
HAL Id: tel-02927861
https://theses.hal.science/tel-02927861

Submitted on 2 Sep 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Motor determinants of autism spectrum disorder (ASD)
Tareq Al Sagheer

To cite this version:
Tareq Al Sagheer. Motor determinants of autism spectrum disorder (ASD). Neuroscience. Université
de Poitiers, 2017. English. �NNT : �. �tel-02927861�

https://theses.hal.science/tel-02927861
https://hal.archives-ouvertes.fr


THÈSE

Pour l'obtention du grade de
DOCTEUR DE L'UNIVERSITÉ DE POITIERS

UFR des sciences fondamentales et appliquées
Laboratoire de neurosciences expérimentales et cliniques - LNEC (Poitiers)

(Diplôme National - Arrêté du 25 mai 2016)

École doctorale : Biologie-santé - Bio-santé (Limoges)
Secteur de recherche : Neurosciences

Présentée par :
Tareq Mohammad Al Sagheer

Déterminants moteurs des troubles du spectre autistiques
(TSA)

Directeur(s) de Thèse :
Mohamed Jaber

Soutenue le 18 décembre 2017 devant le jury

Jury :

Président Frédérique Bonnet-Brilhault Professeur et praticien hospitalier, Université de Tours

Rapporteur Daniela Popa Chargée de recherche, IBENS, Université René Descartes, Paris

Rapporteur Agnès Nadjar Maître de conférences, NeutriNeurO, Université de Bordeaux

Membre Mohamed Jaber Professeur et praticien hospitalier, Université de Poitiers

Membre Pierre-Olivier Fernagut Chargé de recherche CNRS, Université de Bordeaux

Membre Bassam Badran Professeur, Université libanaise, Beyrouth

Pour citer cette thèse :
Tareq Mohammad Al Sagheer. Déterminants moteurs des troubles du spectre autistiques (TSA) [En ligne]. Thèse
Neurosciences. Poitiers : Université de Poitiers, 2017. Disponible sur Internet <http://theses.univ-poitiers.fr>



 I 

 

THESE%
%

Pour%l’obtention%du%Grade%de%
%

DOCTEUR%DE%L’UNIVERSITE%DE%POITIERS%
%

Faculté%des%Sciences%Fondamentales%et%Appliquées)%

(Diplôme%National%H%Arrêté%du%25%mai%2016)%

%

Ecole%Doctorale%:%Biosanté%n°524%

Secteur%de%Recherche%:%Neurosciences%

%

Présentée%par%:%

%

Tareq%Mohammad%ALHSAGHEER%

%
 

Déterminants%Moteurs%des%Troubles%du%Spectre%

Autistiques%(TSA)%

%

Motor%Determinants%of%Autism%Spectrum%Disorder%

(ASD)%
%

%

%

%

Directeur%de%Thèse%:%Mohamed%JABER%

Inserm%UMR_S%1084%

Laboratoire%de%Neurosciences%Expérimentales%et%Cliniques%
%

%

Soutenue%le%18%décembre%2017%

Devant%la%Commission%d’Examen%

%

%

!
Rapporteur Daniela%POPA Chargé%de%recherche% Université%René%Descartes%Paris%V%

Rapporteur Agnès%NADJAR Maître%de%Conférences% Université%de%Bordeaux%2%

Examinateur Frédérique%BONNETHBRILHAULT Professeur% Université%François%Rabelais,%Tours%

Examinateur Bassam%BADRAN Professeur% Université%Libanaise%(Beyrouth)%

Examinateur Mohamed%JABER Professeur Université%de%Poitiers%

Examinateur%

 

PierreHOlivier%FERNAGUT Chargé%de%recherche Université%de%Bordeaux%2%



 II 

To#my#Parents,#

To#Kassem,#
!
!

!
!

!
!
!

!
!

!

 
 



 III 

!

REMERCIEMENTS!
First!and!foremost,!as!a!preamble!to!this!thesis,!I!wish!to!express!my!most!sincere!

thanks!to!the!Lord!for!the!grace!that!no!one!can!measure.!
!

I! would! like! to! express! my! thanks! to! Dr! Daniela# POPA! and! Dr! Agnes# NADJAR! for!
evaluating! this! thesis! and! to! Professor! Frédérique# BONNET?BRILHAULT! Professor!

bassam#BADRAN!and!Dr!Pierre?Olivier#FERNAGUT!for!having!accepted!to!take!part!in!this!

thesis!jury!as!examiners.!

!

I! want! to! thank! Professor!Mohamed# JABER;! I! would! always! be! grateful! that! you! have!

welcomed! me! in! LNEC! family.! I! thank! you! for! having! trusted! me! despite! my! lack! of!

knowledge!in!animal!behavior!in!January!2015.!Beyond!the!formal!thanks!that!any!doctoral!

student! owes! to! his! supervisor,! anyway,! I! have! a! lot! learned! by! your! side.! I! am! much!

honored!to!have!had!you!as!a!supervisor!both!for!your!scientific!qualities!and!the!working!

conditions!you!have!given!me!and!for!the!human!qualities!with!which!you!have!framed!me.!

Thank!you! for!your!stimulating!advices,! I!was! fortunate! to!receive! from!you!and!also! for!

the!honor!of!participating! in!my!defense! jury.!Thank!you!for!spending!so!much!time!and!

patience!to!make!me!the!one!I!am!today.!!

!

I!would!also!like!to!express!my!sincere!thanks!to!Dr!Pierre?Olivier#FERNAGUT,!Dr!Marcelo#

SOLINAS,!and!Professor!Afsaneh#GAILLARD! for!helping!me!throughout!this!thesis.!Thank!
you!for!having!guided!me,!encouraged!and!advised!throughout!these!3!years.!I!hope!I!have!

been! worthy! of! the! trust! you! have! given! me! and! that! this! work! is! finally! up! to! your!

expectations.!

!

I! would! also! like! to! express! my! sincere! gratitude! to# my! M2! mentor! at! the! Lebanese!
University! Professor!Shafeeka#ASSAAD,# thank! you! for! your! indispensable! scientific! help!

and!support;!and!for!transmitting!your!faith!and!good!values.#

!

