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 (Schmeisser et al. 2012). The Shank2 mutants display a
complete deletion of the exon 17, Al17, and the Shank3 mutants display a complete deletion of the

exon 11, Al1. These two mutations were reported in patients with ASD.
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I.  Mouse cohorts

LLA.  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 C57B1/6J mouse, with at
least 12 backcrosses on C57B1/6J background (Schmeisser et al. 2012). Shank2 mice displayed a
deletion in exon 17, which generated a complete deletion of the protein Shank2 (Figure 14.A-B).
Shank3A11 mice, generated by Genoway (Lyon, FRANCE), (Schmeisser et al. 2012) were raised on a
C57Bl/6J background (more than 15 backcrosses). The Shank3A 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 Shank3A 11 heterozygous males and females to generate cohort 1, with
13 males and 10 females Shank3A11+/+, 19 males and 16 females Shank3A11+/- and 12 males and 12
females Shank3A11-/- 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 Shank3A11 heterozygous
mice, with 15 males and 5 females Shank3A11+/+, 15 males and 11 females Shank3A11+/- and 13
males and 7 females Shank3A11-/- 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 Shank3All (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.

LLA.  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.
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Figure 14: Generation of ProSAP1/Shank2 (A & B) and ProSAP2/Shank3 (C & D) mutant mice. (A; C)
ProSAP1/Shank2 (A; in red: ProSAPIE/Shank2E and blue: ProSAP1A/Shank2A.) and ProSAP2/Shank3 (C)
structures. Ank = Ankyrin repeats, SH3 = SH3 domain, PDZ = PDZ domain, PRC, ppl = proline-rich clusters
and ppl 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
(Schmeisser et al. 2012)

LLA.  Behavioural procedures

To examine adult behaviour, mice from Cohort 1 of both sexes were tested in the following
order at 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, Y-
maze and three chambered social tests were not performed on mice at eight and twelve months of age.
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.
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3 Q 3 e Jd ?
3 months 13 10 19 16 12 12
8 months 13 10 18 14 12 11
12 months 13 10 18 14 10 9
3 months 15 5 15 11 13 7

Table 5: Number of individuals for each cohort. (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.

Il. Behavioural tests

IILA.  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.LB.  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 Smin

Tested aspects of behaviour: Anxiety-like
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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.
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IlLE.  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.

IlLF.  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" phase: tested mouse was allowed to freely explore the test cage during 20 min for
habituation period.
- 2" 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 (Ferhat et al. 2016). 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 Chaumont,
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Coura, et al. 2012) 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 new-
comer: 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.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):

- 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.
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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" phase: the tested mouse was allowed to freely explore the test cage during 10 min for
habituation period.
- 2" 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 (Ferhat et al.
2015). 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.
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II.LH.  Three-chambered social test

Initial conditions:
- Central compartment: 140 lux; outer compartment: 150 lux
Protocol:
- st 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 C57B1/6J 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.

1.1 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-
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Bradley tests. If required, a Bonferroni correction was performed. Differences between groups were

considered significant when p<0.05.

lll. Biochemical & molecular biology test

IlI.A. Tissue collection

During the light phase, specifically between 9:00 and 11:00 AM, the mice were killed by CO,
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.

IlI.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 wusing 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.

IIl.C. RNA-Seq samples

Fifteen 12-months old male mice were used for the differential expression analysis: seven
Shank3A11+/+, and eight Shank3A11-/- 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
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sequencing was performed on samples with a RIN larger than eight by CNRGH and sequenced in
paired-end 100 bp.

[II.D. Mapping and reference genome

The RNA-Seq reads were mapped to the genome with the STAR aligner v2.5.3a (Dobin et al.
2013) 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 Shank3All-/- mice (129S1/SvimJ x C57Bl/6J)
compared to the Shank3A11+/+ mice (C57B1/6J) could affect the mapping by increasing the number
of unmapped reads for the former in region with 129S1/SvlmJ-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.vct) and masked in the reference genome using the
SNPsplit software (Krueger and Andrews 2016).

lll.LE. Calling variants from the RNAseq data

We followed the Gatk Best Practices (Van der Auwera et al. 2002) workflow for SNP and
indel calling on RNA-Seq data (https://software.broadinstitute.org/gatk/guide/article?1d=3891) which
includes the following steps: (i) map to the reference genome with STAR in multi-sample 2-pass mode
to get the most sensitive novel junction discovery; (ii) add read groups, sorting, marking duplicates,
and create index, using Picard's tools (http://broadinstitute.github.io/picard); (iii) split reads into exon
segments (removing Ns, but maintaining grouping information) and hardclipping sequences
overhanging into the intronic regions, using the SplitNCigarReads Gatk tool; (iv) realign indels and
recalibrate Base quality; (v) call variant with HaplotypeCaller, and finally filter the variants with
VariantFiltration.

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 Shank3A11+/+ and Shank3A11-/- specific VCF files were

finally combined with the Gatk tool CombineVariants, which output allele frequency and specificity

76


http://ftp-mouse.sanger.ac.uk/REL-1505-SNPs_Indels/mgp.v5.merged.snps_all.dbSNP142.vcf
http://ftp-mouse.sanger.ac.uk/REL-1505-SNPs_Indels/mgp.v5.merged.snps_all.dbSNP142.vcf
https://software.broadinstitute.org/gatk/guide/article?id=3891
http://broadinstitute.github.io/picard

of the variants to Shank3All+/+ or Shank3All-/- mouse populations. The resulting VCF file was
filtered using the Gatk tool VariantFiltration using the parameters recommended in the Gatk

workflow.

IIl.LF.  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).

Differential gene expression (DGE) analysis was performed with limma-voom v3.34.8 (Law
et al. 2014), and the version of Voom using sample-quality weights (Liu et al. 2015) (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). 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 ImFit, 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 (Wickham 2009) and upsetR packages (Lex et al. 2014).

IIl.G. Gene set analysis

The ensemble of genes set enrichment analyses (EGSEA) (Alhamdoosh et al. 2017) 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 (Ritchie et al. 2015), safe
(Barry, Nobel, and Wright 2005) and gage (W. Luo et al. 2009) from the safe R package v3.18.0,
globaltest R package v5.32.0 (Goeman et al. 2004), 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 (Subramanian et al. 2005) and KEGG (Kanehisa et al.

2012). Gene sets were ranked by their average ranks obtained across methods.
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IlI.H. RNA isolation and dd-PCR

We selected several genes for validation by cross-checking list of DEG, EGSEA (gene
ontology — GO — and 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
primer — housekeeping 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: pre-
incubation 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.

Ill.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.
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I. Molecular _and behavioural characterisation _of
Shank3A 11l mutant mice

LLA.  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 (De Rubeis et al. 2018;
Guilmatre et al. 2014). 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 Shank3A11 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.

I.B.  Article manuscript
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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: SHANKI, SHANK2/PROSAPI 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
(Leblond et al. 2014). 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 (Monteiro and Feng 2017).

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 (Guilmatre et al.
2014). Furthermore, several studies revealed a regression of the patient during the adolescent and the
adulthood (Guilmatre et al. 2014; De Rubeis et al. 2018). 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 (Schmeisser et al. 2012; Vicidomini et
al. 2017). 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 (Schmeisser et al. 2012; Vicidomini et al. 2017)

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.
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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)
(Schmeisser et al. 2012). 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 (Chatr-aryamontri et al. 2017). 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.
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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; Figure 16.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
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in comparison with Shank3+/+ female mice (W=24.5, p=0.063, Figure S 3.C). However, this might be
explained by the level of alternations close to chance level (50 %) of Shank3+/+ mice.

Hypoactivity is one of the major and stable deficits found in Shank3-/- mouse models (M. Yang et al.
2012; X. Wang et al. 2011; Jaramillo et al. 2017; Kabitzke et al. 2017). 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=0.039)
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.

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).

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; Figure 16.D). A similar
trend was observed in females, with Shank3-/- female mice spending more time self-grooming in
comparison with Shank3+/+ females (W=29, p=0.128) and Shank3+/- females (W=45, p=0.084;
Figure 16.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; Figure 16.D) and Shank3+/- mice (female:
AB=144, p=0.001). In the second cohort, Shank3-/- males still displayed an increased time spent self-
grooming in comparison with Shank3+/+ males (W=43, p=0.033), but this was not verified in females
anymore (Figure S 4.D).

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:
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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 C57B1/6J 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
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 5.1).

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).
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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.

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
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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
(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/6) females toward the Shank3-/- male in comparison with C57B1/6] females toward the
Shank3+/+ male (W=15.5, p=0.007, Figure S 5.C).

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
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 Shankl 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)
as previously reported (Boeckers et al. 2005; Peca et al. 2011). Contrary to a previous study (Peca et
al. 2011), we detected Shankl and Shank2 transcripts in the striatum. We observed no link between the
expression level of Shankl, 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
(Figure 18.A; Figure S 10.A). The local genetic background differs between Shank3-/- (129S1/Svlim]
x C57Bl1/6J) 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 C57B1/6] mice were found in Shank3-/- mice, but not in Shank3+/+ mice (Figure

S 10.B-C). Given that this increased number of SNP in chromosome 15 might be related to the

89



residues of the 129S1/SvlmJ 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;
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-fold-
change 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).

Impairments of striatal pathways in Shank3-/- mice

We used the ensemble of gene set enrichment analyses (EGSEA) method (Alhamdoosh et al. 2017) 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
several sub-cellular pathways impacted by the Shank3 mutation revealed by the EGSEA method
(Figure 18.B; see hereafter).

First, we found enrichment in gene sets associated with the dopaminergic pathway (Figure 18.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 (Gokce et al. 2016): D1-MSN, D1-Cxcl4-MSN, DI1-Tacr1-MSN, D2-MSN, and D2-Htr7-
MSN. Almost all genes with an adjusted p-value above 5% associated with D1-MSN were under-
expressed in Shank3-/- mice in comparison with Shank3+/+ mice (Figure 19.A). In contrast, almost all
genes associated with D2-MSN were overexpressed in Shank3-/- mice (Figure 19.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
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(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.
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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 the Shank3 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 logF'C) 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.

The metabotropic glutamate receptor 2 (Grm2; logFC: -1.66; adj.p=0.015) and protein kinase
c type g (Prkcg; logFC:-0.67; adj.p=0,016) are both under-expressed, while the Glutamate Ionotropic
Receptor Kainate (Grik2; logFC: 0.49; adj.p=0.042) is overexpressed. Interestingly, Cornichon Family
AMPA Receptor Auxiliary Protein 3 (Cnih3; logFC: -1.19; adj.p=0.002), a protein modulating the

activation of glutamate AMPA receptor, are under-expressed.

Protein-protein interaction analysis
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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, Dlgapl (GKAP), Prkcg, Lnx1,
Srgapl 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; Qin et al.
2018).
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Figure 19: Genes were overexpressed in D2-MSN and underexpressed in DI-MSN in the striatum. (A) Based
on specific gene expression in D1-MSN (DI1-MSN in yellow; DI-Cxcll4 in red; Tacrl-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 the LogFC of DEG: Red means up-regulation and blue means down-
regulation in Shank3-/-. C. Number of randomized networks based of proteins in B

Our analysis on behaviour and transcriptomic revealed some interesting molecular bases of the
impairment generated by a Shank3A11 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 socio-
sexual 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 (De Rubeis et al. 2018).

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
Shank3A13-16 model (W. Wang et al. 2017), 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 (Beaulieu
and Gainetdinov 2011).

Based on all observations, mutations in Shank3 PDZ domains, and likely the loss of Shank3a-
b-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; Qin et al. 2018). 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
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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.
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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.
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4 Behavioural phenotyping Shank3Aex11 \ (" Brain dissection "\

Males: 13 +/+ & 19 +/- & 12 -/- -
Females: 10 +/+ & 16 +/- & 12 -/- . . both hemispheres:
brain extraction | ——
- whole cortex
l - hippocampus
- striatum
birth 3 mo 8 mo 12 mo e
\_ => 224 samples Y,
Comorbidities
ASD features l
locomotor activity
stereotyped behaviours openfield test 5
- observation in test cage RNA extraction
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social interactions WOrRing m?,r;:g -
occupant/new-comer test 7 +/+ &8-/- =>64 samples
- QIAGEN miRNAeasy + DNAse
& - nanodrop concentration: 90-617 ng/mul
anxiety - bioanalyzer 2100 Agilent (RNA6000 Nano Labchip kit)
B { - RIN: 7.8-9.!
\ dark/light test J - DO 260/280: 1.9-2.1
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Selection of genes
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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 (3, 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).
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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
Sfamiliar 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.
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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 I 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.
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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 C57BIl/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, with
Bonferroni 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.
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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.
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Figure S 7: Mean-variance relationship. (A) Voom mean-variance trend output for the RNA-Seq data. Gene-
wise 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.
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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.
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Figure S 9: RNA sequencing-based expression levels of Shank3, Shank2 and Shankl in four brain regions.
(A- B- C). Log counts of reads per million of (A) Shank3, (B) Shank2 and (C) Shankl 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 and Shank3 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).
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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.
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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).
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Figure S 12: Log FC of selected genes for PCR validation compared to RNAseq. In pink Log FC based of

Gene

RNAseq analysis, in blue LogFC based of dd-PCR validation.

All supplementary tables (Table S1-5) are present in the following repository:
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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
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Il. Behavioural characterisation of Shank2/Shank3
double mutant mice

IILA.  Context

In the study in 2012, Schmeisser and colleagues studied expressions of Shank protein in Shank2A17
and Shank3A11 mice. They revealed an increase of Shank?2 protein expression in Shank3A11 mice and
an increase of Shank3 protein expression in Shank2A17 mice in the striatum at p70 (= 2 months of
age).

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 Shank2A17 mice. Indeed, during a
male/female social interaction, two sub-groups of Shank2A17-/- 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 Shank2A17+/+ 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.

I.LB. 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 (X? 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).
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Table 6: Abnormal Mendelian distribution

Genotype 82+/+S3+/+ 82+/-S3+/- SZ-/-S?’-/- SZ-/-S3+/+ Sz+/+s3—/— SZ—/—S3+/— SZ+/—S3—/— Sz+/+s3+/— Sz+/—s3+/+
Shank2

Shank3
Males 6 14 1 1 3 2 6 11 7
Females 3 15 2 2 4 6 5 12 1

Table 7: Corresponding table between genotype and annotation on the graphics. In green: homozygous wild-
type; in blue: heterozygous mutant; in orange: homozygous mutant for Shank2 or Shank3.
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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).
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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**, §2*°§3*", §2*"83", $2**S3*", $2*"S3** males displayed similar time
spent in the dark compartment, suggesting no anxiety-like behaviour. However, $2783"*, $2**$3™", §2-
"$3*" males seemed to display a reduction of time spent in dark compartment while S27°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 S27°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 S27°S3*" mice, but there was only one animal (Figure 20.B). S2°S3" and S27'S3*"* females

seemed to show a decrease of time spent in close arms compared to other genotypes.
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Figure 21: Locomotor activity and exploratory behaviour in Shank2/Shank3 double mutant mice. (A) Total
distance travelled during 30 min of free exploration of an open-field in males (left panel) and females (right
panel). (B) Total time spent digging during 10 min observation in a test cage with fresh bedding (after 10 min
habituation), for males (left panel) and females (right panel).
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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 S27S3"* and S27$3"" males and S27°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 (Schmeisser et al. 2012). Furthermore, S2°S3” and
$2"*83" 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 (Belzung 1999). 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", $2°S3**, $2**$37, $27°S3*" and

$2*"837 seemed to display a reduction of the time spent digging in comparison with $2**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 C57B1/6J oestrus female and during the interaction of a female with a
C57Bl/6] female (Figure 21.B).