For! these! three!beautiful!years!spent!with!you,! thank!you!to!all!LNEC#members;! I!would!

specially! thank! our! team! members:! Anaïs,!Maureen,!Obelia,!Marianne,# Emanuel,# and#

Laurie.#Thank!you! for!making! this!environment!so! familiar!and!warm.!Thank!you! for!all!
the!helps! rendered,! the!advices!and! technical! support,! and! for! the!scientific! interactions,!

that!we!had!together.!Thanks!to!you;!all!this!adventure!has!been!rich!and!has!brought!me!a!

lot.!

!

I!would! like! to! thank!Dr!François#LECELLIER!of! the! team!XRLIM!of!Poitiers!with!whom!I!
had!the!chance!to!collaborate!with.!

!

I!would! like!to!express!my!gratitude!to!the!PREBIOS#team.!Thank!you!for!your!technical!
support! and! for! taking! care! of! our!mice.! I!would! like! to! thank!Denis# COURATIN,! for! his!

irreplaceable!help!in!building!our!behavioral!apparatus.!

#

A!huge! thank!you!to!my! family!without!whom!nothing!would!have!been!possible.!To!my!

parents,!who!despite!the!distance!were!always!near.!Thank!you!for!making!me!reach!this!

level!with!your!support,!encouragement,! listening!and!advice.!To!my!mother!Yosra,!who!

has!always!taught!me!that!patience!is!the!value!in!this!trip.!To!my!father!Mohammad,!who!
has! always! pushed! me! to! persist! and! believe! in! myself.! Thank! you! that! you! have! not!

stopped!teaching!me!!This!thesis!has!been!as!important!to!you!as!to!me!and!it!is,!without!a!

doubt,!also!yours.!To!my!brothers!Taha!and!Ali,!your!presence!at!my!side!has!always!been!



 IV 

indispensable!and!comforting.!It's!good!to!know!that!I!can!always!count!on!you!!Thank!you!

for!supporting!me!and!sharing!this!adventure!with!me.!I!wish!you!a!promising!future!that!

you!deserve,!and!I!will!always!be!at!your!side!to!help!you!complete!your!projects.!To!my!

precious!treasure,!my!sister!Zaynab,!thank!you!for!your!love!and!support,!it!is!very!hard!to!

express!how!fantastic!it!is!to!have!a!sister!like!yourself!!I!would!like!to!express!my!deepest!

gratitude! to! my! beloved! Nissrine.! Thank! you! for! your! inspiration! and! motivation! for!

continuing!to!improve!my!knowledge!and!move!my!career!forward.!

!

My! thanks! also! go! to!my! huge! family! and!my! friends.! Thank! you! for! your! support,! and!

know!that!I!would!still!need!it!!
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 V 

FOREWORD!
To!accomplish!this!thesis,!I!received!a!competitive!PhD!fellowship!for!3!years!from!

the!Association# of# Specialization# and# Scientific# Guidance! (ASSG).! The! association! is! a!

Lebanese!private!sector!nonRprofit!organization!aiming!to!develop!educational!and!social!

welfare!of!the!Lebanese!community.! In!addition!to!their!funding!program!of!scholarships!

for!local!and!abroad!study!programs,!the!ASSG!plays!a!vital!role!in!societal!welfare.!Under!

the! supervision! of! Professor!Mohamed# JABER,! I! have!written!my! PhD! project! proposal,!

designed!the!study,!and!participated!in!writing!several!grants;!one!of!which!was!successful!

through!the!Fondation!pour!la!Recherche!Médicale!(FRM)!that!mainly!funded!this!project.!

!

Part!of!the!work!presented!in!this!thesis!is!currently!under!submission:!

!

Article#1:"Motor"behavior"disturbances"are"correlated"with"social"impairments"and"cerebellar"

and"cortical"cell"loss"in"an"environmental"animal"model"of"autism.# "AL#SAGHEER#T*,"HAIDA"
O*,"BALBOUS"A,"FRANCHETEAU"M,"MATAS"E,"FERNAGUT"PO,"JABER"M."

#
Parts!of!the!work!presented!in!this!thesis!are!in!preparation:!

Article#2:"Motor"behavior"and"their"anatomical"correlates"in"Poly"I:C"mouse"model"of"Autism.""

HAIDA"O*,"AL#SAGHEER#T*,"BALBOUS"A,"FRANCHETEAU"M,"MATAS"E,"FERNAGUT"PO,"JABER"
M."

##

Article# 3:# Molecular" biochemical" pathways" implicated" in" the" development" of" autism"
spectrum"disorders.#MATAS"E*," BALBOUS"A*,"AL#SAGHEER#T," HAIDA"O," FRANCHETEAU"M,"

FERNAGUT"PO,"JABER"M.#

!
*"contributed"equally"

!

Some!of!these!resulted!have!been!presented!in!poster!sessions!of!various!scientific!

meetings:!!

•! «Motor!determinants!of!Autism!Spectrum!Disorders»!NeuroFrance! International!meeting,!

Bordeaux!(France)!May!2017.!Poster!Presentation:!P1.!164.!

•! «Motor!determinants!of!Autism!Spectrum!Disorders»!SFR!ToursRPoitiers!meeting,!Poitiers!

(France)!June!2017.!Poster!Presentation:!P.31.!!

•! «Motor!behavior!alterations! in!animal!models!of!Autism!Spectrum!Disorders»!SFR!ToursR

Poitiers!meeting,!Tours!(France)!May!2016.!Poster!Presentation.!



 VI 

•! «Motor! Behavior! in! Mice! Models! of! ASD! and! Underlying! Cellular! and! Molecular!

Mechanisms»!10’th!FENS!forum!of!Neuroscience,!Copenhagen!(Denmark)!July!2016.!Poster!

Presentation:!CR058.!

 

I!also!presented!my!results!in!two!of!the!doctoral!school!colloquiums:!
1.! "Séminaires!thématiques:!Genomics!and!Beyond".!Pouligny!NotreRDame!February!2015.!

Poster!presentation.!

2.! "Séminaires!thématiques:!Médecine!Personnalisée".!Pouligny!NotreRDame!March!2016.!

Oral!communication.!

!