Regarding the socio-sexual interaction, S2**S3**, S27°§3**, S2**$3”, $2*'§37, S2**§3*" $2*'§3**
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. S2783™
and S2783" 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, S2783"*, $2**$3", §2783*", §2*°§3™",

S2**$3*" $2*"'$3** individuals spent less time in social contact than $2**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 $2"°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 S27S3” and

$27°$3** males and for S2"°S3*", $2783**, $27S3*" and S2*"S3"* females (Figure 22.C).
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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).
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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)

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, $2*S3** mice and simple or double heterozygous mutant seemed to be
homogenous, except for two animals (S2"°S3*" and S$2*"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
$2783", 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.
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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 II1.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 (Ferhat et al. 2017). 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 (Schmeisser et al. 2012; Vicidomini et al. 2017). Vicidomini and
colleagues (2017) revealed a reduction of social interaction and social recognition, and a reduction of
mGluS5 in the cortex and homerlb/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. Yang et al. 2012). 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 (Sorge et al. 2014).

The diagnostic in human patients is very structured and based on standardised tests and
procedures like ADOS (see LE). 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 (Holmes 2003), 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 (Drapeau et al. 2018). A
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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 meta-
analysis 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 C57B1/6 backcrosses before testing. Drapeau and colleagues (2014) studied
Shank3 mutation in different genetic backgrounds (C57B1/6N; 129S6/SvEvTac and FVB/NTac) and
observed different phenotypes between strains for mutated mice and also control mice (Drapeau et al.
2014). 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 C57B1/6J 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.

Il. Behaviour & transcriptomics
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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 (Silverman et al. 2010), 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 (Raab, Boeckers, and
Neuhuber 2010). 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 (Goddyn et al.
2006), 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 (Belzung 1999).
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 (Bariselli and Bellone 2017; Bariselli et al. 2016) or the striatum
(W. Wang et al. 2017; Bey et al. 2018). To support the implication of mesocorticolimbic system in
social impairment, Bariselli and colleagues (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 (Bariselli et al. 2016; Bariselli and Bellone 2017). 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
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impairments in synaptic transduction in striatum and especially a reduction of synaptic strength in D2
receptors (W. Wang et al. 2017; Bey et al. 2018). 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
(Gokce et al. 2016). 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 Shank3Al11, 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 (Rothwell 2016). 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 (Chaumont et al. 2018).

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 (Kalueff et al. 2006). Based on the social brain aspect of hierarchy and
dominance, it possibly revealed impairment in dorsomedian prefrontal cortex (see Introduction
1I.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
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while dominance 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.

Isoform expression

In our analysis, we observed a significant reduction of Shank3 expression and no modification
of Shankl and Shank2. Even with little information on expressed isoforms, we only observed the
global expression of Shanks. However, the expression of Shankl 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 (Schmeisser et al. 2012). 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 (Schmeisser et
al. 2012; Won et al. 2012; Pappas et al. 2017), 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 SHANKS3. Several analyses of phenotype and genotype of SHANKS3 patients highlighted this

heterogeneity, with an implication in different neurological and psychiatric disorders (Guilmatre et al.
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2014). In addition, there exists also an important variability between patients with ASD carrying a
mutation in SHANK3 (Leblond et al. 2014). 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 (Qin et al. 2018).
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 Shank3A21P and not on the models expressing more isoforms, especially in mouse
Shank3A11 via proteomic (Reim et al. 2017) and transcriptomic (this study) or mouse with over-
expression 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 (De Rubeis
et al. 2018). 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
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observed in several patients at adolescence or young adulthood, and a lithium treatment is proposed to
reduce some aspects of this regression (Serret et al. 2015; Guilmatre et al. 2014; De Rubeis et al.
2018). 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.

lll. Specific gene expression impaired

In previous studies, Shank3 seemed to have an impact on the nucleus and gene expression (X.
Wang et al. 2014; Qin et al. 2018). 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 (All; (Reim et al. 2017)) 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 I1.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 (
Shank3A4-9]J (X. Wang et al. 2011), Shank3A13 (Jaramillo et al. 2017), Shank3InsG3680 (Zhou et al.
2016)); GluN1, GluN2A-B (Shank3A4-9J (X. Wang et al. 2011), Shank3A11 (Schmeisser et al. 2012;
Reim et al. 2017), Shank3A13 (Jaramillo et al. 2017), Shank3InsG3680 (Zhou et al. 2016)), and
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metabotropic receptors, more specifically mGIluRS (Shank3A11 (Schmeisser et al. 2012),
Shank3InsG3680 (Zhou et al. 2016)). Surprinsingly, we did not observed similar impairment for
GluA, GluN or mGluR5 by RNA-seq. We found a decrease of mGluR2 (Grm2) expression and an
increase of GluR6 (Grik2). The gene Grik2 encodes an ionotropic kainate glutamate receptor sub-unit,
which participates postsynaptically in transmission with NMDAR and AMPAR (Huettner 2003;
Lerma 2003). Recently, this gene has been associated with ataxia and intellectual disabilities in
patients (Guzmén et al. 2017). Interestingly, ionotropic kainate receptors have a non — canonical
impact on the cellular signalisation by connexion with Gg-protein (Rodrigues and Lerma 2012). The
gene Grm2 (mGIluR2) encodes a G-protein coupled receptor linked to the Pro Shank3 domain (see
Introduction III.A.2.d). This protein negatively modulates the adenylate cyclase and reduces the
production of cAMP and protein kinase A (Conn and Pin 1997; Anwyl 1999a, 1999b). Interestingly,
Grm2 and Grm3 are target for schizophrenia treatment (Muguruza, Meana, and Callado 2016; Conn
and Jones 2009) and a decrease of mRNA and protein expression of Grm2 was observed in valproate-
induced rat model of autism (Y.-W. Chen et al. 2014). 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 (Herring et al. 2013). The protein is associated with dependence behaviour
especially for opioid (E. C. Nelson et al. 2016). 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 111.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 post-
synaptic 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
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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 Shank3Al11 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 Shank3A11 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 Shankl, 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 Shank3a-
b-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; Qin et al. 2018). 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
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glutamatergic synaptic signalisation have opposite effect for both types of striatal neurons (Beaulieu
and Gainetdinov 2011). 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 mGIluR2 agonist (Muguruza, Meana, and Callado 2016;
Conn and Jones 2009), or validate already used treatment, for instance lithium (Serret et al. 2015), to

avoid or reduce this variability.
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Abstract

Social communication is heavily affected in patients with neuropsychiatric disorders. Ac-
cordingly, mouse models designed to study the mechanisms leading to these disorders are
tested for this phenotypic trait. Test conditions vary between different models, and the effect
of these test conditions on the quantity and quality of social interactions and ultrasonic com-
munication is unknown. The present study examines to which extent the habituation time to
the test cage as well as the shape / size of the cage influence social communication in freely
interacting mice. We tested 8 pairs of male mice in free dyadic social interactions, with two
habituation times (20 min and 30 min) and three cage formats (rectangle, round, square).
We tested the effect of these conditions on the different types of social contacts, approach-
escape sequences, follow behavior, and the time each animal spent in the vision field of the
other one, as well as on the emission of ultrasonic vocalizations and their contexts of emis-
sion. We provide for the first time an integrated analysis of the social interaction behavior
and ultrasonic vocalizations. Surprisingly, we did not highlight any significant effect of habit-
uation time and cage shape / size on the behavioral events examined. There was only a
slight increase of social interactions with the longer habituation time in the round cage. Re-
markably, we also showed that vocalizations were emitted during specific behavioral se-
quences especially during close contact or approach behaviors. The present study
provides a protocol reliably eliciting social contacts and ultrasonic vocalizations in adult
male mice. This protocol is therefore well adapted for standardized investigation of social in-
teractions in mouse models of neuropsychiatric disorders.

Introduction

Neuropsychiatric diseases affect heavily the social life of patients. In many cases, social commu-
nication is affected and becomes atypical. The patients get isolated in their social environment,
due to a lack of interest for social interactions or atypical ways of interacting. Genetic studies of
neuropsychiatric diseases led to the identification of several susceptibility genes for autism
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spectrum disorders (ASD) [1,2] or schizophrenia [3]. Mice remain one of the privileged mam-
malian animal models to study neuropsychiatric disorders, given the relative easiness of genetic
modifications in this species.

Mice are social animals using olfactory, visual, tactile and acoustic signals to communicate
[4-7]. Acoustic signals are one of the easiest communication signal types to measure and quan-
tify. No convincing evidence of vocal learning in mice exists at the moment, and the contextual
usage (especially in adult mice) as well as the perception levels of these acoustic signals remain
unclear and need further investigations (reviewed in [8]); however, mouse ultrasonic vocaliza-
tions could still be considered as a reliable proxy to model the genetic bases of social communi-
cation deficits, excluding vocal learning processes [9,10]. Indeed, usage and structure of
ultrasonic vocalizations varied with the contexts of emission and affective states (reviewed in
[11]). Therefore, social interactions and vocal communication in mice can be used as proxies
to examine the validity of mouse models for neuropsychiatric diseases [10,12-14].

One issue in different tests used to evaluate social interactions and communication is to
stimulate free social interactions without forcing them, i.e., favoring voluntary approaches in-
stead of incidental contacts. The aim is to get a maximum of spontaneous affiliative social in-
teractions. For this purpose, the shape of the test cage as well as the time the tested animal is
habituated to it are supposed to be determinant (Fig. 1A). A preliminary scanning of the litera-
ture of mouse models of ASD was not informative to highlight any relationship between cage
size and social contact in free social interactions. Indeed, the duration of the recording had a
major influence on the proportion of time spent in contact during that test. The shorter the
test, the higher the percentage of time was spent in contact (S1 Table).

To avoid these influences, a standardized test was developed for the characterization of so-
cial deficits in mouse models of ASD and is now broadly used [13]. The three-chambered test
has been designed in the laboratory of J. N. Crawley to evaluate the interest for a conspecific
(constrained under a cup) as well as the preference for an unfamiliar conspecific over a familiar
one [15]. Variables measured are usually the time spent in each compartment and the time
spent sniffing the cups with the conspecifics (e.g., [16-19]). The advantage of this test is its
standardization. Its major weakness is that social interactions are constrained, allowing only a
very limited evaluation of social communication even for the sniffing time supposed to be the
most representative of social interest [20]. This test allows the detection of social deficits; it
gives however no qualitative indication about social interactions and represents only a quanti-
tative estimation for social interest and conspecific recognition. A complementary test to coun-
terbalance this weakness is the same-sex free dyadic interactions test [9,17,18,21,22]. Mice are
left free to interact in a test cage. Both mice can be introduced together at the same time (situa-
tion not considered here), or one animal (the occupant, usually the tested mouse of a specific
genotype) can be habituated to the test cage, while the second one is introduced later (the new-
comer, usually from a commercially available control strain). The last situation allows to distin-
guish between occupant and new-comer, i.e., the emitter and the receiver of most interactions,
respectively. This test does not encompass as many standardized elements as the three-cham-
bered test since animals are freely interacting and cannot be controlled. The analysis of this
type of interactions is more time-consuming and more prone to subjective interpretations.
New software nevertheless allow to reduce these subjective elements in the analyses (e.g., Etho-
Vision XT from Noldus Information Technology, The Netherlands, or Mice Profiler from Icy
software [23,24]). The elicited interactions are closer to ethological behaviors, even if the moti-
vation of the animals is usually manipulated (through social isolation and habituation to the
test cage for the occupant, and group housing for the new-comer, situation considered in the
present study). Data extracted allow a qualitative description of the interactions.
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We designed the present study to test specifically the influence of the cage shape/size and
the habituation time that vary in a controlled way. We aimed at testing whether same-sex social
interactions occurring in a reasonably sized test cage with reduced habituation time are not
forced in comparison with social interactions in larger cages with longer habituation time. We
used the semi-automated module Mice Profiler from Icy software [23], that allows a compari-
son over a large panel of events, states and sequences of events within social interactions to get
as much details as possible on these interactions in each condition.

We hypothesized that social interactions in the round cage will be the most different from
the rectangle and the square cages. Indeed, corners in test cages appear to be very often used by
animals (see Fig. 1C), and therefore their absence might lead to major modifications of the in-
teractions. Given our previous experiments, two habituation times have been chosen close
enough not to have a large influence on social interactions. The reason of this comparison is
very pragmatic: the shorter habituation time will be convenient to spare some time for each an-
imal and to improve testing efficiency.

C 20-min habituation 30-min habituation

Oo (@8

contact (< 1 ¢cm) nose-to-nosel contact oro-genital contact stop behavior

QoCo  Qo0h
QL X o

follow behavior approach behavior escape behavior
e (@@
Q05 Qo
2 21
QP00 10000
o5 B

approach-escape sequences time in vision field

"8 oo B

Fig 1. Methods used to examine the influence of cage shape/size on social interactions in mice. (A) Setting used to track with Mice Profiler the
occupant male (red) and the new-comer male (green) during social interactions in a rectangle, a round and a square cage. (B) Behavioral events detected by
Mice Profiler during social interactions between the occupant (red) and the new-comer (green). (C) Spatial occupation of the interaction cage by the
occupant (red) and the new-comer (green) for the eight pairs of mice in the three cage types. Yellow traces represent the overlap of the two

spatial occupations.

doi:10.1371/journal.pone.0121802.g001
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Material and Methods

Upon arrival, seven-week old C57BL/6] male mice (Charles River Laboratories, L’Arabesle,
France) were housed in groups of four in a colony room maintained at 23+1°C on a 12:12 hour
light/dark cycle, with lights on at 8:00 AM. Mice had access to food and water ad libitum. One
week after their arrival, the 48 males considered as occupants were socially isolated for 3 weeks
before the experiments to increase their social motivation and reduce their aggressiveness
[21,22]. The 12 mice used as new-comers were kept in groups of four males throughout the ex-
periment. The experiments were conducted when animals were 11 weeks of age. Behavioral ex-
periments were approved by the ethical committee CETEA Institut Pasteur n°89.

All experiments were conducted between 9:30 AM and 6:00 PM. Two pairs of mice were
tested simultaneously with an opaque separation between the two cages. Pairs tested together
underwent the same habituation time, but cage shape/size was balanced between right and left
for each trial. Parameters tested in the experiment were the habituation time to the test cage
(20 min or 30 min) and the shape and surface of the experimental Plexiglas cage (rectangle:

50 x 25 cm [1250 cm?], round: 50 cm diameter [1963.5 cm?], square: 50 cm side [2500 cm’];
height: 30 cm in all cases). The occupant mouse was left 20 min or 30 min for habituation in
the experimental cage (100 Ix; clean sawdust bedding [9]). After this time, an unfamiliar male
mouse (the new-comer) was introduced. The two animals were allowed to freely interact for

8 min [9,21]. Social interactions were videotaped continuously (high-resolution CamTech
Super-Hi-Res video camera; 25 fps). Ultrasonic vocalizations were recorded simultaneously
(sampling frequency: 250 kHz, 16-bit accuracy). Audio recording hardware (UltraSoundGate
416-200, Condenser ultrasound microphone Polaroid/ CMPA) and software (Avisoft SASLab
Pro Recorder) were from Avisoft Bioacoustics (Berlin, Germany). Previous experiments sug-
gested that ultrasonic vocalizations were mainly emitted by the occupant; the contribution of
the new-comer (if any) was negligible [22]. At the end of the experiment, mice were returned to
their respective home cages and none of the occupants were used again. Between each interac-
tion test, the experimental cage was emptied from bedding, and new fresh bedding was used.

Given the important number of conditions tested (6 conditions: habituation time: 20 min or
30 min; cage shape: rectangle, round, or square), we tested and analyzed only 8 pairs of mice
per condition to limit the number of animals involved. Mice Profiler provides sufficiently de-
tailed information to extract robust data with such a sample size for each condition (see supple-
mentary information in [23]). The experimenters were blind of the conditions of the tested
animals for data analyses (except for video scoring, where the experimenter could see the shape
of the cage but was not aware of the habituation time). Social interactions were encoded on
compressed video files (704 x 576 pixels; Fig. 1A). Using the plugin Mice Profiler from Icy soft-
ware [23], we measured several behavioral events (Fig. 1B):

- time spent in contact (threshold: 1 cm),

- types of contacts: nose-to-nose, oro-genital from the occupant’s point of view and oro-genital
from the new-comer’s point of view,

- follow behavior (i.e., the occupant follows the new-comer, both animals moving),

- approach behavior (i.e., the occupant approaches the new-comer, the new-comer approaches
the occupant),

- escape behavior (i.e., the occupant escapes from the new-comer, the new-comer escapes from
the occupant),
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- approach-escape sequences (i.e., occupant approaches new-comer & new-comer escapes, new-
comer approaches occupant and occupant escapes, occupant approaches new-comer & occu-
pant escapes, new-comer approaches occupant & new-comer escapes),

- the time each animal spent in the vision field of the other one, both for the occupant and the
new-comer when they are not moving.

- stop behavior (i.e., the occupant does not move, or the new-comer does not move).

We detected manually ultrasonic vocalizations with the software Avisoft SASLab Pro (Avi-
soft, Germany; FFT-length: 1024 points, 75% overlap; time resolution: 0.853 ms; frequency res-
olution: 293 Hz; Hamming window). We measured the latency for the first ultrasonic
vocalization as well as the total number of ultrasonic vocalization and their duration.

We used non-parametric statistical tests given the non-normal distribution of the data and
the small sample-sizes (8 pairs of animals per condition). We used a Kruskal-Wallis rank sum
test to evaluate the effect of the cage shape for each habituation time separately. When signifi-
cant differences emerged, we used Wilcoxon-Mann-Whitney U-tests to identify where the dif-
ference stemmed from in 2-by-2 comparisons. To evaluate the effect of the habituation time
for each cage shape separately, we used Wilcoxon-Mann-Whitney U-tests. All statistical results
are compiled in the S2 Table. All analyses were conducted with the computing and statistical
software R (R Developmental Core Team 2009).

Results

We tested the effect of the cage shape/size and the habituation time on different events and se-
quences of events occurring in affiliative social interactions between adult male mice. Results
are presented for the first 4 min of the recordings. Results for the complete 8-min recordings
are overall similar to the ones for the first 4-min recordings unless otherwise specified (data
not shown; S2 Table for statistical analyses).

The habituation time to the test cage influenced the time spent in contact only in the round
cage, with the time spent in contact being significantly longer after 30-min habituation than
after 20-min habituation (Mann-Whitney U-test: U = 10, p = 0.021; Fig. 2). There was no sig-
nificant effect of the cage shape/size on the time spent in contact after 20-min habituation and
after 30-min habituation (Fig. 2).

The effects of the habituation time and of the cage shape/size were also limited in the differ-
ent types of contacts (Fig. 3). There was a significant effect of habituation time in the round
cage only on the total duration of nose-to-nose contacts (Mann-Whitney U-test: U = 6,

p = 0.005; Fig. 3A). This contact was significantly longer after 30-min habituation than after
20-min habituation in the round cage. There was no significant difference due to habituation
time in the total duration of the occupant sniffing the ano-genital region of the new-comer and
in the total duration of the new-comer sniffing the ano-genital region of the occupant (Fig. 3B
and 3C). Concerning cage shape/size, we did not find any significant effect neither in the
20-min habituation condition nor in the 30-min habituation condition on the total time spent
in nose-to-nose contacts (Fig. 3A), on the total time spent by the occupant sniffing the ano-gen-
ital region of the new-comer (Fig. 3B), and on the total time spent by the new-comer sniffing
the ano-genital region of the occupant (Fig. 3C).

The total duration of the occupant following the new-comer did not differ significantly ac-
cording to the cage shape and the habituation time (all p-values >0.05; Fig. 4A). No significant
effect of habituation time and cage shape/size had been found on the duration of the stop be-
haviors (Fig. 4B and 4C). No significant differences between the 20-min and the 30-min habit-
uation conditions had been found in any cage shape/size for the number of occurrences of the
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Fig 2. Limited influence of habituation time and cage shape/size on the time spent in contact. Time in
contact (< 1 cm) was measured during the first 4 min of interaction after 20 min (left panel) or 30 min (right
panel) habituation time in three cage types. (Wilcoxon-Mann-Whitney U-tests: n = 8 pairs of mice per
condition; *: p<0.05; data are presented as mean +/- sem).

doi:10.1371/journal.pone.0121802.g002

occupant approaching the new comer (Fig. 5A), the number of occurrences of the new-comer
approaching the occupant (Fig. 5B), and the number of occurrences of the new-comer escaping
from the occupant (Fig. 5D). The number of occurrences of the occupant escaping from the
new-comer had been significantly higher after 30-min habituation than after 20-min habitua-
tion in the round cage (Mann-Whitney U-test: U = 8 p = 0.013). The number of occurrences of
the occupant escaping from the new-comer had also been significantly lower after 30-min ha-
bituation than after 20-min habituation in the square cage (Mann-Whitney U-test: U = 55.5

p = 0.016; Fig. 50).

The effects of the cage shape/size were not significant in both the 20-min and the 30-min
habituation conditions on the number of occurrences of the occupant approaching the new-
comer (Fig. 5A), the number of occurrences of the new-comer approaching the occupant
(Fig. 5B), and the number of occurrences of the new-comer escaping from the occupant
(Fig. 5D). There had been only a significant effect of the cage shape/size in the 30-min habitua-
tion condition on the number of occurrences of the occupant escaping from the new-comer
(Kruskal-Wallis test: Df = 2, X = 11.67, p = 0.003; Fig. 5D). Indeed, the occupant escaped from
the new-comer significantly more frequently in the round cage in comparison with the rectan-
gle cage (Mann-Whitney U-test: U = 12, p = 0.040) and in comparison with the square cage
(Mann-Whitney U-test: U = 60.5, p = 0.003) after 30-min habituation. The occupant also es-
caped from the new-comer significantly more frequently in the rectangle cage in comparison
with the square cage after 30-min habituation (Mann-Whitney U-test: U = 51.5, p = 0.045). Re-
sults for the duration of the same behavioral events were similar (data not shown).

Very limited influence of the cage shape/size and habituation time had been found on se-
quences of approach-escape behaviors (Fig. 6). There had been no significant effect of the ha-
bituation time on the frequency of occurrence (Fig. 6) and the duration (data not shown) of the
three following types of sequences: “occupant approaches new-comer & new-comer escapes”
(Fig. 6A), “new-comer approaches occupant and occupant escapes” (Fig. 6B), and “new-comer
approaches occupant & new-comer escapes” (Fig. 6D). Only a significant effect of habituation
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contact. Contact (< 1 cm) was measured during the first 4 min of interaction after 20 min (left panel) or 30
min (right panel) habituation time in three cage types. (A) Time spent in mouth-to-mouth contact. (B) Time
spent by the occupant (occ) sniffing the ano-genital region of the new-comer. (C) Time spent by the new-
comer (nc) sniffing the ano-genital region of the occupant. (Wilcoxon-Mann-Whitney U-tests: n = 8 pairs of
mice per condition; *: p<0.05, **: p<0.01; data are presented as mean +/- sem).

doi:10.1371/journal.pone.0121802.g003

PLOS ONE | DOI:10.1371/journal.pone.0121802 March 25,2015

163

7/19



@PLOS | ONE

Mouse Communication in Different Cage Conditions

A e + 20-minhab = 30-min hab

40

o
o
o
o
;
o

occ follows nc (s)

3
20 F 8 § ° o
! S . o
10 F Q Q (o)
o 3 o o
o k P p o ] % °
] > ) ) > )
S N S s @
FA A
oY &
B ., | 20-minhab ' 30-min hab
o
o ° °
O 8 s 1 8
2100 | ° °
: Q ? ® O
ﬁ 3 % 1w W %
S 8 50 = o g o
o o
O -
] o3 < @ <3 )
§ & © & & &
@CJ@(\ & S 00\00 & &
AN <
C 20-min hab . 30-min hab
2 L o
00 . .
©“150 2 ° ° °
2 é Q) o 8
2100 } Q o ? o o»
7 © o & 8 i & 9
50 F o o ° L °
O =
@ <3 ) @ <3 )
F & & & & &
Qc}'bo & S oc‘,@o < S
< <

Fig 4. No significant effect of habituation time and cage shape/size on the duration of the follow and
stop behaviors. Measures were taken after 20 min (left panel) or 30 min (right panel) habituation time in
three cage types. (A) Time spent by the occupant (occ) following the new-comer (nc) in the first 4 min of
interaction. (B) Time spent by the occupant (occ) not moving during the first 4 min of interaction. (C) Time
spent by the new-comer (nc) not moving during the first 4 min of interaction. (Wilcoxon-Mann-Whitney U-
tests: n = 8 pairs of mice per condition; data are presented as mean +/- sem).

doi:10.1371/journal.pone.0121802.g004
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Fig 5. Limited effect of habituation time and cage shape/size on the number of approach or escape behaviors. Measures were taken during the first 4
min of interaction after 20 min (left panel) or 30 min (right panel) habituation time in three cage types. (A) Number of occurrences of the occupant (occ)
approaching the new-comer. (B) Number of occurrences of the new-comer (nc) approaching the occupant. (C) Number of occurrences of the occupant (occ)
escaping from the new-comer. (D) Number of occurrences of the new-comer (nc) escaping from the occupant. (Wilcoxon-Mann-Whitney U-tests: n = 8 pairs
of mice per condition; *: p<0.05, **: p<0.01; data are presented as mean +/- sem).

doi:10.1371/journal.pone.0121802.9005

time had been found for the sequence “occupant approaches new-comer & occupant escapes”

in the square cage (Fig. 6C). Indeed, the sequence “occupant approaches new-comer & occupant
escapes” occurred significantly less frequently in the 30-min habituation condition than in the
20-min habituation condition in the square cage (Mann-Whitney U-test: U = 59.5, p = 0.004).
No significant differences in the frequency of occurrences (Fig. 6) and in the duration (data not
shown) of the four types of sequences emerged between the cage shapes in the 20-min habitua-
tion condition. There had been nevertheless a significant effect of cage shape/size in the 30-min
habituation condition for the sequence “occupant approaches new-comer & occupant escapes”
(Kruskal-Wallis test: Df = 2, X = 6.33, p = 0.042), which occurred significantly more frequently
in the round cage in comparison with the square cage (Mann-Whitney U-test: U = 54,

p =0.023; Fig. 6C).

We also examined the effect of cage shape/size and habituation time on the time spent by
the animals in the vision field of each other when the animals are not moving. The occupant
kept the new-comer in its vision field significantly longer after 20-min habituation than after
30-min habituation in the round cage only (Mann-Whitney U-test: U = 51, p = 0.049; Fig. 7A).
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Fig 6. Limited effect of habituation time and cage shape/size on the number of occurrences of different types of approach-escape sequences.
Measures were taken during the first 4 min of interaction after 20 min (left panel) or 30 min (right panel) habituation time in three cage types. (A) Number of
occurrences of the sequence “occupant approaches new-comer & new-comer escapes”. (B) Number of occurrences of the sequence “new-comer
approaches occupant and occupant escapes”. (C) Number of occurrences of the sequence “occupant approaches new-comer & occupant escapes”. (D)
Number of occurrences of the sequence “new-comer approaches occupant & new-comer escapes”. (Wilcoxon-Mann-Whitney U-tests: n = 8 pairs of mice
per condition; *: p<0.05, **: p<0.01; data are presented as mean +/- sem).

doi:10.1371/journal.pone.0121802.g006

No significant effect of habituation time had been found on the time the new-comer kept the
occupant in its vision field (Fig. 7B). The cage shape/size did not appear to have a significant in-
fluence on the time spent by each animal in the vision field of the other one during stop situa-
tions for both the 20-min habituation condition and the 30-min habituation condition during
the first 4 min of interactions (Fig. 7). In contrast, over the 8 min of interactions, there was a
significant effect of cage shape/size on both the time the occupant kept the new-comer in its vi-
sion field (Kruskal-Wallis test: Df = 2, X = 8.14, p = 0.017) and the time the new-comer kept the
occupant in its vision field (Kruskal-Wallis test: Df = 2, X = 7.27, p = 0.026). Both measures
were more elevated in the round cage in comparison with the rectangle cage (Mann-Whitney
U-tests: U =5, p=0.003; U = 11, p = 0.028; data not shown).

Finally, we tested the effect of the cage shape/size and the habituation time on the latency
for the first ultrasonic vocalization, the number of ultrasonic vocalizations and the mean dura-
tion of the calls. No significant differences emerged between the habituation time conditions
for each cage shape and between cage shapes for each habituation time condition for the
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Fig 7. Limited effect of habituation time and cage shape/size on the time spent by one individual in the vision field of the other one. Measures were
taken during the first 4 min of interaction after 20 min (left panel) or 30 min (right panel) habituation time in three cage types. (A) Time spent by the new-comer
in the vision field of the occupant. (B) Time spent by the occupant in the vision field of the new-comer. (Wilcoxon-Mann-Whitney U-tests: n = 8 pairs of mice
per condition; *: p<0.05; data are presented as mean +/- sem).

doi:10.1371/journal.pone.0121802.9007

latency of the first ultrasonic vocalization (Fig. 8A), the number of ultrasonic vocalizations
emitted per minute (Fig. 8B) and the mean duration of ultrasonic vocalizations (Fig. 8C).

The behavioral events during which ultrasonic vocalizations were recorded did not vary sig-
nificantly with habituation time or cage shape/size (Fig. 9). In all conditions, between 30% and
50% of ultrasonic vocalizations were emitted during social contacts. Many vocalizations were
recorded when the occupant was behind the new-comer, and much fewer in the reverse situa-
tion. This would explain why very few vocalizations were recorded during nose-to-nose con-
tacts and when the new-comer was sniffing the ano-genital region of the occupant, while many
vocalizations were recorded when the occupant was sniffing the ano-genital region of the new-
comer. For vocalizations not emitted during contact, a high proportion of vocalizations re-
corded when the occupant was approaching the new-comer (with either the new-comer or the
occupant escaping). In contrast, much fewer vocalizations were recorded when the new-comer
was approaching the occupant (with either the occupant escaping, or the new-comer escaping).

Discussion

Using different settings for cage shape/size and habituation time, we ascertained mouse social
behaviors and sequences of social behaviors, as well as ultrasonic vocalizations. We found very
little difference caused by the cage shape/size in these features (Fig. 10). Only the habituation
time had some minor effect on social behaviors most often in the round cage, with the longer
habituation time favoring social interactions.