I!also!had!the!opportunity!to!present!this!work!in!an!oral!communication!at!the!scientific!

day!SFR!ToursRPoitiers.!The!talk!entitled:!«Motor!behavior!alterations!in!animal!models!of!

Autism!Spectrum!Disorders»!SFR!ToursRPoitiers!meeting,!Poitiers!(France)!June!2017!Oral!

Presentation.!

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 VII 

Table!of!Contents!

REMERCIEMENTS .................................................................................................................. III!

FOREWORD................................................................................................................................ V!

LIST OF FIGURES ..................................................................................................................... X!

LIST OF TABLES ...................................................................................................................... XI!

ABBREVIATIONS ................................................................................................................... XII!

Part I. INTRODUCTION ............................................................................................................ 1!

Chapter 1: Autism Spectrum Disorder ....................................................................................... 5!

1.1!Historical!background!.........................................................................................................................!5!

1.2!Definition!............................................................................................................................................!6!

1.3!Evolution!of!the!symptoms!................................................................................................................!9!

1.3.1!Comorbidity!...............................................................................................................................!10!

1.3.2!Epidemiology!.............................................................................................................................!11!

1.4!Etiology!of!ASD!.................................................................................................................................!12!

1.4.1!Environmental!risk!factors!........................................................................................................!12!

1.4.2!Genetic!risk!factors!....................................................................................................................!13!

1.4.3!The!role!of!the!synapse!in!ASD!..................................................................................................!15!

Chapter 2: Motor impairments in ASD .................................................................................... 17!

2.1!Motor!Delay!.....................................................................................................................................!17!

2.2!Repetitive!behavior!..........................................................................................................................!18!

2.3!Dyspraxia!..........................................................................................................................................!19!

2.4!Motor!coordination!deficits!.............................................................................................................!20!

2.4.1!Motor!planning!..........................................................................................................................!20!

2.4.2!Dysgraphia!.................................................................................................................................!20!

2.4.3!Tone!and!posture!......................................................................................................................!21!

2.4.4!Locomotion!...............................................................................................................................!22!

2.5!Tics!and!Tourette!syndrome!.............................................................................................................!23!

2.6!Lateralization!....................................................................................................................................!23!

2.7!ToeOwalking!......................................................................................................................................!24!

2.8!Conceptual!and!biological!frames!behind!motor!impairments!in!ASD!............................................!24!

2.8.1!Defeated!functional!connections!..............................................................................................!24!

2.8.2!Sensory!inputs,!motor!outputs!..................................................................................................!25!

2.8.3!Executive!functions!deficits!.......................................................................................................!27!

2.8.4!Cerebellar!Ataxia!.......................................................................................................................!27!

Chapter 3: Anatomic and functional organization of the cerebellum ................................... 29!

3.1!Morphology!and!functional!anatomy!...............................................................................................!29!



 VIII 

3.1.1!Anatomical!and!functional!subdivisions!....................................................................................!29!

3.1.2!Cellular!organization!of!the!cerebellum!....................................................................................!32!

3.1.3!The!afferent!and!efferent!pathways!of!the!cerebellum!............................................................!35!

3.1.4!Cerebellar!loops!........................................................................................................................!36!

3.1.4.1!The!loops!involving!spinal,!vestibular!and!reticular!formation!.......................................!38!

3.1.4.2!CerebelloOthalamoOcortical!loops!....................................................................................!38!

3.2!Role!of!the!cerebellum!in!motor!and!cognitive!functions!................................................................!40!

3.2.1!Implication!of!cerebellum!in!motor!skills!..................................................................................!41!

3.2.2!Cerebellar!participation!in!cognitive!functions!.........................................................................!43!

3.2.2.1!Role!of!the!cerebellum!in!language!and!reading!............................................................!44!

3.2.2.2!Role!of!the!cerebellum!in!emotions!................................................................................!45!

3.2.3!ASD!symptoms!in!patients!with!cerebellar!disorders!................................................................!45!

Chapter 4: Mouse models of ASD ............................................................................................. 48!

4.1!Genetic!mouse!models!of!ASD!.........................................................................................................!48!

4.1.1!Fragile!X!mental!retardation!1!(FMR1)!......................................................................................!49!

4.1.2!Methyl!CpG!binding!protein!2!(MeCP2)!....................................................................................!50!

4.1.3!Neuroligins!................................................................................................................................!51!

4.1.4!Neurexin!....................................................................................................................................!51!

4.1.5!Phosphate!and!tensin!homolog!.................................................................................................!51!

4.1.6!SH3!and!multiple!ankyrin!repeat!domains!protein!(SHANK)!.....................................................!52!

4.1.7!Tuberous!sclerosis!complex!protein!(TSC)!.................................................................................!52!

4.2!Environmental!mouse!model!of!ASD!................................................................................................!56!

4.2.1!VPA!mouse!model!of!ASD!..........................................................................................................!56!

4.2.2!Maternal!Immune!Activation!models!of!ASD!............................................................................!61!

Part II. MATERIALS and METHODS .................................................................................... 67!

1.!Animals,!housing!and!treatment!........................................................................................................!68!

2.!Behavioral!experimental!plan!............................................................................................................!68!

2.1!Assessment!of!developmental!milestones!(P6O!P19)!...................................................................!70!

2.2!Assessment!of!exploratory!locomotor!activity!(P28O!P29)!...........................................................!70!

2.3!SHIRPA!primary!Screen!(P30)!.......................................................................................................!71!

2.4!Spontaneous!activity!in!the!cylinder!(P30)!...................................................................................!72!

2.5!Assessment!of!motor!coordination!on!the!challenging!beam!(P33)!............................................!73!

2.6!Spatial,!temporal,!and!kinetic!parameters!of!gait!(P34)!...............................................................!75!

2.7!Assessment!of!sociability!in!the!three!chambers!test!(P35OP45)!.................................................!76!

3.!Statistical!analysis!...............................................................................................................................!77!

 



 IX 

Part III. EXPERIMENTAL RESULTS ................................................................................... 78!

Chapter 1: Behavioral screening results in VPA mice ............................................................ 79!

1.1!VPA!mice!displayed!delayed!postOnatal!development!.....................................................................!79!