Previous studies only analyzed the influence of housing conditions on the behavior of the
animals (e.g., individually ventilated cages vs. filter-top cages [25], transparent walls vs. cages
without view on the room and other cages [26]). In our study, we examined the direct influence
of the cage shape/size during a social interaction test. We did not identify major effects of the
cage shape/size and the habituation time on the several variables describing social interactions.
The present study therefore suggests that the use of a 50 x 25 cm rectangular cage with a 20
min habituation time does not force social interactions, i.e., favor voluntary social approaches.
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Fig 8. No significant effect of habituation time and cage shape/size on the vocal behavior of the pairs
of interacting mice. Measures were taken during the first 4 min of interaction after 20 min (left panel) or 30
min (right panel) habituation time in three cage types. (A) Latency for the first ultrasonic vocalization. (B)
Number of ultrasonic vocalizations emitted by minute. (C) Mean duration of ultrasonic vocalizations.
(Wilcoxon-Mann-Whitney U-tests: n = 8 pairs of mice per condition; data are presented as mean +/- sem).

doi:10.1371/journal.pone.0121802.9008

This forcing of social interactions would come from a too small space. In such conditions, mice
would come in contact incidentally much more often than in larger spaces during the explora-
tion of the cage. What is still unknown and would need further investigation is to what extent
interactions would be forced in a smaller space. Further study should also compare the quantity
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Fig 9. Contexts of on emission during social interactions. Proportion of ultrasonic vocalizations emitted during social events during

the first 4 min of interactions (A) after 20 min habituation in the rectangular cage, (B) after 20 min habituation in the round cage, (C) after 20 min habituation in
the square cage, (D) after 30 min habituation in the rectangular cage, (E) after 30 min habituation in the round cage, (F) after 30 min habituation in the square
cage. Social events are presented in the following order: contact < 1 cm, nose-to-nose contact, occupant sniffing ano-genital region of new-comer, occupant
sniffing ano-genital region of new-comer, occupant behind new-comer, new-comer behind occupant, occupant not moving, new-comer not moving,
occupant approaches new-comer & new-comer escapes, new-comer approaches occupant and occupant escapes, occupant approaches new-comer &
occupant escapes, new-comer approaches occupant & new-comer escapes, occupant following new-comer, new-comer in the vision field of occupant,
occupant in the vision field of new-comer (n = 8 pairs of mice per condition; data are presented as mean +/- sem).

doi:10.1371/journal.pone.0121802.9009
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p < 0.01).
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and quality of spontaneous social interactions with and without habituation to the test cage for
the occupant.

We would have expected major differences in the round cage in comparison with the square
and the rectangle ones given the absence of corners. Indeed corners are used very often
(Fig. 1C) and might represent stop zones, where animals can get stuck. We thought this would
lead to major differences for instance in approach/escape sequences and in stop behaviors.
Such major differences were not observed. Only a slight increase of escape behaviors of the oc-
cupant from the new-comer has been found in the round cage in comparison with other cage
types. This suggests that corners in test cages are not leading to major perturbations of social
sequences in mice. They are not used as preferred places for stop behaviors, and their absence
does not favor follow behavior or impair the different types of social investigations (nose-to-
nose, ano-genital sniffing). In contrast, the habituation time had some effect on social interac-
tions mostly in the round cage. This might suggest that the lack of corners renders it more diffi-
cult to the animals (used to cages with corners throughout their life) to habituate to such
environments. The exploratory phase might last longer in round cages than in cages with cor-
ners, delaying the social investigation.

The Mice Profiler module of Icy software from de Chaumont and colleagues [23] was origi-
nally tested on mice interacting with a similar protocol as ours, with a rectangular cage and 30
min habituation to the test cage. We compared our data within the rectangular cage and after
30 min habituation to these data for C57BI/6] male mice. The duration of the follow behavior
was slightly shorter in our experiment in comparison with the de Chaumont and colleagues’
study both during the first 4 min of interaction and during the 8 min of interaction [23]. The
duration of nose-to-nose contact was lower in our study in comparison with the de Chaumont
study, while the total duration of oro-genital sniffing (from both the occupant and the new-
comer) was similar between the two studies during the first 4 min of interaction. Overall, most
discrepancies were found for the nose-to-nose contact, while data for other behaviors were
similar. The fact that mice from the present study were isolated for 3 weeks and those from the
de Chaumont study for 4 weeks might explain some of the differences between the durations of
the follow behavior and of the types of contacts.

Ultrasonic vocalizations were recorded in all conditions, confirming that two interacting
males vocalize together and do not show overt aggressive behaviors during 4 min (and even 8
min) of interactions if the occupant has been isolated for 3 weeks before the test. To what extent
social communication is affected by this long period of social isolation remains to be quanti-
fied, given the high stress level probably generated by social isolation (that needs to be much
shorter or absent in juvenile[27] and in female [18] mice). Spontaneous ultrasonic vocaliza-
tions of same-sex groups of males are very rare and usually very simple and short in structure
(E. Ey, unpublished data). The present protocol should then be considered as an artificial but
reliable way (and not as an ethological way) to evoke ultrasonic vocalizations and affiliative in-
teractions in males, which might be useful in the behavioral characterization of mouse models
of neuropsychiatric disorders. It is probably the craving for social contacts that triggers these
complex ultrasonic vocalizations. Moreover, a similar amount of ultrasonic vocalizations was
recorded in the three cage types. This absence of difference in the amount of vocalizations de-
tected suggests that even in the largest cages (square and round cages), where the microphone
has to cover a large surface, the level of detection of ultrasonic vocalizations is not different
from the smallest cage (rectangle cage). This indication of the recording surface of the ultrason-
ic microphone used will be helpful to design new recording cages for 24 h continuous record-
ings in complex environments, including more than two individuals. Such environments will
have a more ethological design, more similar to burrows and tunnels, to allow a complete ex-
pression of the natural behavioral repertoire of mice [28]. Continuous recordings using
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synchronized advanced technologies (RFID tracking, triangulation for audio recordings, 3D
video recordings) will allow to gather data about spontaneous social communication in groups
of mice, during daylight (presumably very reduced) and during nighttime (presumably much
more complex than in the artificial classical laboratory settings). Spontaneous social interac-
tions might substantially differ in quality and temporal distribution from the ones evoked in ar-
tificial laboratory conditions as in the present study.

For the first time, we manage to correlate the emission of ultrasonic vocalizations and the
detailed social events extracted from Mice Profiler. We confirmed that ultrasonic vocalizations
are not emitted randomly and therefore provide further support for their role in social commu-
nication. At the moment, it is still not possible to identify clearly the emitter. The fact that ul-
trasonic vocalizations are rarely emitted during nose-to-nose contacts could justify using
triangulation to localize the emitter since the noses of the two animals are usually not close to
one another during ultrasonic vocalization emission.

Ultrasonic vocalizations are supposedly mostly emitted by the occupant during social con-
tacts (especially ano-genital sniffing) and during approach behaviors. The present study also
suggested an effect of the emission of ultrasonic vocalizations on the outcome of an approach.
The escape behavior of the new-comer or the occupant was often correlated with the emission
of ultrasonic vocalizations. When the occupant approaches the new-comer, the later is often
less likely to escape and end the contact if more vocalizations were emitted. The correlation be-
tween the ultrasonic vocalizations emitted and the type of social interactions described in this
study is the first step towards a better understanding of the relationship between the types of
vocalizations [29] and the relative positions of mice during social interactions. Future studies
should concentrate on identifying call types that are specific to social events and sequences de-
scribed here. In addition, new social experiments with long term continuous recordings of
spontaneous interactions and playback studies should complement these aspects on the func-
tions of these ultrasonic vocalizations, and more specifically on the identification of any se-
quences of ultrasonic vocalizations triggering specific behaviors in the receiver.

Overall, the present study suggest that a rectangular cage (50 x 25 cm) with 20-min habitua-
tion to the test cage is sufficient to elicit non-aggressive interactions between an isolated “occu-
pant” adult male and a socially-housed “new-comer” adult male. A large amount of ultrasonic
vocalizations can even be recorded in these conditions. Such a protocol will be useful in a better
evaluation of social communication deficits in mouse models of neuropsychiatric disorders.

Supporting Information

S1 Table. Non-exhaustive review of the literature on free social interactions in mouse mod-
els of autism spectrum disorders. Information about the habituation time, the cage shape, the
duration of the test, the background of the wild-type strain studied is compiled. Selected arti-
cles: [13,16-19,22,30-49].

(PDF)

$2 Table. Statistical tests conducted for all variables describing social interactions and
vocal behaviors. Comparisons were made to identify the effect of habituation time and cage

shape/size.
(PDF)
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Habituation time Mann-Whitney U-test Mann-Whitney Utest

20-min vs 30-min 20-min vs 30-min
rectangle 3,p = 0959 W=31,p=0
round W=10,p=0021 W=3, p=0.001
square W=30,p=0879
Cage shape [Kruskal-Walis cank sum test Mann-Whitney Utest

Tectangie vs round _round vs square _rectangie vs square

20-min habituation X=4.085,01=2,p=0130  NA NA NA
30-min habituation NA X=1095.01=2.p=0578 NA NA NA

Habituation time Mann-Whitney Urtest Mann-Whitney U-test

20-min vs 30-min "20-min vs 30-min
rectangle W=20,p=0798 W=335p=0916
round W=6,p=0.005 W=9,p=0015
square W=32,p=1 W=20,p=0798
Cage shape Kruskal-Walis rank sum test Mann-Whitney U-test [Kruskal-Wallis rank sum test Mann-Whitney U-test

rectangle vs round _found vs square  rectangie vs square Toctangle Vs round round vs square _ rectangle Vs Square

20-min habituation  |X = 1085, df=2,p=0581 NA NA NA X=0992,01=2,p=0609  NA NA NA
30-min habituation _|X =3505 df=2.p=0173 _NA NA NA X=288501=2,p=023 NA NA NA

Habituation time Mann-Whitney U-test Mann-Whitney U-est
20-min vs 30-min "20-min vs 30-min
rectangle W=37,p=0645 W=315p=1
round W=6,p=0.005
square W=30,p=0879
Cage shape Kruskal-W Mai itney U-test [Kruskal-Wallis rank sum test Mann-Whitney U-test
Tectangle vs round _round vs Square _rectangle vs square Tectangle vs round  round vs square _ rectangie vs square

20-min habituation  |X =546,d=2,p=0065  NA NA NA X=4781,0=2,p=0002  NA NA NA

X =0045df=2p=0623 NA NA NA X=1755.01=2,p=0416  NA NA NA

Habituation time Mann-Whitney U-test
20-min vs 30-min
rectangle W=24,p=0442
round W=30,p=0879
square W=25,p=0505
Cage shape [Kruskal-Wall Mann-Whitney U-test
Tectangle Vs round 1oUnd Vs Square  rectangie vs Square
20-min habituation NA NA NA

30.min habituation_|

NA NA NA

Mann-Whitney U-test
'20-min vs 30-min

W=21,p=0279
W=34,p=0875
W=29,p=0798
[Kruskal-Walis cank sum test Mann-Whitney Ustest
Tectangie VS Tound  10und vS Square  Teclangle Vs Square
X=5497,dr=2,p=0084  NA NA NA
X = 1.900, p=0387 NA NA NA

Habituation time Mann-Whitney U-test Mann-Whitney Utest
-min vs 30-min
rectangle
round w=39,
square W=18,p=0.161
Cage shape Kruskal-W Mann. itney U-test [Kruskal-Wallis rank sum test Mann-Whitney U-test
Toctangle Vs round 1ound vs square  rectangie vs Square Toctangle Vs Tound  1ound vs square  Tectangle Vs square

20-min habituation (X =2547,df=2,p=0280  NA NA NA X=0965,01=2,p=0617  NA NA NA

X =5415.df=2 p=0067 NA NA NA [X=5345 df=2 p=0069 NA NA NA

Habituation time Mann-Whitney U-test Mann-Whitney U-test
20-min vs 30-min 20-min vs 30-min

rectangle W=215 p=0202 W=245 p=0462

und W=175p=0141 W=21,p=0279
square W=35,p=0703
Cage shape [Kruskal-Wallis rank sum test Mann-Whitney Utest [Kruskal-Walis cank sum test Mann-Whitney U-test

‘Tectangie vs round _round vs square _rectangie vs square rectangie vs round  round vs SqUare _ rectangie vs square

20-min habituation |X = 0452, df =2, p = 0798 NA X = 1905, dr=2,p=0.386
30-min habituation X =2324 df=2.p=0313 NA NA NA X=2143.01=2,p=0343 NA NA NA

Habituation time.

rectangle
round

square
Lageshape |
20-min habituation

Mann-Whitney U-test
20-min vs 30-min
W=345,p=0834

W=305,p=0916
W=41,p=0370

[Kruskak-Walis cank sum test Mann-Whitney U-test
Tectangle vs round _round vs square  rectangie vs Square
NA NA NA

NA NA NA

Mann-Whitney U-test
20-min vs 30-min
W=355p=0752
W=305.p=0916
W=455p=0171

[Kruskal-Wallis cank sum test Mann-Whitney Uest

Toctangie Vs round  1ound vs square  rectangle Vs square
X=0905,01=2,p=063%6  NA NA NA
X=3723,01=2.p=015 NA NA NA

Habituation time_ Mann-Whitney U-test Mann-Whitney U-test

20-min vs 30-min 20-min vs 30-min
rectangle W=42,p=0318 W=30,p=0875
round W=8.p=0013 W=12,p=0040
square W=555,p=0016 W=52,p=0040
Cage shape [Kruskal-Wali Mann-Whitney U-test [Kruskal-Wallis cank sum test Mann-Whitney Utest

Tectangle vs round _round vs square_ rectangie v square Toctangle Vs round  1ound vs Square rectangle Vs Square

20-min habituation (X =2312,df=2,p=0315  NA [x=5462,01=2,p=0065 NA
30-min jon X =11667.d=2p=0003 W=12p=0040 W=605p=0003 W=515p=0046 |X=8562 df=2 p=0014 W=34p=0875 W=535 p=0027 W=58 p=0.007

Habituation time_ Mann-Whitney U-test Mann-Whitney U-test
e e —] 20-min vs 30-min 20-min vs 30-min
rectangle W=155,p=0092 W=215,p=0203
round W=355p=0753 73
square
Cage shape [Kruskal-Wall Mann-Whitney U-test [Kruskal-Walis cank sum test Mann-Whitney Utest
rectangle vs round _round vs square  rectangie vs square Toctangie vsround  round vs square  rectangle vs square
20-min habituation (X =0.499,df=2,p=0779  NA X=0857.01=2,p=0652  NA NA
30.min habituation X = 1100, df=2.p=0577 _NA NA NA X=0420.01=2.p=0810 NA NA NA

Habituation time Mann-Whitney U-test Mann-Whitney Utest
20-min vs 30-min 20-min vs 30-
rectangle
round
square
Cage shape k sumtest May [Kruskal-Walis cank sum test Mann-Whitney Uest
Toctangle vs round _found vs square  rectangie vs square rectangie vsround _round vs square rectangie Vs square

20-min habituation 704,df=2,p=0703 NA NA NA X =0.969,df=2,p=0616 NA NA NA

X =1421.6f=2/p=0492 NA NA NA X=1.568.df=2.p=0457 NA NA NA
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Habituation time Mann-Whitney U-test Mann-! V\llllnﬂ U-test
20-min vs 30-min 20-min vs

rectangle w-szs pel W=395, p-ueo
round w=285p
square W=495p Gors
Cage shape [Kruskal-Wali Mann-Whitney U-test [Kruskal-Wallis cank sum test Mann-Whitney Utest

Toctangle vs round _round vs square  rectangie vs square Toctangie vsround  round vs square  rectangie Vs square
20-min habituation (X = 1232, df = 540 NA NA NA X=1554,01=2,p=0460  NA NA NA
30-min habituation _|X = 1317.d(=2.p=0518 _NA NA NA X=2287.01=2.p=0319  NA NA NA

Habituation time Mann-Whitney U-test Mann-Whitney U-test
"20-min vs 30-min "20-min vs 30-min

rectangle W=35,p=0792 W=305,p=0916

round W=15,p=0081 W=125,p=0046

square W=595,p=0004 W=535,p=0027

Cage shape Mann-Whitney U-test ank sum test Mann-Whitney U-test

rectangle vs round  round vs square  rectangle vs square rectangfe vsround  round vs square  rectangle vs square

20-min habituation  |X =3478,df=2,p=0176 NA X=4805,dr=2,p=0001  NA NA NA

30-min habituation _[X =6.320.df=2.p=0042 W=23p=0370 W=54.p=0023 W=485p=0000|X=5857.0f=2.p=0053 NA NA NA

Habituation time
rectangle

round

square

Cage shape_

Mann-Whitney U-test

20-min vs 30-min
w

W=31,p=09!
w=32,p=1

Mann-Whitney U-test

20-min habituation
30-min habituation

Tectangle vs round _round vs square  rectangie vs square
NA NA NA

X = 0099, df =2, p-onsz
257 NA

X=2714.df=2.p

NA NA

Mann-Whitney U-test
"20-min vs 30-min

W=28,p=0712
W=27,p=0634
W=325p=1
Whitney U-test
roctangle vsround _ round vs square _rectangie vs square
X=1172,01=2,p=0557  NA NA NA
X=2030.01=2.p=0363 NA NA NA

Habituation time Mann-Whitney U-test Mann-Whitney U-test

"20-min vs 30-min 20-min vs 30-min
rectangle W=28,p=0721 W=29,p=0708
round W=51,p=0049 W=64,p <0001
square W=27,p=0645 W=35,p=0798
Cage shape Kruskal-Wali Mann-Whitney U-test [Kruskal-Wallis rank sum test Mann-Whitney U-test

CEGR W [ Ve R, (oo NG S rectangle vs round _round vs square
20-min habituation 082 X=8135,01=2,p=0017 W=5p=0003 W=48p=0105
A

30-min habituation

995, df
x-iaual-zp-om NA NA NA

X =2205.df=2p=0332

Habityationtime _______ Mann-Whiney Udest

————mmawsemn
rectangle W=34,p=0879
round Wedsp00ss
square =35,p=0708
Cage shape

20-min habituation
30-min hab

Mann-Whitney U-test
rectangle vs round _ round vs square mnglov:lqulm
X =4145,d=2,p=0126 NA NA
[X=0455.d=2.p=0797 NA NA

NA

Mann-Whitney U-test
20-min vs

30-min

W=29,p=0708

W=60,p = 0.002

W=36,p=072
[Kruskal-Walis rank sum test Mann-Whitney Uest
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Mice emit ultrasonic vocalizations in different contexts throughout development and in adulthood. These vocal signals are now currently used as
proxies for modeling the genetic bases of vocal communication deficits. Characterizing the vocal behavior of mouse models carrying mutations
in genes associated with neuropsychiatric disorders such as autism spectrum disorders will help to understand the mechanisms leading to social
communication deficits. We provide here protocols to reliably elicit ultrasonic vocalizations in pups and in adult mice. This standardization will
help reduce inter-study variability due to the experimental settings. Pup isolation calls are recorded throughout development from individual
pups isolated from dam and littermates. In adulthood, vocalizations are recorded during same-sex interactions (without a sexual component)

by exposing socially motivated males or females to an unknown same-sex conspecific. We also provide a protocol to record vocalizations from
adult males exposed to an estrus female. In this context, there is a sexual component in the interaction. These protocols are established to elicit
a large amount of ultrasonic vocalizations in laboratory mice. However, we point out the important inter-individual variability in the vocal behavior
of mice, which should be taken into account by recording a minimal number of individuals (at least 12 in each condition). These recordings of
ultrasonic vocalizations are used to evaluate the call rate, the vocal repertoire and the acoustic structure of the calls. Data are combined with

the analysis of synchronous video recordings to provide a more complete view on social communication in mice. These protocols are used

to characterize the vocal communication deficits in mice lacking ProSAP1/Shank2, a gene associated with autism spectrum disorders. More
ultrasonic vocalizations recordings can also be found on the mouseTube database, developed to favor the exchange of such data.

Video Link

The video component of this article can be found at http://www.jove.com/video/53871/

Introduction

Patients with neuropsychiatric disorders usually display deficits in social communication (e.g., patients with autism spectrum disorders,
schizophrenia, or Alzheimer disease)‘. Genetically engineered mice are more and more frequently used to model genetic causes of these
disorders’. Studying social communication in these mouse models is of high interest for understanding the mechanisms of genetic mutations
leading to atypical social dysfunctions and for testing new therapies. Since mice are social animals and communicate with each others using
olfactory, tactile, visual and acoustic signals, they are suitable models to evaluate social communication.

Mouse ultrasonic vocalizations are now currently used as a proxy for modeling the genetic bases of vocal communication deficits>* (but the
existence of vocal learning in this species is still debated®®, even if most recent studies argue for the absence of vocal Iearning7). Laboratory
mice have been found to emit ultrasonic vocalizations in mother-infant relationships, in male-female socio-sexual interactions, in same-sex social
interactions (reviewed in referencee) and in1juvenile-juvenile social interactions’. Mouse pups emit isolation calls during their first two weeks of
life when isolated from dam and littermates . Males emit ultrasonic vocalizations when in presence of an estrus female Sor urinary cues from
her)'""'2. Males and females emit ultrasonic vocalization when interacting with an unknown conspecific of the same sex'>'*. The organization
and functions of these vocalizations are not completely clear and need further investigations. Current knowledge on the functional aspect is
limited to the elicitation of retrieval behavior in mothers hearing pup isolation calls, the facilitation of proximity of adult females toward adult male
vocalizations'® and the increased exploratory behavior of adult males hearing adult female vocalizations ™.

Characterizing the abnormalities in vocal communication in mouse models of neuropsychiatric disorders should be conducted in standardized
conditions to rule out major contribution of the experimental conditions. Such characterizations, combined with the evaluation of simultaneous
social interactions and neurobiological studies, in various genetic models should improve our knowledge on the genetic contribution to the
different aspects of mouse ultrasonic communication. Over a long term, it should give further light on some neurobiological bases of social
communication in humans. We presently aim at providing simple protocols to reliably elicit ultrasonic vocalizations during development and

in adulthood for both male and female mice in the laboratory. Such protocols should ease the standardization of recordings to more reliably
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compare ultrasonic vocalization emissions between strains and laboratories. It should also facilitate the setting up of such recordings in
laboratories having no prior experience with mouse ultrasonic vocalizations recordings. We also highlight the current possibility to combine
ultrasonic vocalizations data with detailed behavioral data collected simultaneously during social interactions in adult mice, to obtain crucial
information on social impairments as well as on the context of emission of ultrasonic vocalizations. Such analyses will shed new light on the
organization and functions of mouse ultrasonic vocalizations. Finally, we also advertise the possibility to share ultrasonic vocalization recordings
with the whole scientific community on the mouseTube database (http://mousetube.pasteur.fr). Open access to audio recording data should
boost knowledge on mouse ultrasonic communication by allowing scientists to compare their own data with ultrasonic vocalizations recorded

in other laboratories (with similar or different strains/protocols), and/or to challenge their analysis methods with files recorded under different
conditions.

Ethics statement: Procedures involving animal subjects have been approved by the Comité d'Ethique en Expérimentation animale (CETEA) n°89
at the Institut Pasteur, Paris.

1. Animal Preparation

1. To record pup isolation calls, obtain pregnant females from the mouse strain of interest. Note: Breed heterozygous males and females to
obtain at least 10 litters including wild-type, heterozygous and knock-out pups to obtain robust control animals.
2. Obtain two categories of adult mice to record vocalizations during same-sex interactions.

1. Obtain at least 12 males or 12 females of each genotype as test mice from the strain of interest (to take into account inter-individual
variability). Note: This protocol is well-adapted for adults, but it can be adjusted to juveniles, with reduced isolation time before the
experimentQA This test works for males or females. However, avoid testing males from mouse strains that display a clear aggressive
phenotype in the male-male social interaction test.

2. To maximize the amount of affiliative interactions, isolate the test animals before the experiments. House males individually for 3
weeks (to reduce aggressive interactions to a minimum”‘”) and females for 3 days (E. Ey, unpublished data) to increase their social
motivation.

3. Obtain males or females from strains representative of the genetic background of the test strain to use them as new-comers (e.g., as
interacting mice, see 3.1.3). For instance, if the mutant strain being studied has been generated on the C57BL/6J background, use
C57BL/6J mice as new-comers. Calculate the number of animals needed so that each of these mice is not used more than 2 times a
day as new-comer. House them in groups.

3. Obtain two categories of adult mice to record male vocalizations in presence of an estrus female.
1. Obtain at least 12 sexually mature males from each genotype of the strain of interest (to take into account inter-individual variability).
Note: If the males have never had experience with females before, put them in individual cages and leave them spend one night with a
female two days before the test to increase their motivation to emit ultrasonic vocalizations”.
2. Obtain sexually mature females from the background strain of the recorded males. For instance, if the mutant males being studied
have been generated on the C57BL/6J background, use C57BL/6J females. Calculate the number of females needed so that each of
these mice is not used more than 3 times a day. House them in groups.

2. Pup Isolation Calls

1. Pup Identification
1. Three days before the predicted day of birth, isolate the pregnant females.
2. Check the females for birth every morning and every evening. Note the day of birth as P0.
3. Identify the pups at P1 using long-lasting paw tattoos (subcutaneous injection of green tattoo paste with a 0.3 mm x 13 mm [30 G "]
needle). Create a code with one, two, three or four paws marked. Be as quick as possible, to minimally disturb the pups, and put them
back in the nest as soon as possible.

2. Set up the Cage to Record Pup Isolation Calls.

1. Use either a self-made soundproof chamber (Figure 1A) or a simple Styrofoam box. Place a thermometer within the box to monitor the
temperature for each recording. Make sure that the temperature remains between 18 °C and 22 °C.

2. Place a microphone at the top (through a hole in the top of the box). Adjust the height of the microphone so that the membrane of the
microphone is 12-15 cm above the bottom of the box where the pup will lie down. Connect the microphone to the sound card, and the
sound card to the computer.

3. To adjust the gain of the sound card, conduct a recording trial with a pup that will not be used in the experiment. Put the pup in the
same conditions as in the experiment (see 2.3.1). Close the door. Adjust the gain on the sound card, so that it is on the maximum value
(to have the highest amplitude possible for the vocalizations) but without overloading (check on the live spectrogram display on the
recording software).

Note: A few calls might be overloaded if the amplitude of the majority of the calls is kept at the highest level possible.

4. Register the gain level for each recording session and do not change it between pups/litters/sessions. Variations in gain levels would
lead to inaccurate call detection and acoustic variables measures with the same thresholds in the analyses using automatic detection
and measurements (see 5.1 to 5.4).
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Figure 1: Set up for recording isolation calls from mouse pups and spectrograms of ultrasonic vocalizations. (A) Example of a self-made
sound-proof chamber to record pup isolation calls. (B) Spectrograms of the different call types used in the present call type classification; see
description in Table 1. Please click here to view a larger version of this figure.

3. Conduct the recording of pup isolation calls every two days. Conduct recordings in the morning for pups born in the night, and in the
afternoon for pups born during the day to avoid categorizing in the same age class pups with half a day of age difference. This is most
noticeable for the very young stages P2 and P4.

1. Take one pup in the litter. Place it as quickly and gently as possible in a plastic recipient washed with ethanol 10% and dried (diameter:

9 cm; height: 10 cm to prevent older pups from escaping from the area covered by the microphone). Put the recipient just under the

5.
6.

microphone.

Close the box as quickly and silently as possible. Start the recording of pup ultrasonic vocalizations in the recording software (16-bit
format, 300 kHz sampling frequency to capture sound amplitude up to 150 kHz with a high quality).
After the required time of recording has elapsed (up to 5 min), stop the recording. Take the pup out of the box. Write down the paw

tattoos of the pup.

Take the axillary temperature of the pup with a probe-thermometer. Mark the pup on its back with a tiny point with a smell-less pen

(water ink), to recognize more easily the already recorded pups in the nest when the next one is chosen and to avoid manipulating all
pups each time a new one is chosen. Put the pup back in the nest.
Wash the plastic recipient and the plastic covering its bottom with 10% ethanol and dry it well before putting the next pup inside.
Choose the next pup in the litter and repeat 2.3.

4. Check body weight, motor coordination, negative geotaxis, and developmental marks (for details of the reduced test battery please see
the method sections in Schmeisser et al.'® and in Ey et al."’) after a period of rest of 1 hr to allow the pups to recover after the exhausting
emission of ultrasonic vocalizations. Use another cohort of animals if the complete developmental test battery such as in Chadman et al. 0
and Scattoni et al.?" is conducted.

5. Repeat these recordings every two days between P2 and P12 to characterize pup vocal behavior and development throughout their first two
weeks of life.

3. Ultrasonic Vocalizations during Same-sex Social Interactions

1. Vocalization Recordings
Prepare a test cage (50 x 25 cm x 30 cm3; Plexiglas, 100 lux [low intensity white light]) cleaned with soap water, dried and filled with 2

1.

cm fresh bedding in the soundproof chamber.
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1. Place the microphone so that vocalizations emitted from all corners of the cage can be recorded. Fix the microphone in a corner
of the test cage (either on the cage or on a tripod) and adjust the angle microphone-cage bottom to cover the cage's entire
surface.

Note: Ultrasounds are very directional.

2. Place a video camera on the top of the soundproof chamber to capture the whole surface of the test cage.
Note: Check that the microphone is not hiding a corner of the test cage on the video.

3. Before testing, adjust the gain of the soundcard with a spare male and a spare female that will not be used in the experiment
later. Put these animals in the test cage in the recording chamber. Adjust the gain level on the sound card to maximize the
amplitude of the recorded vocalizations but to minimize overloading as seen in the live spectrogram display on the recording
software.

Note: The gain depends on the distance between the microphone and the vocalizing animals.

2. Introduce the animal to be tested (male or female; it will be called the "occupant") in the test cage on fresh bedding. Leave it habituate
to the test cage in the soundproof chamber for 20 min to maximize its interest for the unknown conspecific introduced in 3.1.3.

3. After this habituation time, introduce the 2" animal for the interaction (male or female, same sex as the occupant, but different ear
marks / paw tattoo to identify them later; it will be called the "new-comer").

1. Start recording the ultrasonic vocalizations (16-bit format, 300 kHz sampling frequency to capture sound amplitude up to 150
kHz with a high quality) and the video to capture the introduction of the new-comer in the test cage. Start recording the ultrasonic
vocalizations during habituation (occupant alone) if a comparison between the baseline level of vocalization emission during
cage exploration and the social interaction is needed.

2. Synchronize manually/visually the audio and video recordings by pressing on the time watch ("bip" sound near the microphone)
exactly when the hind paws of the new-comer mouse touch the ground.

3. Leave the two animals interact for the desired time (for instance 4 min, a duration sufficient to collect enough ultrasonic
vocalizations).

4. Putthe occupant and the new-comer back in their respective home cages. Empty the used bedding from the test cage, wash it with
soap water and dry it with paper towels. Put fresh bedding and place it back in the soundproof chamber for the next test.

4. Male Vocalizations During Interaction with an Estrus Female

1. Early in the morning the day of testing the males, take vaginal smears from each female to determine their sexual status within the estrus
cycle.

1. Hold the female by the tail and maintain her on the cage grid. Use a pipette to rinse the vagina several times with 20 pl PBS (i.e., inject
and recollect the same 20 pl PBS several times). Recollect the 20 pl PBS with the same pipette tip. Use sterile PBS, to avoid any
infection if females are to be tested for several consecutive days.

2. Spread the PBS containing the suspension of vaginal cells on a slide. Put four samples on one slide (identify the individuals at the side
of the slide with a pencil). Let the slides dry before conducting the staining.

3. Work under the laboratory fume hood.

1. Prepare one bath of pure May-Griinwald, one bath of phosphate buffer solution (0.1 M) and one bath of Giemsa R (1/20 in
phosphate buffer solution).