1.2!VPA!males!displayed!faster!habituation!...........................................................................................!81!

1.3!VPA!mice!displayed!altered!behavior!in!SHIRPA!primary!Screen!.....................................................!84!

1.4!VPA!mice!displayed!core!ASD!symptoms!(P30;!P35O!45)!..................................................................!86!

1.5!VPA!mice!displayed!significant!deficits!in!motor!coordination!and!gait!(P33O!34)!...........................!88!

Chapter 2: Behavioral screening results in Poly I:C mice ...................................................... 92!

2.1!Poly!I:C!mice!displayed!delayed!postOnatal!development!................................................................!92!

2.2!Poly!I:C!males!displayed!faster!habituation!.....................................................................................!94!

2.3!Poly!I:C!mice!displayed!altered!behavior!in!SHIRPA!primary!Screen!................................................!97!

2.4!Poly!I:C!males!displayed!reduced!sociability,!but!normal!repetitive!behaviors!(P30;!P35O!45)!........!99!

2.5!Poly!I:C!mice!displayed!normal!motor!coordination!and!gait!(P33O!34)!.........................................!101!

Part IV. DISCUSSION and PERSPECTIVE ......................................................................... 104!

Chapter 1: Discussion ............................................................................................................... 105!

1.1!General!Discussion!.........................................................................................................................!105!

1.2!Relevance!of!behavioral!protocols!used!........................................................................................!106!

1.3!Stress!affects!the!behavior!of!the!animals!.....................................................................................!107!

1.4!VPA!provokes!ASD!in!human!and!rodents!......................................................................................!109!

1.5!Relevance!of!VPA!behavioral!data!in!comparison!to!previous!studies!..........................................!114!

1.6!Prenatal!infections!and!psychiatric!disorders!................................................................................!119!

1.7!Relevance!of!Poly!I:C!behavioral!data!in!relevance!to!previous!studies!........................................!121!

1.8!Critical!discussion!of!the!Poly!I:C!and!VPA!models!.........................................................................!124!

Chapter 2: Perspective ............................................................................................................. 128!

2.1!Therapeutic!interventions!in!ASD!...................................................................................................!128!

2.2!NonOinvasive!Brain!stimulation!......................................................................................................!129!

2.3!Enriched!Environment!....................................................................................................................!131!

2.4!The!translation!of!data!to!clinical!research!....................................................................................!132!

2.5!Implications!of!this!work!in!the!understanding!of!ASD!..................................................................!135!

ANNEX 1 ................................................................................................................................... 137!

Part V. REFERENCES ............................................................................................................ 138!

 

 

 

!
 



 X 

LIST!OF!FIGURES!
Figure!1:!Differences!in!fMRI!activation!between!children!with!autism!and!typically!developing!

(TD)!children.!...........................................................................................................................................................................!25!

Figure!2:!Anatomy!and!organization!of!the!cerebellum.!.......................................................................................!31!

Figure!3:!Diagram!of!the!longitudinal!organization!of!the!cerebellar!cortex.!..............................................!32!

Figure!4:!Cortical!layers!of!the!cerebellum.!.................................................................................................................!33!

Figure!5:!Cerebellar!circuits!implicated!in!regulation!of!motor!commands.!................................................!42!

Figure!6:!Cerebellar!circuits!implicated!in!cognitive!processes.!........................................................................!44!

Figure!7:!Diagram!of!the!afferent!and!efferent!nerve!fibers!of!the!cerebellum.!..........................................!37!

Figure!8:!The!validity!of!the!VPA!animal!model!(Mabunga!et!al.,!2015).!.......................................................!58!

Figure!9:!TLR!of!the!innate!immune!system!recognizes!Poly!I:C!and!LPS.!....................................................!63!

Figure!10:!Time!course!of!the!experimental!study.!.................................................................................................!70!

Figure!11:!Mouse!pups!while!righting!after!being!put!in!the!supine!position.!............................................!70!

Figure!12:!The!SHIRPA!arena.!...........................................................................................................................................!71!

Figure!13:!The!wire!maneuver!test.!................................................................................................................................!72!

Figure!14:!The!cylinder!test.!..............................................................................................................................................!72!

Figure!15:!Schematic!diagram!of!the!challenging!beam!motor!coordination!test.!....................................!73!

Figure!16:!The!challenging!beam!test.!...........................................................................................................................!74!

Figure!17:!Automated!gait!analysis!system!(Gait!Lab).!..........................................................................................!75!

Figure!18:!Crawley’s!three!chambers!test.!..................................................................................................................!77!

Figure!19:!VPA!prenatal!treatment!altered!developmental!milestones.!........................................................!80!

Figure!20:!VPA!prenatal!treatment!altered!exploratory!locomotor!activity!(LA).!.....................................!82!

Figure!21:!LA!analysis!of!the!last!30!minutes!on!Day!1!and!Day!2!in!VPA!and!Saline.!.............................!83!

Figure!22:!VPA!treatment!altered!several!SHIRPA!parameters.!........................................................................!85!

Figure!23:!VPA!males!show!core!ASD!features.!.........................................................................................................!87!

Figure!24:!VPA!prenatal!treatment!altered!motor!coordination!on!the!challenging!beam!in!both!

males!and!females.!.................................................................................................................................................................!89!

Figure!25:!VPA!prenatal!treatment!provoked!ataxic!spatial!parameters!of!gait.!.......................................!91!

Figure!26:!Poly!I:C!prenatal!treatment!altered!developmental!milestones!mostly!in!males.!...............!93!

Figure!27:!POLY!I:C!prenatal!treatment!altered!locomotor!activity!(LA)!in!activity!cages.!...................!95!

Figure!28:!LA!analysis!of!the!last!30!minutes!on!DayR1!and!DayR2!in!POLY!I:C!and!Saline.!...................!96!

Figure!29:!Poly!I:C!treatment!altered!several!SHIRPA!parameters!in!males.!...............................................!98!

Figure!30:!Poly!I:C!males!show!reduced!social!behavior.!...................................................................................!100!

Figure!31:!Poly!I:C!had!no!effect!on!motor!coordination!on!the!challenging!beam!test.!.......................!102!