2. Putthe slides in the bath of pure May-Griinwald for 3 min, then rinse them in the bath of phosphate buffer solution for 1 min and
finally transfer them for 10 min in the bath of Giemsa R (1/20 in phosphate buffer solution).

3. After that, rinse the slides again in the bath of phosphate buffer solution for 10 sec and let them dry.

4. Examine the stained slides under the microscope. Females that can be used during the day are those whose samples present only
large cornified epithelial cells (without nucleus, stained in blue; full estrus).

2. Put the males in the test room at least 30 min before testing them.

3. Vocalization Recordings
1. Repeat 3.1 if necessary.
2. Introduce the male to be tested (on fresh bedding). Leave him habituate to the test cage in the soundproof chamber for 10 min.
3. After this habituation time, introduce a female in estrus (among the ones selected from the staining).

1. Start recording the ultrasonic vocalizations and the video to capture the introduction of the female in the test cage. Start
recording the ultrasonic vocalizations during habituation (male alone) if a comparison between the baseline level of vocalization
emission during cage exploration and the social interaction is needed.

2. Synchronize manually/visually the audio and video recordings by pressing on the time watch ("bip" sound near the microphone)
exactly when the hind paws of the female mouse touch the ground.

3. Leave the two animals interact for the desired time (for instance 4 min, a duration sufficient to collect enough ultrasonic
vocalizations).

4. Putthe male and the female back in their respective home cages. Empty the used bedding from the test cage, wash it with soap water
and dry it with paper towels. Put fresh bedding and place it back in the soundproof chamber for the next test.
Note: It is optimal to use each estrus female only one time each day (but if necessary it can be used up to 3 times on the same day but
not in a row).
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5. Variables to Be Extracted

1s

Prepare audio files for the analyses. Note: The procedure below is specific to Avisoft SASLab Pro and may change according to the software
used.
1. Cut the files so that they start exactly at the "bip" of the time watch, and end after the desired duration (5 min for pup recordings, 4 min
for adult recordings).
2. Filter out the amplitude under 30 kHz by using a high-pass filter (Edit>Filter>FIR Time Domain Filter; High Pass with 30 kHz frequency
cut off). Use batch processing to filter all files of interest (Actions>Batch Processing>FIR filter).
3. Identify each ultrasonic vocalization by labelling them with the software.
1. Use automatic detection for pup recordings (Tools>Labels>Create section labels from waveform events). Adjust threshold, hold
time and margin for the most accurate detection. Manually check the detection and adjust labels if necessary (recommended).
2. Use visual detection (manual insertion of labels) for adult recordings with background noise (select the vocalizations, click right,
and insert section label from marker).

4. Create the spectrogram. Activate automatic parameter measurements (Tools>Automatic Parameter Measurements>Automatic
Parameter Measurements Set up).

5. Check the "Enable automatic measurements", the "Compute parameters from entire spectrogram", and the "Automatic update" boxes.
Select "Element separation": interactively (section labels).

6. Check boxes to calculate the desired temporal parameters (Duration of element, Interval, Start/End time) and spectrum-based
parameters (Peak frequency), and the location of measurements (Start of element, End of element, Mean, Max, Min).

7. Copy the measurements and paste them in a spreadsheet.
Note: For recordings conducted with adults, measurements of spectrum-based parameters might be impossible because of
background noise. Use manual measurements of peak frequency by clicking on the different frequency values directly on the
spectrogram and pasting the values manually in a table.

Determine call rate, i.e., number of calls per minute by first determining the number of vocalizations emitted (total number of labels). Then,
calculate the call rate by dividing the total number of vocalizations recorded by the duration (in minutes) of the file.
Determine temporal organization, i.e., distribution of time intervals between calls to determine sequence organization.
1. Calculate the time intervals between the end of the vocalization n and the start of the vocalization n+1 using the start/end time of each
label.
2. Establish the distribution density of the time intervals between ultrasonic vocalizations.

Determine call repertoire, i.e., define the call types present in the recording. Use the example of classification presented in Table 1 and
Figure 1B.

1. When labeling each vocalization in 5.1.3, write the name of the call type in the label.

2. Calculate the exact number and the proportion of each call type to build the vocal repertoire.

Determine acoustic characteristics for each vocalization, i.e., duration, peak frequency (i.e., frequency with the highest amplitude) at the
beginning and the end of the call, maximum and minimum peak frequency, and mean frequency if automatic measurement is possible
(Figure 1B).
1. Use the automatic parameter measurements function in the software to measure automatically duration, peak frequency characteristics
(e.g., start, end, mean, maximum, minimum) in pup recordings.
2. Use the duration of the label as the duration of the vocalization for adult recordings. Measure manually on the spectrogram window the
peak frequency characteristics (e.g., start, end, maximum, minimum).

Couple ultrasonic vocalization data and social interaction data (MiceProfiler plugin from the ICY platformzz).

1. Make sure to synchronize as precisely as possible the audio and the video recordings as described in the protocol.

2. Encode the video of the social interaction using the Mice Profiler Tracker plugin of the ICY platform as described in de Chaumont et
al?. Start the tracking exactly when the hind paws of the introduced animal touch the ground.

3. Upload the encoded video file and its corresponding xml file (generated by Mice Profiler Tracker) in the Mice Profiler Video Label Maker
plugin of the ICY platform as described in de Chaumont et al. 2
Note: The Mice Profiler Video Label Maker plugin will automatically link the video file and the text file generated from the analysis of the
audio file if they have the same name (see: http://icy.bioimageanalysis.org/plugin/Mice_Profiler_Video_Label_Maker).

4. After checking that the mouse scale is correct, click on "Create USV stats" for each file to obtain the number and the proportion of
vocalizations emitted during each social event in a separated file.

6. Uploading Files on the mouseTube Database

“nN

Make sure the files are on a storage server which can be accessed from outside the institution.

Note: Servers hosted in some institutions with high security levels will need a specific configuration to be accessible by people connecting
from outside the institution.

Go to the mouse Tube website (http://mousetube.pasteur.fr). Log in (login and password are attributed to each user by the administrators).
Check whether the mouse strain recorded already exists in the mouse Tube database by clicking on the "Strains" button. If not, ask the
administrators to create it.

Create subjects using the "Subjects>Create" button. Enter the identification codes of the animals recorded. Gather them in groups to ease
later retrieval of data.

Enter the description of the protocol used to record ultrasonic vocalizations using the "Protocols>Create" button.
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6. Create an experiment for each recording session using the "Experiments>Create" button. Specify the protocol, the group of individuals which
has been recorded, the hardware and software used and their specificities.

Note: The experiment gathers all the metadata corresponding to the vocalization files.

7. Create the link to the vocalization files using the "Vocalisations>Create" button. Select the experiment within the list. Copy and paste the url of
the vocalization file (this link begins with http://...) into the corresponding field of the “Files to link” column. Validate the entries by clicking on
the button “Create a link between mouseTube and the files”.

Note: It is not required to fill each box for each file at the same time.

8. If necessary, modify the links entered at any moment, and add details in the "Notes" section. Do not hesitate to write down notes to give more
details. For instance, if a link toward a video file that was recorded simultaneously with the audio file has been entered, this can be specified
in the "Notes".

Representative Results

With the present grotocols, we characterized the vocal behavior of mice lacking ProSAP1/Shank2, a gene associated with autism spectrum
disorders (ASD)z 25 ASD are characterized by deficits in social communication and stereotyped behaviors'. Our Shank2™ mice displayed
hyperactivity, increased anxiety and atypical vocal communication'®?®. Indeed, we noted that Shank2™ mice displayed an atypical developmental
profile in their emission rate of pup isolation calls in comparison with the typical inverted U-shaped curve in their wild-type littermates. Shank2™
mice displayed an increased call rate at P4 and decreased call rate at P6 in comparison with their wild-type littermates (Figure 2). We also
observed a decreased call rate in female interactions involving a Shank2" female in comparison with interactions involving a wild-type littermate
(Figure 2). We examined the repertoire of the 5 different call categories. It appeared to be different between pups (for instance here P2, P6 and
P10) and adults (Figure 3). Genotype-related differences were significant mostly in adulthood. During social interactions involving adult Shank2™
males or females with a C57BL/6N female, more short calls and unstructured calls were recorded in comparison with interactions involving their
wild-type littermates (Figure 3D and E). Less complex calls and frequency jumps calls were also recorded during interactions with a C57BL/6N
female involving adult Shank2" females in comparison with interactions involving Shank2™"* females (Figure 3E). Finally, we also measured
manually acoustic variables. There was no significant genotype-related difference during development. In contrast, the duration of calls recorded
during interactions involving adult Shank2™" females were shorter than those recorded during interactions involving their wild-type littermates
(Figure 4A). We also highligg\ted that the peak frequency of ultrasor}ic vocalizations increased during pup development without significant
genotype-related difference”. During interactions involving Shank2™™ males or females with a C57BL/6N female, ultrasonic vocalizations had a
lower peak frequency in comparison with calls recorded during interactions involving their wild-type littermates (Figure 4B).

In addition, the present protocol also allowed to study the context of emission of ultrasonic vocalizations by combining the data from audio
recordings to the behavioral data extracted from MiceProfiler (ICY software, Institut Pasteur, Paris). For instance, in female-female interactions,
most ultrasonic vocalizations were emitted when animals were in contact and more specifically the occupant sniffing the new-comer's ano-genital
region, or at least the occupant being behind the new-comer. Mice also emitted many ultrasonic vocalizations when the occupant approached the
new-comer (Figure 5, upper panel). Less vocalizations were recorded when the occupant Shank2™ mice were in physical contact with the new-
comer (e.g., sniffing the ano-genital region of the new-comer) than when the occupant was a wild-type mouse. Less vocalizations were triggered
when the occupant behind the new-comer was a Shank2™™ mouse than when it was a wild-type mouse. More vocalizations were also recorded
when the new-comer was in the visual field of the occupant mouse, and more so in the wild-types than in the mutants (Figure 5, lower panel).
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Figure 2: Emission rate of ultrasonic vocalizations during development and in adult male and female Shank2” mice and wild-type
littermates. Call rate of pups (every two days from P2 to P12, n = 18-19 Shank2'*, n=15-16 Shank2”) and adults during male-estrus female

interactions Sn =15 Shank2"', n=16 Shank2"') and female-female interactions (n = 15 Shank2
" mice (right panel). Data are presented as mean+/-SEM and individual points (non-paired Wilcoxon tests: *p <0.05, **p <0.01, ***p

and Shank2

<0.001). Please click here to view a larger version of this figure.
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Figure 3: Vocal repertmre of Shank24 mice and wnd-type littermates. Propomons of the five different call types emitted by P2 pups (A;n=

20 Shank2'"*

,n =18 Shank2" ) P6 pups (B;n=19 Shank2

,n=18 Shankz‘) P10 pups (C; n =20 Shank2™, n = 18 Shank2" ) adult males
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type mice (left panels) and Shank2™" mice (nght panels). Data are presented as mean+/-SEM and individual points (chl-squared tests: *p <0.05,
**p <0.01, ***p <0.001). Please click here to view a larger version of this figure.
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a larger version of this figure.
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Figure 5: Contexts of emission of ic vocalizations in female-female adult social interactions. Proporllon of ultrasonic
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(n =13, B) during the following types of behavioral events (red: occupant, green: new-comer): social contacts, oro-oral contact, ano-genital
sniffing from the occupant mouse, ano-genital sniffing from the new-comer mouse, occupant behind new-comer, new-comer behind occupant,
immobility of occupant, immobility of new-comer, approach from the occupant & escape from the new-comer, approach from the new-comer &
escape from the occupant, approach & escape from the occupant, approach & escape from the new-comer, occupant following the new-comer,
new-comer in the vision field of occupant, occupant in the vision field of new-comer. Data are presented as mean+/-SEM and individual points
(non-paired Wilcoxon tests: *p <0.05, **p <0.01). Unpublished data. Please click here to view a larger version of this figure.
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Call types Description

short duration <5 msec and frequency range <6.25 kHz

simple duration >5 msec and frequency range <6.25 kHz (flat), or frequency
modulation in only one direction (upward or downward) with frequency
range >6.25 kHz

complex frequency modulations in more than one direction and frequency range

>6.25 kHz (modulated), or inclusion of one or more additional frequency
component (harmonic or non-linear phenomena, but no saturation) but
no constraint on frequency range (complex)

frequency jumps inclusion of one jump (one frequency jump) or more jumps (frequency
jumps, others) in frequency without time gap between the consecutive
frequency components, with (mixed) or without any noisy part within the
pure tone call

unstructured no pure tone component identifiable; “noisy” calls

Table 1: Characteristics of five types of mouse ultrasonic vocalizations. Examples of criteria of duration, frequency range, frequency
modulations and frequency jumps used to determine 5 different call types within mouse ultrasonic vocalizations.

The protocol presented here provides standardized and reliable ways to collect mouse ultrasonic vocalizations in the laboratory. These

very constrained situations present the advantage of standardization. They are used with success to compare strains or genotypes within
strains'®1%27 Ag presented in the representative results, these methods allow the identification of atypical social communication in mice
mutated for Shank2, a gene associated with autism spectrum disorders. Comparisons between mouse strains, between different contexts or
even between laboratories will be triggered by the availability of larger datasets on the mouse Tube database. This tool should boost studies on

mouse ultrasonic vocalizations by allowing multivariate analyzes.

The protocols described here are optimized to test mice of different genotypes within a strain, as it is done in the majority of studies modeling

the genetic contribution to neuropsychiatric disorders. It is recommended to experimentally design each study to have the best controls possible.
Indeed, litter effects might mask or artificially inflate genetic effects?®?°. It is therefore advisable to include littermate controls for each genotype.
Breeding heterozygous parents should therefore be favored, since it will allow the correct matching of mutant and control mice within a litter. This
justifies the paw tattoo marking of all pups (blinded to genotype) to track individuals throughout the recordings every two days. Genotyping is
done at weaning, by taking tail samples. When recording pup isolation calls from P2 on, we would not recommend taking tail samples already in
pups, since this operation includes supplementary manipulation and stress very close in time to a recording session.

The protocols suggested here to elicit ultrasonic vocalizations in adults does not allow clear identification of the emitter of the vocalizations. This
explains why we manipulate the motivation of the test animal. Indeed, the test mice are isolated and not the new-comer and the test animals
habituate for a long time to the test cage during same-sex interactions. In male-female interactions, the introduced female is not isolated and

the test male habituates for shorter time since motivation might be higher in this sexual context. These manipulations of motivation should
maximize the probability of the test mouse emitting the vocalizations and not the introduced one. To record male ultrasonic vocalizations in a
sexual context, a simple cotton swab with fresh (i.e., not frozen) urine of an estrus female can also be introduced in the cage”. This method
allows the assignment of ultrasonic vocalizations to the test male with 100% certainty but it prevents collecting any specific information about the
actual social context of emission of these vocalizations. Therefore, we favor the protocol described here (with a freely-moving estrus female).
We also recommend to always use introduced mice from the same strain when testing mice from a mutant strain and to analyze the data as a
pair of mice vocalizing. One recent study promotes the use of triangulation to localize the emitter'. In this study, females were found to also emit
ultrasonic vocalizations during encounters with a male. This might be explained by the fact that they were isolated for at least two weeks before
the recording session. The generalization of the use of the triangulation proposed in this study should nevertheless allow identification of the
emitter of the vocalizations in most cases if video recordings are properly synced.

The isolation calls from pups recorded during development are not disturbed by background noise from the bedding. Usually an automatic
analysis works very well to extract the main variables. In contrast, vocalizations recorded from adults are disturbed by background noise from
the animals moving in the bedding. Automatic analysis might fail, and therefore manual analysis should be used. Nevertheless, adding bedding
in the test cage should provide conditions that are less stressful for the animals than bare soil (that mice do not like). Further efforts in the
community are concentrated on improving the automatic detection of ultrasonic vocalizations under various conditions, even those implying
background noises. For instance, the VoICE software allows to analyze vocalizations that had been manually selected for the absence of
background noise*2. In this software, the extraction of the acoustic variables is automatic but needs the initial manual selection.

It should be noted that the inter-individual variability is very important in the vocal behavior of mice. For instance, the call rate of adult males in
presence of an estrus female is very distributed (Figure 1). We suggest these standardized protocols to elicit ultrasonic vocalizations already

to limit the variability related to the experimental context. Nevertheless, we would like to point out the importance of presenting not only the
mean and SEM for the data, but most importantly the individual points in samples of small size®. Itis also very relevant — if not necessary —
to record at least 12 individuals of each group/genotype to gather representative data. In many cases, the inter-individual variability should not
be hidden (usually it cannot be), and it might be of high importance to identify individuals carrying the genetic mutation studied but not displaying
any atypical phenotype. Such individuals could provide clues about compensations, which might open new pathways for therapies of genetic
disorders.
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In most behavioral characterizations of mouse models for neuropsychiatric disorders, vocal behavior and social contacts are considered apart
(e.g., ATAL ). Recent analysis methods now provide a semi-automatic detailed characterization of the social events and sequences of events
during an interaction (using MiceProfiler for instance)™, as well as the possibility to combine this analysis with data from audio recordings. The
main advantage of this method is to provide a comprehensive view of the social communication in mouse models of ASD, to more precisely
identify which aspects of social communication are affected. In the present protocol the synchronization is still manual but this can be improved
by triggering the video recording through the audio recording software. This type of analyses should become the standard to provide a more
comprehensive view of social communication deficits in mouse models of neuropsychiatric disorders. In addition, up to now, vocal signals are
mostly analyzed from the emitter side (i.e., tests are built to favor the emission of vocal signals by the tested mouse, as in the present protocols).
The focus should now also be set on the receiver of these signals, to better identify the functions of these acoustic signals. This should be done
by evaluatinq also the behavior of the new-comer mice in the present protocols in adults (using MiceProfiler for instance)“, by using playback
experiments 8 or by setting up new protocols. Indeed, the present protocols provide very constrained situations that might not reflect the exact
ethological conditions of vocalization emission in mice. The spontaneous emission of ultrasonic vocalizations will have to be better-characterized
using continuous audio and video recordings to shed more light on the spontaneous vocal behavior of mice.
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Chapter 5

Behavioural Phenotypes and Neural Circuit
Dysfunctions in Mouse Models of Autism
Spectrum Disorder

Allain-Thibeault Ferhat, Sonja Halbedl, Michael J. Schmeisser,
Martien J. Kas, Thomas Bourgeron, and Elodie Ey

5.1 Introduction

Autism spectrum disorder (ASD) represents a heterogeneous group of
neurodevelopmental disorders characterised by alterations in social behaviours
including social interaction and social communication and stereotyped behavioural
patterns and restricted interests (American Psychiatric Association 2013). These
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disorders affect more than one person in a hundred (Elsabbagh et al. 2012; US
Department of Health and Human Services 2014). The most frequent comorbidities
are epilepsy, attention deficit and hyperactivity disorder (ADHD) and sleep and
anxiety disorders. Several hundred genes have been associated with ASD, and the
majority of them encode chromatin remodelling and synaptic proteins (Toro et al.
2010; Huguet et al. 2013; Bourgeron 2015). These proteins are involved in neuronal
activity-dependent gene regulation and synaptic plasticity (Bourgeron 2015). At the
synapse, mutations affect cell adhesion molecules (NLGN-4, NRXN1-2, CNTN4-6,
CNTNAP2-4), scaffolding proteins (SHANK I-3) or channels and receptors involved
in synaptic transmission (CACNAI, GRIN2B, GABRB3, GABRA3).

Mouse models carrying mutations in the murine orthologous genes were gener-
ated to better understand the mechanisms leading to ASD-like traits (Crawley
2012). These models should also facilitate the understanding of the different
neuronal circuits mediating ASD-related phenotypes. At the behavioural level,
two core symptoms of ASD can be evaluated in mice, namely, impaired social
interactions and stereotyped behaviours (Silverman et al. 2010). Adding to a
previous review on mouse models of ASD (Ey et al. 2011), we will focus on social
behaviours and stereotyped behaviours and will further aim at linking them with
functional and structural impairments.

5.2 Social Behaviours

In social interactions, two aspects can be distinguished. First, social motivation
reflects the interest to interact with a conspecific, as shown by the active seeking of
social contacts. This is usually measured by the time spent in contact with another
mouse. Second, social recognition reflects the ability to distinguish between con-
specifics as shown by different behavioural reactions to different individuals. This
is usually measured by the decrease of sniffing duration over successive presenta-
tions of a conspecific. Social interactions are regulated by social signals, forming
social communication. In mice, these signals include ultrasonic vocalisations,
odours, pheromones, tactile stimuli involving whisking and body contacts and
visual signals using body postures (Latham and Mason 2004; Brennan and
Kendrick 2006; Portfors 2007).

Thomas Bourgeron
Human Genetics and Cognitive Functions Unit, Institut Pasteur, Paris, France

CNRS UMR 3571 Genes, Synapses and Cognition, Institut Pasteur, Paris, France

Human Genetics and Cognitive Functions, University Paris Diderot, Sorbonne Paris Cité,
Paris, France

FondaMental Foundation, Créteil, France

Gillberg Neuropsychiatry Centre, Sahlgrenska Academy, University of Gothenburg,
Gothenburg, Sweden

michael.schmeisser@uni-ulm.de

194



5 Behavioural Phenotypes and Neural Circuit Dysfunctions in Mouse Models of. .. 87

Social behaviours Vocalisation
emission
cortex ’/y[hippocampus entorhinal sensory anterior motor

» cortex cortices cingulate cortex
cortex

cortex

striatum
nucleus
/ | accumbens < ventral -
] 7 A tegmental amygdala periaqueductal
/ | V. ..\ area median | [central @:@ gray
I/ substantia \\
] nigra \ -t

pallidum lhypothalamus' olfactory reticular
1 medial l lateral r bulb |formation
segment | | segment *
7 ]
1 4

phonatory
motoneurons
of the larynx

nucleus
subthalamicus

- Excitatory input
=== Inhbitoy input

— Sensory input
thalamus

Fig. 5.1 Cortical and subcortical neuronal circuits involved in stereotyped behaviour (/eft panel),
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Social behaviours involve complex structural connections within the brain
(Fig. 5.1; summary based on Kas et al. 2014; Wang et al. 2014a, b; Soden et al.
2016 for social interactions, and Jiirgens 2002, 2009; Arriaga et al. 2012 for
ultrasonic vocalisation emission).

Social interactions can have a positive or negative valence. The amygdala plays
a crucial role in processing this valence in emotion-based social interactions, such
as arousal, freezing and aggression. The medial amygdala is activated by positive or
negative socially relevant stimuli, used in social recognition (Bosch and Neumann
2012). Oxytocin, one of the major neurotransmitters in the amygdala, favours social
recognition and social bonding (Ferguson et al. 2000). The medial amygdala
receives sensory information from the olfactory bulb (Keverne 1999), the preoptic
area or the septum (Popik and van Ree 1991). The basolateral amygdala is involved
in the processing of emotional stimuli like fear (Maren 2003). This structure pro-
jects to the mesolimbic system via the nucleus accumbens to reinforce social
stimuli. It also projects to the brainstem, the entorhinal cortex (involved in the
assessment of familiarity in stimuli), the prefrontal cortex (social hierarchy), the
midbrain reticular formation and the periaqueductal grey (Price 2006). The activity
of the amygdala is modulated by reciprocal connections with the hypothalamus.

The hypothalamus integrates cues about the external social environment and the
internal evaluation of the affective state (Kruk et al. 1979). It is involved in the
choice of the appropriate type of interaction that should be initiated. 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
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central amygdala to switch between aggressive and affiliative responses (Veening
et al. 2005). The hypothalamus also projects to the nucleus accumbens.

The nucleus accumbens is part of the mesolimbic dopamine system, which
reinforces functional social behaviours (Chevallier et al. 2012). It has reciprocal
connections with the ventral tegmental area and the ventromedial prefrontal cortex,
two other parts of the mesolimbic dopamine system (Russo and Nestler 2013). This
system, also called the reward system, is involved in the mediation of social
investigation, mating, maternal behaviour and formation of pair bonds (Robinson
et al. 2011; Kohls et al. 2013).

The prefrontal cortex organises the temporal sequences of actions, taking into
account the rapid changes in the social environment and in the emotional state of
the animal (Fuster 2008). The dorsomedial prefrontal cortex, one of the major
structures implicated in the establishment and maintenance of social hierarchy
and dominance among littermates, projects to the basolateral amygdala (Wang
et al. 2014a).

In mice, ultrasonic vocalisations are considered to be innate with very few if any
evidence of learning (Hammerschmidt et al. 2012; Portfors and Perkel 2014). Mice
voluntarily control the emission or absence of emission of a vocalisation through
the anterior cingulate cortex, projecting to the periaqueductal grey, which itself
projects to the reticular formation towards phonatory motoneurons. It is still unclear
whether mouse ultrasonic vocalisations can be voluntarily modulated by the motor
cortex (acting on phonatory motoneurons) (Hammerschmidt et al. 2015).

5.3 Stereotyped Behaviours

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 (Kelley 2001; Lewis et al. 2007). Stereo-
typed behaviours vary in kind but also in degree. For instance, some mouse strains
mutated in ASD-risk genes perform self-grooming behaviours to such an extent that
they get self-injured (e.g. Shank3 mutant mice, Peca et al. 2011).

The basal ganglia play a crucial role in the development of stereotyped behav-
iours (Fig. 5.1). These structures include the striatum (caudate nucleus and puta-
men; e.g. Langen et al. 2011), the pallidum (globus pallidus), the nucleus
subthalamus and the substantia nigra and are functionally interconnected. The
basal ganglia are involved in fine-tuning of the motor impulse. Cortical and
subcortical structures such as the hippocampus and the amygdala are also involved
in the emergence of stereotyped behaviours (Bachevalier 1996). Cortico-striatal
circuits receive multiple inputs, and each loop consists of two distinct pathways: the
striatonigral “direct pathway’ and the striatopallidal “indirect pathway”. Activation
of the direct pathway results in an increase in thalamic activity, whereas activation
of the indirect pathway results in thalamic inhibition. This means that under normal
circumstances the direct pathway enhances specific movement behaviour, while the
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indirect pathway inhibits specific movement. The cortico-striatal circuitry can be
manipulated by targeting agents, which bind to inhibitory GABA receptors or to
excitatory glutamate receptors (e.g. Presti et al. 2004). Dopaminergic drugs can also
modulate stereotypic behaviours by stimulating the direct pathway or inhibiting the
indirect pathway (Presti et al. 2003; Mason and Rushen 2006). Taken together, the
basal ganglia are involved in fine-tuning of the required movement via the direct
(activation) and indirect (inhibition) pathways. Any imbalance in those circuits can
result in the emergence of stereotyped behaviours.

5.4 Meta-Analysis of ASD Mouse Models

For our meta-analysis, we scanned and collected literature from the PubMed
(NCBI) database and from Web of Science. We used combinations of the following
keywords: “Nrxnl”, “Nrxn2”, “Nlgnl”, “Nlgn2”, “Nlgn3”, “Nlgn4”, “Shankl”,
“Shank2”, “Shank3”, “Cntnap2”, “Cntnap4”, “Cntn4”, “Big2”, “Cntn5”, “NB-2",
“Cntn6”, “NB-3”, “Cacnal”, “Grin2b”, “Gabrb3”, “Gabra3”, “Glra2”, “autism”,
“ASD”, “behaviour”, “mouse model” and “social”. We only gathered and analysed
the main studies for mouse models carrying mutations in synaptic channels and
receptors, given the high number of articles for these models. For the present study,
we gathered data from all age classes (pups, juveniles, adults), even if data were
unbalanced for each age class.

We synthesised data on behavioural, structural and functional aspects into a
table (available upon request to the corresponding author), according to the con-
struction characteristics of the model (e.g. knockout, conditional knockout, knock-
in, duplication, deletion and overexpression), the genetic background (using the
MGI database) and the phenotypical traits studied. For the structural and functional
aspects, we examined brain anatomy, protein expression in the different brain
regions and synaptic physiology. For the behavioural aspects, we took into account
social interactions (motivation and recognition) and communication as well as
stereotypes.

To conduct a clustering analysis, we scored the data with the following criteria.
When the trait was not examined in the model, the score was NA. These missing
data were not considered. When the mutant mice did not differ significantly from
wild-type animals, the score was 1. When the mutant mice differed significantly
from wild-type animals (either significantly higher and/or lower performances/
scores in mutant than in wild-type animals), the score was 2. When differences
between mutant and wild-type mice diverged between studies (no significant dif-
ference and significantly higher and/or lower performances/scores in mutant than in
wild-type animals), the score was 1.5.

Clustering was performed with the statistical software R (R Core Team (2016))
by using the heatmap.2 function. This function connects the most similar mouse
models according to the scoring of each trait. In the complete data set, the amount of
missing data was large. To reduce the bias of clustering according to missing data,
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Fig. 5.2 Heatmap representation of the clustering of mouse models for ASD carrying mutations in
synaptic proteins and their phenotypic traits as indicated (social interest/motivation, social recog-
nition, social communication, stereotypes, synaptic physiology, protein composition)

we conducted the clustering analysis with the most extensively studied models
(three or more behavioural and/or structural and functional traits tested). Most
models with mutations in genes encoding synaptic channels and receptors failed
to reach the threshold. The most extensively studied mouse models carried muta-
tions in cell adhesion and scaffolding proteins. The heatmap (Fig. 5.2) distinguished
two main clusters. The first one encompassed two subclusters (I-SC1 and I-SC2)
and the second one also two subclusters (II-SC1 and II-SC2).
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5.4.1 ClusterlI

Cluster I includes mouse models affected in almost all traits examined. Compared
to wild-type littermates, the majority of these mutant mice display reduced social
interest, increased stereotyped behaviours and impaired synaptic physiology and
atypical synaptic protein composition in the brain regions examined.

The subcluster I-SC1 includes 18 animal models [Shank3-cKI (Mei et al. 2016),
Nignl-KO (Blundell et al. 2010), Shank3Aexl1-KO (Schmeisser et al. 2012;
Vicidomini et al. 2016), Shank3-InsG3680 (Zhou et al. 2016), Shank3Aex13-16-
KO (Peca et al. 2011), Shank3Aex21-KO (Kouser et al. 2013; Duffney et al. 2015),
Nlign2 overexpression (Hines et al. 2008), NrxnlfAC (Rabaneda et al. 2014),
Shank3Aex21-KO (Bidinosti et al. 2016), Nrxnla-KO (Etherton et al. 2009;
Grayton et al. 2013), Shank3Aex4-22-KO (Wang et al. 2016), Shank2Aex7-KO
(Schmeisser et al. 2012; Ey et al. 2013; Ferhat et al. 2016), Cntnap2-KO
(Penagarikano et al. 2011, 2015), Shank2Aex6-7-KO (Won et al. 2012; Lee et al.
2015a), Shank3Aex4-9-KO (Wang et al. 2011, 2014b), Shank3Aex21-HZ,
Shank3Aex4-9-KO (Jaramillo et al. 2016), Gabrb3-KO (DeLorey et al. 1998,
2008)]. All models of the subcluster I-SC1 displayed a decrease in social interest;
only one of the Shank3Aex21-KO mutant lines (Kouser et al. 2013; Duffney et al.
2015) displayed mixed evidence for impairment in social motivation in comparison
with wild-type mice. Furthermore, only Shank3AexI1-KO (Schmeisser et al. 2012;
Vicidomini et al. 2016), Shank3-InsG3680 (Zhou et al. 2016), Shank3Aex13-16-KO
(Peca et al. 2011) and both Shank2Aex7-KO (Schmeisser et al. 2012; Won et al.
2012; Ey et al. 2013; Lee et al. 2015a; Ferhat et al. 2016), Nign/-KO (Blundell et al.
2010), Shank3Aex21-KO (Kouser et al. 2013; Duffney et al. 2015) and Nrxnl a-KO
(Etherton et al. 2009; Grayton et al. 2013) models displayed significant (or limited)
decrease in social recognition in comparison with wild-type littermates.