Figure!32:!Poly!I:C!prenatal!treatment!did!not!provoke!ataxic!gait.!..............................................................!103!

Figure!33:!Effects!of!VPA!and!Poly!I:C!treatments!on!embryonic!development.!......................................!125!

Figure!34:!The!bigger!project!..........................................................................................................................................!135!

 

 

 

 

 

!
 

 

 

 

 

 

 

 



 XI 

LIST!OF!TABLES!
Table!I:!Current!severity!specifiers!for!Autism!Spectrum!Disorder!(DSMRV).!...............................................!9!

Table!II:!Identified!prevalence!of!ASD!(CDC).!.............................................................................................................!12!

Table!III:!The!various!monogenic!forms!of!autism!with!intellectual!disabilities.!.......................................!15!

Table!IV:!ASD!behavioral!and!pathological!features!in!genetic!models!in!relevance!to!clinical!

symptoms!and!neurobiology.!............................................................................................................................................!54!

Table!V:!Dose,!Exposure!window!and!outcomes!in!VPA!mouse!model!of!ASD.!..........................................!60!

Table!VI:!Cellular!and!molecular!abnormalities!induced!by!VPA!prenatal!treatment.!............................!61!

Table!VII:!Dose,!Exposure!window!and!outcomes!in!Poly!I:C!mouse!model!of!ASD.!................................!65!

Table!VIII:!Cellular!and!molecular!abnormalities!induced!by!Poly!I:C!prenatal!treatment.!..................!66!

Table!IX:!Behavioral!tests.!...................................................................................................................................................!69!

Table!X:!Set!of!walking!parameters!and!their!descriptions!provided!by!Gait!Lab.!....................................!76!

Table!XI:!Behavioral!tests!selected!to!study!ASD!in!mouse!models!in!relevance!with!diagnostic!

criteria!symptoms!of!ASD!in!humans.!.........................................................................................................................!107!

Table!XII:!Recapitulative!summary!of!the!behavioral!phenotypes!observed!in!each!model.!.............!115!

Table!XIII:!correlation!between!behavioral!deficits!and!anatomical!changes.!.........................................!137!

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

!

!
 

 

 

 

 



 XII 

ABBREVIATIONS!!
5’UTR!5’!gene!untranslated!region!!
ABC!Aberrant!Behavior!Checklist!

ADHD!Attention!Deficit!Hyperactivity!Disorder!!
AMPA!αRaminoR3RhydroxyR5RmethylisoazolR4Rpropionate!

ANOVA!analysis!of!variance!

APA!American!Psychiatric!Association!
ASD!Autism!Spectrum!Disorder!

BOT!BruininksROseretsky!Test!of!motor!proficiency!

CDC!Centers!for!Disease!Control!and!Prevention!(USA)!
CNS!Central!Nervous!System!!

CNV!Copy!Number!Variants!!
CR!Conditioned!response!

CROIs!Cytogenetic!Regions!of!Interest!!

CS!Conditioned!stimulus!!
DSM!the!American!Diagnostic!and!Statistical!Manual!

E!Embryonic!day!!

FMRP!fragile!X!mental!retardation!protein!
FXS!Fragile!X!syndrome!!

G0!gestational!day!zero!
GABA!Acide!γRaminobutyrique!

GTP!Guanosine!triphosphate!

I.P.!Intraperitoneal!!
I.V.!Intravenous!!

ICD!10!The!International!Classification!of!Diseases,!tenth!edition!
ID!Intellectual!Disability!!

IQ!Intelligence!Quotient!!

KO!KnockRout!!
LA!Locomotor!Activity!

LTD!LongRTerm!Depression!!

LTP!LongRterm!potentiation!!
MUABC!The!Movement!Assessment!Battery!for!Children!!

MeCP2!Methyl!CpG!binding!protein!2!!
MIA!Maternal!Immune!Activation!!

MRI!Magnetic!Resonance!Imaging!

MRN!the!magnocellular!part!of!the!red!nucleus!
mToRC!mammalian!target!of!rapamycin!complex!

NETBAG!NETworkRBased!Analysis!of!Genetic!associations!!

NF1!Neurofibromatosis!type!1!!
NLGN!Neuroligins!!

NMDA!Acide!NRméthylRDRaspartate!
NRXN!Neuroxins!

NSC!NonRSocial!Chamber!

P!Postnatal!day!
PC!Purkinje!cells!

PI3K!Kinase!phosphoinositideR3!
PMS!Phelan!McRDermid!syndrome!!

Poly!I:C!l’acide!polyinosiniqueRpolycytidylique/!polyinosinicRpolycytidylic!acid!

PRN!the!parvocellular!part!of!the!red!nucleus!!
PSD!Postsynaptic!density!

Pten!Phosphatase!and!tensin!homolog!



 XIII 

RBSUR!Repetitive!Behavior!Scale!Revised!

ROS!Reactive!Oxygen!Species!
RTT!Rett!syndrome!!

S.C.!subcutaneous!!

SC!Social!Chamber!
SEM!Standard!Error!to!the!Mean!

Sert!serotonin!transporter!!

SHANK!SH3!and!multiple!ankyrin!repeat!domains!protein!!
SI!Sociability!Index!

SSS!Stereotypy!Severity!Scale!!
TLR!Toll!Like!Receptor!!

TS!Timothy!Syndrome!!

TSA!Les!troubles!du!spectre!de!l'autisme!!
TSC!Tuberous!sclerosis!complex!!

VPA!l'acide!valproïque/!valproic!acid!

VPL!ventroRlateral!nucleus!of!the!thalamus!!
WII!home!video!game!console!released!by!Nintendo!(Japan)!

!

!

!

!

!

!

!
!

!
!

!
!
!

!
!

!
!
!
 