All models also displayed high level of stereotypy such as self-grooming or
jumping behaviour. Synaptic physiology was predominantly analysed in defined
areas of the cortex or in the hippocampus. Most models displayed a decrease in
miniature excitatory postsynaptic current (mEPSC) or field excitatory postsynaptic
potential (fEPSP), except for Nign2-overexpression (Hines et al. 2008) that showed
an increase in miniature inhibitory postsynaptic currents (mIPSC), in comparison
with wild-type littermates. Six out of ten models investigated for social communi-
cation displayed a significantly lower call rate in comparison with wild-type
littermates [Shank3Aex4-9-KO (Wang et al. 2011; Wang et al. 2014b),
Shank3Aex4-9-KO (Jaramillo et al. 2016), Shank3Aex4-22-KO (Wang et al.
2016), Cntnap2-KO (Penagarikano et al. 2011, 2015)]. Interestingly, the character-
isation of the Nrxnla-KO model (Etherton et al. 2009; Grayton et al. 2013) resulted
in divergent results between laboratories for social recognition and stereotyped
behaviours.

The subcluster I-SC2 includes eight well-characterised mouse models [N/gn3-
R451-KI (Tabuchi et al. 2007; Ellegood et al. 2011; Etherton et al. 2011; Karvat and
Kimchi 2012; Kumar et al. 2014; Steadman et al. 2014; Burrows et al. 2015),
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Shankl-KO (Hung et al. 2008; Roullet et al. 2009; Silverman et al. 2011; Sungur
et al. 2014; Wohr 2014), Shank3Aex4-9-HZ (Bozdagi et al. 2010; Yang et al. 2012;
Drapeau et al. 2014), Shank3Aex4-9-KO (Yang et al. 2012), Nrxn2a-KO (Born et al.
2015), Nrxnla-HZ (Grayton et al. 2013), Nrxn2a-KO (Dachtler et al. 2014) and
Nlign4-KO (Jamain et al. 2008; Ey et al. 2012; Ju et al. 2014)]. These models are the
ones with either divergent behavioural characterisation between studies or impaired
social interactions, but non-significant or divergent differences in stereotyped
behaviours. Interestingly, the divergences between studies mostly concern
behavioural phenotypes (social interactions, communication, stereotyped behav-
iours), while results for synaptic physiology and protein composition were fre-
quently convergent.

5.4.2 Cluster Il

Cluster Il includes mouse models with limited social impairments and stereotyped
behaviours. Protein expression was rarely investigated in these models, and the
majority of them was not characterised for synaptic physiology.

The subcluster 1I-SC1 includes 14 mouse models with no significant impairment
in social motivation and in stereotyped behaviours and a very limited characterisa-
tion of synaptic physiology [N/gn2-KO (Blundell et al. 2009), Nrxn2a-HZ (Born
et al. 2015), Nign2-HZ and Nlgn2-KO (Wohr et al. 2013), Nign3-R451-KI
(Chadman 2011), two models of Shank3Aex4-9-KO (Drapeau et al. 2014),
Shank3-InsGex21-HZ (Speed et al. 2015), Shank2Aex7-HZ (Schmeisser et al.
2012; Ey et al. 2013), Shank3-InsG3680-HZ (Zhou et al. 2016), Nlgn4-HZ
(Ey et al. 2012), Shank3Aex4-7-KO (Peca et al. 2011), Shankl-HZ (Silverman
et al. 2011; Sungur et al. 2014) and Nign3-KO (Radyushkin et al. 2009)]. Surpris-
ingly, only three models [N/gn3-KO (Radyushkin et al. 2009), Shank3Aex4-7-KO
(Pecaet al. 2011), Nign4-HZ (Ey et al. 2012)] showed impaired social recognition,
and three of them displayed a decreased rate of emission of ultrasonic vocalisations
in comparison with wild-type mice [Nign2-KO (Wohr et al. 2013), Nign3-R451-KI
(Chadman 2011), Nign3-KO (Radyushkin et al. 2009)]. With respect to synaptic
physiology, only two models displayed decreased basal transmission [Nrxn2-HZ
mice (Born et al. 2015), Shank3Aex4-7-KO (Peca et al. 2011)].

The subcluster II-SC2 includes Shank3Aex4-9-HZ (Jaramillo et al. 2016),
Cacnalc-HZ (Bader et al. 2011), Shank3Aex9-KO (Lee et al. 2015b) and Shank3-
InsGex21-KO (Speed et al. 2015). Two of these studies were performed on hetero-
zygous mice. Impairments of synaptic physiology were detected in Shank3Aex4-9-
HZ (Jaramillo et al. 2016), Shank3Aex9-KO (Lee et al. 2015b) and Shank3-
InsGex21-KO (Speed et al. 2015). Stereotyped behaviours were also increased in
comparison with wild-type mice in all of these models in three different tests,
respectively, rearing, marbles burying and self-grooming.

Our meta-analysis provides an overview of the most extensively characterised
mouse models carrying mutations in ASD-risk genes. Overall, atypical synaptic
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physiology was coupled with increased stereotyped behaviours and to a lesser
extent with atypical social motivation in most cases. This relationship did not
hold for social recognition. Interestingly, the clustering using phenotypes did not
cluster the mouse models according to their mutated genes.

5.5 Relating Behavioural Phenotypes with Structural
and Functional Characteristics

One of our aims was to relate the different behavioural and structural aspects
measured in mouse models of ASD to extract relevant relationships. The compar-
ison of Cluster I and Cluster II leads to discuss the connection between the different
traits measured. Cluster I includes models highly impaired in social interest,
stereotyped behaviours, synaptic physiology and protein composition, while Clus-
ter II includes much less impaired models. Only three models display impaired
social interest without increased stereotyped behaviours [Nrxn2a-KO (Born et al.
2015), Nrxnla-HZ (Grayton et al. 2013), Nran2a-KO (Dachtler et al. 2014)], and
the four models from //-SC2 display stereotyped behaviour without social interest
impairment [Shank3Aex4-9-HZ (Jaramillo et al. 2016), Cacnalc-HZ (Bader et al.
2011), Shank3Aex9-KO (Lee et al. 2015b), Shank3InsGex21-KO (Speed et al.
2015)]. Social recognition impairments seem more variable, i.e., impaired social
motivation does not mean impaired social recognition. Reversely, mouse models
displaying abnormalities in synaptic physiology also display increased stereotyped
behaviours. This relationship is weaker between impaired synaptic physiology and
impaired social motivation. This observation can suggest that when basal circuits
are deeply affected, the social motivation, but not social recognition domain,
becomes affected.

We also aimed at identifying specific brain regions associated with either
atypical social interactions or increased stereotyped behaviours. This was hindered
by the fact that most studies analysed both structural and functional aspects only in
the hippocampus (CA1, CA3 and dentate gyrus) and the cortex (sensorimotor area
and prefrontal cortex). This is unfortunate especially because these brain structures
are not the major ones implicated in social interactions and stereotyped behaviours.
We therefore could not extract defined information about the links between brain
regions and behavioural phenotypes. To link anatomical and physiological impair-
ments with behaviours, other brain structures should be studied in the future, more
specifically the striatum including the nucleus accumbens, the mesencephalon
including the ventral tegmental area, the amygdala and the diencephalon. These
brain regions represent relevant nodes forming a network involved in social and
stereotyped behaviours. In most models, only one brain structure was studied; only
few studies presented results obtained in several brain regions at the time.
Standardised analyses from different brain regions and from different mouse
models should allow a better understanding of the circuits affected.
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5.6 Mouse Models Carrying Mutations in the Shank Genes

Over the last years, several mouse models with mutations in the family of Shank
genes were published since approximately one per cent of patients with ASD carry
a mutation in the SHANK gene family (Leblond et al. 2014). In this meta-analysis,
25 well-characterised and independent mouse models exhibited genetic disruption
of Shankl (one knockout model and one heterozygous model), Shank2 (two
knockout models and one heterozygous model) or Shank3 (14 knockout models,
I knock-in and 5 heterozygous models). We tested whether phenotypic traits
displayed some similarities between models carrying different mutations in the
same gene family.

To date, only one Shankl mutant strain was reported (Hung et al. 2008). The
heterozygous animals do not display any significant impairment in social interac-
tion and communication but show a slight increase in stereotyped behaviours in old
adults in comparison with wild-type littermates. In contrast, the homozygous
mutant mice for Shankl display reduced scent-marking behaviour and atypical
ultrasonic vocalisations but typical social interactions in comparison with wild-
type littermates.

Two independent Shank2 mutant strains display increased stereotyped behav-
iours, reduced social motivation and recognition as well as atypical social commu-
nication (Schmeisser et al. 2012; Won et al. 2012; Ey et al. 2013; Lee et al. 2015a;
Ferhat et al. 2016). Although increased GIluN1 expression was biochemically
detected in both models at the juvenile stage (3—4 weeks), the lines display opposite
results in synaptic physiology at CA1 synapses. While Won et al. (2012) and Lee
et al. (2015a) identified a reduction in long-term potentiation (LTP), Schmeisser
et al. (2012) highlighted an increase of LTP in comparison with wild-type litter-
mates. These divergences remain to be elucidated.

The large panel of Shank3 mutant models is highly interesting given that only
the recent Shank3Aex4-22-KO is a complete knockout (Jiang and Ehlers 2013;
Wang et al. 2016). The Shank3 gene is transcribed from six promoters (Jiang and
Ehlers 2013; Wang et al. 2014b), and therefore in most models some Shank3
isoforms remain. The complete knockout model displays impairments in
behavioural and synaptic traits examined (Wang et al. 2016), but the phenotypic
difference with other Shank3 mutant mice was not dramatic. Overall, the two traits
observed in almost all Shank3 mutant models are an increase in stereotyped
behaviours, especially increased self-grooming, and reduced glutamatergic synap-
tic transmission tested mostly in the CA1 hippocampus. The presence of stereo-
typed behaviours seems to be more prominent in models expressing less isoforms
(Peca et al. 2011; Schmeisser et al. 2012; Kouser et al. 2013; Bidinosti et al. 2016;
Mei et al. 2016; Wang et al. 2016). Abnormalities in social interest are subtle, while
reduced performances in social recognition do not appear to be a robust trait in
these models. Protein composition at the synapse is disorganised, but it is not
clearly related to the number of remaining isoforms.
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Overall, Shank3 mutant mice are best characterised by increased stereotyped
behaviours and reduced glutamatergic synaptic transmission, while Shank2 mutants
are best characterised by increased stereotyped behaviours and reduced social
motivation, but less obvious phenotypes in synaptic physiology. The stereotyped
behaviours appear to be the trait most impacted by the modulation of the number of
remaining isoforms in the Shank3 mutant mice.

5.7 Refining the Analysis to Describe Behavioural
Impairments

In mouse behavioural testing, different protocols are supposed to measure similar
traits. For example, interest for social interactions or social motivation can be
quantified in the three-chambered test or in free same-sex interaction. However,
some studies conducting these different experiments on identical mouse models did
not lead to the same conclusions. For example, Shank2 mutant mice (Schmeisser
et al. 2012) display a reduction of the interest for a conspecific during free
interaction, but no significant reduction of this social interest during the first
phase of three-chambered test in comparison with wild-type mice. The use of
different protocols can explain the divergence between results obtained in the
same models (Etherton et al. 2011; Schmeisser et al. 2012; Jaramillo et al. 2014).
These divergences suggest that the interpretation of the tests should be refined to
identify what each protocol actually measures. More specifically, the paradigms
should be classified according to the Panksepp’s system of emotional systems
(Panksepp 2006) taking into account their emotional valence, positive emotions
(seeking, care and playfulness) or negative emotions (fear, anger, sadness). This
Panksepp’s model was applied to patients with ASD, who displayed decreased
playfulness and increased fear (Carré et al. 2015). Such an approach can be applied
to mouse models in order to refine the characterisation of the phenotypic impair-
ments caused by genetic mutations.

Innovative methods should also be developed to provide more ethological
contexts allowing the expression of a more complete behavioural repertoire to
characterise social interactions, communication and stereotyped behaviours over
different age classes (pups, juveniles and adults). In such a context, both the active
form (initiating social communication) and the passive form (receiving social
communication) of social behaviour could be examined, the latter usually being
neglected in mouse models of ASD. These innovative methods should take into
account not only all the information gathered in previous experiments but also
potential biases such as the different human experimenters (Sorge et al. 2014), the
test cage conditions and habituation time (Ferhat et al. 2015). These biases could be
reduced in complex environments where the behaviour of the individual mice is
recorded continuously with few or any human intervention (Howerton et al. 2012;
Ohayon et al. 2013; Weissbrod et al. 2013). In such settings, the different sensory
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modalities can also be studied in more ethological conditions, with limited manip-
ulation of the motivations of the tested animals.

As an example, focusing on social recognition in such testing conditions will be
of high interest to evaluate how social cues are perceived in mouse models of ASD.
New protocols should be developed to disentangle perception (whisking, sniffing or
body postures during social contacts) and social cues processing deficits from
common memory deficits. If mutant mice do not investigate a conspecific with all
sensory modalities, they might be impaired in their ability to differentiate two
individuals. Indeed, some models display social recognition deficits, but display
normal spatial learning or object working memory (Peca et al. 2011; Schmeisser
etal. 2012; Won et al. 2012). In this context, Engelmann and colleagues proposed to
evaluate the free interactions between a tested mouse and two more or less familiar
conspecifics (Engelmann et al. 2011).

5.8 Conclusions

Overall, the diversity of the mouse models carrying mutations in ASD-risk genes
plays a crucial role in unravelling the links between genes, neuronal circuits and
behaviour. New multi-scale approaches that include genetics, biochemistry, elec-
trophysiology and a refinement of behavioural characterisation methods will help to
dissect out biological pathways associated with ASD such as those involved in
social communication and stereotyped behaviours. Altogether, it will favour a
better understanding of the mechanisms behind ASD that should orient the identi-
fication of knowledge-based treatments.
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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.

Etude 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 neuro-
développementaux caractérisés par des altérations de 1’interaction et de la communication sociales
ainsi que des comportements stéréotypés et des intéréts restreints. Les TSA sont fortement associés a
des composantes génétiques et en particulier avec le géne SHANK3, codant pour une protéine
d'échafaudage dans la densité post-synaptique des synapses glutamatergiques.

L’objectif de ce doctorat est de caractériser un modele 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 séquencage de I'ARNm).

A I'age 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 a 1'dge 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 I’analyse du transcriptome, nous avons révélé, au niveau du striatum, une altération de
l'expression génique des neurones sensibles a la dopamine, les neurones épineux moyens, ainsi que
des problemes de la signalisation post-synaptique.

Ainsi, ce projet fournit une caractérisation complete d'un modele murin de 1’autisme. Il met en
lumiere 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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