 XIV 

Résumé!
Les! troubles! du! spectre! de! l'autisme!(TSA)! sont! des! troubles! neurodéveloppementaux!

associés!à!des!déficits!persistants!dans!la!communication!sociale!et!à!des!comportements!

répétitifs.! Notre! travail! est! basé! sur! l’exploration! des! troubles! moteurs! associés! à! cette!

pathologie!avec!comme!hypothèse!de!travail!la!possibilité!que!cette!approche!puisse!offrir!

des!éléments!de!diagnostic!précoce.!Pour!cela,!nous!avons!utilisé!deux!modèles!animaux!de!

toxicité!prénatale!(E12,5)!chez!la!souris!suite!à!l’administration!d’un!agent!antiépileptique,!

l'acide!valproïque!(VPA),!ou!d’un!analogue!synthétique!de! l'ARN!double!brin!viral! l’acide!

polyinosiniqueRpolycytidylique! (Poly! I:C).!Nous! avons! réalisé!une! évaluation! générale!du!

développement!postRnatal!et!une!exploration!précise!de!la!sociabilité!et!du!comportement!

moteur! fin.! Nos! résultats! montrent:! 1)! un! dysfonctionnement! moteur! et! sensorimoteur!

précoce! dans! le! modèle! VPA,! indiquant! que! ce! modèle! est! approprié! pour! étudier! la!

contribution!des!altérations!motrices!à!l’étiologie!des!TSA;!2)!des!effets!différentiels!sur!la!

sociabilité! en! fonction! du! sexe! ;! 3)! la! présence! de! déficits!moteurs!mais! pas! de! déficits!

sociaux!chez!les!femelles.!Nos!résultats!suggèrent!que!le!comportement!moteur!peut!offrir!

un! outil! de! diagnostic! précoce! et! quantitatif! des! TSA.! Ce! travail! ouvre! la! voie! vers! des!

explorations! cliniques! de! ces! déficits! et! potentiellement! vers! des! pistes! thérapeutiques!

ciblées!vers!le!cervelet.!

!

Mot# clés# :# Troubles" du" Spectre" de" l'Autisme" ;" Troubles" du" Comportement;" Cervelet;" Acide"

Valproïque";"Ataxie.!
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Abstract!
Autism! spectrum! disorders! (ASD)! are! neurodevelopmental! disorders! associated! with!

persistent! disturbances! in! social! communication! and! repetitive! pattern! of! behavior.! Our!

work! is! based!on! the! exploration! of! the!motor! disorders! associated!with! this! pathology,!

with! a!working! hypothesis! that! this! approach! can! offer! elements! of! early! diagnosis.! For!

this,! we! used! two! animal! models! of! prenatal! toxicity! (E12.5)! in! mice! following!

administration!of!an!antiepileptic!agent,!valproic!acid!(VPA)!or!a!synthetic!analogue!of!the!

doubleRstranded! viral! RNA! polyinosinicRpolycytidylic! acid! (Poly! I:C).! We! carried! out! a!

general!evaluation!of!postnatal!development!and!a!detailed!exploration!of!sociability!and!

fine!motor!behavior.!Our!results!show:!1)!an!early!motor!and!sensorimotor!deficits!in!the!

VPA!model,!indicating!that!this!model!is!appropriate!for!studying!the!contribution!of!motor!

impairments! to! the! etiology! of! ASD;! 2)! differential! effects! on! sociability!with! regards! to!

sexes;! 3)! the! presence! of!motor! deficits! but! not! of! social! deficits! in! females.! Our! results!

suggest!motor!behavior!can!offer!an!early!and!quantitative!diagnostic! tool! for!ASD.!They!

pave! the! way! to! clinical! explorations! of! these! deficits! and! potentially! to! therapeutic!

pathways!targeted!towards!the!cerebellum.!

!

Key# words:# Autism" spectrum" disorders;" Behavioral" disorders;" Cerebellum;" Valproic" Acid;"
Ataxia#!
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The social and cognitive approaches have dominated the research of Autism Spectrum 

Disorder (ASD), ignoring the motor deficits although movement atypies, coordination deficits, 

and disturbed gait were reported (Gowen & Hamilton, 2013). Deficits in motor skills in patients 

with ASD were reported in earliest clinical descriptions of autism by Leo Kanner who described 

early delays in motor development, including clumsy gait and gross motor performance (Kanner, 

1943). Moreover, Hans Asperger reported motor clumsiness and underdeveloped gross and fine 

motor skills in all cases he observed (Asperger, 1944). Increasing interest in motor deficits and 

their interplay with cognitive and social functions has recently been addressed. Several clinical 

reports suggested that motor deficits can precede or intertwine with higher cognitive deficits in 

ASD (Leary et al., 1996). The cerebellum has long been known to be a critical structure for the 

coordination and control of movement. However, both recent and early evidence indicate that the 

cerebellum also plays a role in cognitive and emotional functions (see Schmahmann, 1997 for a 

comprehensive review of early work). A growing number of evidence indicates a major role of 

cerebellar dysfunction in the development of abnormalities seen in ASD (D'Mello, 2015). 

Following an initial case report (Bauman et al., 1985), the cerebellum is now admittedly the most 

abnormal brain region consistently found in ASD. Indeed, a significant decrease in the number 

of Purkinje cells (PC) was reported in almost all of the postmortem brains of ASD individuals 

studied to date, (Arin et al., 1991; Bailey et al., 1998); this loss is found primarily in the 

posterolateral neocerebellar cortex and adjacent archicerebellar cortex of the cerebellar 

hemispheres. The striatum and the cerebellum influence multiple aspects of motor, cognitive and 

affective behavior (Graybiel, 1998; Schmahmann, 1997). Both structures are densely 

interconnected with the cerebral cortex. The cerebellum projects to the striatum through the 

thalamus (Ichinohe et al., 2000; Hoshi et al., 2005). Thus, these structures, along with the motor 

cortex seem as appropriate targets to investigate in this disorder.  

Advances in neuroimaging and postmortem studies have provided crucial indications for 

the autistic brain phenotype. Nevertheless, it is difficult in these cases to distinguish between 
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causes and consequences of the pathology, and these studies often offer only a vague perspective 

of the pathology. In addition, observations can only be made late (after diagnosis or after the 

death of the patient), whereas ASD is a neurodevelopmental pathology and a study of the 

trajectory of the disorder is a building block to better manage the symptoms as early as possible. 

Finally, postmortem brains are difficult to obtain, slowing discoveries on the subject. 

Because of the existence of differences between mice and humans, whether from the 

genetic background, the complexity of regulation of genes and proteins, neural development or 

brain composition, the animal model necessarily brings a bias to the understanding of the 

pathophysiology of ASD in humans and the discovery of new drugs. In addition, autism is a very 

complex pathology, with specific human behaviors, making animal modeling difficult. Thus, 

using animal models, it is essential to develop new screening questions that can address 

quantitative behavior that can be easily translated to human population of ASD. Moreover, these 

models should meet the criteria of validity. Behavior is translated from activity and action, the 

later demands skilled abilities, including motor development, spontaneous activity, motor 

control, coordination and balance of the body, and learning. Models of ASD include inbred 

rodent strains that mimic ASD behaviors as well as models obtained following environmental 

insults such as prenatal exposure to sodium valproate, maternal autoantibodies, and maternal 

immune activation (MIA). To test the physiological disturbances underlying motor symptoms in 

animal models of ASD we chose two of the most widely used environmental risk factors of ASD 

in line with human findings. Prenatal exposure to VPA and poly I:C as our model. 

Exposure to uterine infections increased the risk for ASD. Many studies have reported 

that MIA plays an important role in the development of ASD (Dufour-Rainfry et al., 2011; 

Kinney et al., 2008; Newschaffer et al., 2007). Numerous clinical studies suggest a correlation 

between immune activation and incidence of giving birth to a child with ASD. Recent studies 

modeling MIA have reported that fetal infections during early development cause alteration in 

behavior in the postnatal life (Hsiao and Patterson, 2011; Patterson, 2009; Smith et al., 2007).  
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Several lines of evidence support the fact that environmental risk factors are directly 

implicated in the etiology of ASD. Prenatal exposure to VPA, a molecule used to treat epilepsy 

in the first trimester of pregnancy is a known risk factor of ASD (see review: Nicolini & 

Fahnestock, 2017). The VPA mouse model of autism has been previously described and proven 

to be a model that shows face, construct, and predictive validity. These two models have been 

studied employing the “cognitive approach”; new approaches and alternative hypotheses on the 

etiology are needed, especially that many recent clinical reports are demonstrating persistent 

“motor symptoms” of ASD. These phenotypes, that often appear early even before the 

development of the core deficits in sociability, communication and repetitive behavior, are: 

1.! Quantitative. 

2.! Easily modeled in animal models. 

3.! Feasibly assessed in animals by validated and standardized gross and fine motor tests. 

4.! Related to brain structures that are well identified and that can be studied in animals. 

Hypothesis: the identification of motor signatures associated with ASD open the door on early 

diagnosis and better therapeutic interventions in ASD. Indeed, the characterization of these 

phenotypic elements will improve our understanding of the neurobiological elements of ASD and 

this should be targeted by studying the cerebellar dysfunctions and the contribution of other 

brain motor systems such as the striatum and the motor cortex. 

Our aims in this study were to: 

1-! Establish non-genetic animal models of ASD. 

2-! Determine social and cognitive deficits in VPA and poly I:C mouse models of ASD. 

3-! Unpin fine and early motor disturbances in these models. 

4O! Elucidate sex differences in mouse models of ASD (high male prevalence in clinical settings.!
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Chapter!1:!Autism!Spectrum!Disorder!
The term ASD refers to a group of neurodevelopmental disorders defined by the presence 

of anomalies in three areas: (i) social interaction, communication or use verbal and non-verbal 

language and a mode of behavior, as well as (ii) stereotyped, limited or repetitive interests and 

activities (American Psychiatric Association, 2013). Symptoms generally become evident before 

the age of three, but in most regions of the world, these disorders are diagnosed only a few years 

later. ASD is currently not only a public health major disease but also a challenge for the 

scientific community because of: (i) the increasing recognition of these disorders, (ii) the 

emotional impact they have on families, and (iii) the treatment and daily support required. 

Current treatments, being behavioral or pharmacological, do provide a better quality of life to 

patients and in a greater extend to what was available a quarter of a decade from now. However, 

it should be noted that ASD cannot yet be cured and that most patients with ASD do not receive 

specialized treatment. 

This chapter attempts to describe current knowledge in the classification, epidemiology, 

etiology, clinical evaluation, and the prognosis of ASD. 

 

1.1!Historical!background!
Eugen Bleuler (1857-1939), a Swiss psychiatrist, introduced the terms Schizophrenia 

and Autism. He derived the second term from the Greek word autos (meaning "self") to describe 

the state of withdrawal of schizophrenic patients in their own fantasized life as an effort to 

confront intolerable external experiences and perceptions (Kuhn, 2004). The use of the term 

Autism in its present meaning began 30 years later when the austrian pediatrician Hans Asperger 

adopted Bleuler's terminology of autistic psychopaths in his lecture course at the University 

Hospital of Vienna (Asperger, 1938). Asperger published his second doctoral thesis in 1944 (the 

first transcription of 1943) in which he described a group of children and adolescents suffering 

from deficits in communication and social skills, as well as having a pattern of repetitive and 

restrictive behavior (Asperger, 1944). At the same period, in 1943 (apparently unaware of each 
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other’s’ work, separated by distance, and World War II) Leo Kanner, at the Johns Hopkins 

University Hospital in the United States, described in his famous paper " Autistic disturbances of 

affective contact ", 11 children with similar behaviors to those depicted by Asperger. Most of the 

characteristics described by Kanner, such as "autistic detachment" and "sameness", are still 

among the criteria used to diagnose autism in modern classifications (Kanner, 1943). The 

children described by Asperger differed from those of Kanner in the fact that they had no 

noticeable delays in cognitive development or in language. 

The Asperger paper remained largely unknown until Uta Frith translated it into English 

(Asperger, 1944) and thus became available. Rutter’s later modification of the disease’s 

definition presented the notion of deficits in three core areas: impaired social relations, impaired 

communication skills, and “insistence on sameness” (Rutter et al., 1978). These thoughts were 

then extrapolated by Lorna Wing (Wing, 1997), and as a result, appeared a progressive 

awareness that autism was a spectrum with a continuum ranging from mild to severe symptoms 

and that the disorders presented by Asperger were also of this continuum. 

By misfortune, the original term by Bleuler and its theoretical relation with 

schizophrenia, combined with the dominant psychoanalytic theories in the mid-20th century, 

contributed to a mix between ASD and psychotic disorders, classifying them under the heading 

of schizophrenia in childhood. The apparent autistic withdrawal was misinterpreted as being 

similar to the negative symptoms in schizophrenia, namely defensive withdrawal to counter an 

intolerable external situation (as it was largely conceptualized). 

1.2!Definition!
The International Classification of Diseases, tenth edition (ICD 10; World Health 

Organization, 1990) classifies ASD as pervasive developmental disorders defined as “A group of 

disorders characterized by qualitative abnormalities in reciprocal social interactions and in 

patterns of communication, and by a restricted, stereotyped, repetitive repertoire of interests and 

activities. These qualitative abnormalities are a pervasive feature of the individual's functioning 
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in all situations”. A revised eleventh edition (ICD-11) is expected in 2018 and is probably going 

to nearly line up with the most recent version (the fifth) of the American Diagnostic and 

Statistical Manual (DSM). 

The American Psychiatric Association (APA, 2013) defines ASD as follow: 

A. Persistent deficits in communication and social interactions in different contexts, manifested 

by the following three symptoms (present or in the past): 

1.! Lack of social and emotional reciprocity, ranging from abnormal social status and the 

lack of alternation in speaking up to the lack of initiation of social response, and the 

reduction of the sharing of interests, emotions and affects. 

2.! Failure to use nonverbal communicative behaviors used for social interaction, ranging 

from poor integration of verbal and non-verbal communication, to complete absence of 

facial expressions and gestures, eye contact and corporate language or a lack of 

understanding and use of gestures. 

3.! Failure to develop, maintain, and understand social relations, ranging from difficulties in 

adjusting one's behavior to adapt to different contexts to a lack of interest in people, to 

share imaginative games or make friends. 

B. Restricted, repetitive, and stereotyped behavior, interests and activities, as evidenced by at 

least two of the following (Current or past): 

1.! Stereotyped or repetitive character of motor movements, use of objects, or language 

(such as simple motor stereotypies, toy alignments, object swings, echolalia, 

idiosyncratic phrases). 

2.! Resistance to change, excessive adhesion to routines, or ritualized verbal or non-verbal 

behaviors (such as extreme distress in small changes, difficulty with transitions, rigid 

thought patterns, greeting rituals, insistence on taking the same path or consuming the 

same food every day). 
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3.! Very limited, fixed interest, with an abnormal character in their intensity or content (such 

as strong attachment or concern for unusual objects, overly circumscribed or persistent 

interests). 

4.! Hyper- or hypo-reactivity to sensory stimuli, or unusual interest in sensory characteristics 

of the environment (such as apparent indifference to pain, cold or heat, a negative 

response to specific sounds, textures, or excessive light or touch of objects, visual 

fascination for lights or movements). 

C. Symptoms must be present in early childhood (but may become manifest only when social 

demands exceed limited capacities, or maybe subsequently masked by learned strategies). 

D. Symptoms limit daily socio-professional functioning. 

E. These symptoms are not better explained by an intellectual disability (ID, intellectual 

development disorder) or an overall delay in development. ID and ASD are frequently 

associated, and for social diagnosis of ASD and ID, social communication must be below the 

level expected for the overall level of development. 

Specified further: with or without ID; with or without language disorder; associated with 

medical or genetic pathology, or environmental factors; associated with another neuro-

developmental, mental, or behavioral disorder; with catatonia. 

 

DSM V (American Psychiatric Association, 2013) also introduced a severity scale to 

describe the intensity of the disorder (Table I). Thus, the severity of ASD is rated from one to 

three, depending on the impact of symptoms on the functioning of the person: a “level 3” "ASD" 

subject requires a high level of support and aid. 
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Severity%level%for%ASD% Social%Communication%
Restricted,%Repetetive%

Behaviours%

%

Level%3%

Requiring)very)substantial)

support)

!

Severe! deficits! in! verbal! and!

nonverbal! social!

communication! skills! cause!

severe! impairments! in!

functioning,! very! limited!

initiation!of!social!interactions,!

and!minimal!response!to!social!

overtures!from!others.!

!

!

Inflexibility! of! behavior,!

extreme! difficulty! coping! with!

change,! or! other! restricted/!

repetitive! behaviors! markedly!

interfere!with!functioning!in!all!

spheres.! Great! distress/!

difficulty! changing! focus! or!

action.!

%

Level%2%

Requiring)substantial)support)

!

Marked! deficits! in! verbal! and!

nonverbal! social!

communication! skills;! social!

impairments! apparent! even!

with!supports! in!place;! limited!

initiation!of!social!interactions;!

and! reduced! or! abnormal!

responses! to! social! overtures!

from!others.!

!

Inflexibility! of! behavior,!

difficulty! coping! with! change,!

or! other! restricted/repetitive!

behaviors! appear! frequently!

enough! to! be! obvious! to! the!

casual! observer! and! interfere!

with!functioning!in!a!variety!of!

contexts.! Distress! and/or!

difficulty! changing! focus! or!

action.!

!

%

Level%1%

Requiring)support)

!

Without! supports! in! place,!

deficits! in! social!

communication! cause!

noticeable! impairments.!

Difficulty! initiating! social!

interactions,! and! clear!

examples! of! atypical! or!

unsuccessful! responses! to!

social!overtures!of!others.!May!

appear! to! have! decreased!

interest!in!social!interactions.!

!

!

Inflexibility! of! behavior! causes!

significant! interference! with!

functioning! in! one! or! more!

contexts! Difficulty! switching!

between! activities.! Problems!

of! organization! and! planning!

hamper!independence.!

Table%I:%Current%severity%specifiers%for%Autism%Spectrum%Disorder%(DSMHV).%

%

1.3!Evolution!of!the!symptoms!
Classically, ASD symptoms appear between 12 and 24 months. Nevertheless, they may 

be present during the first year of life if developmental delay is severe. Sometimes subtle 

symptoms are observed only after the age of 24 months. Many studies are focusing on earlier 

detection of autism. For example, lack of interest in social interactions can occur during the first 

12 months of life. Recently, eye fixation (a marker of deficits in eye contact) has been shown to 
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be present in infants with ASD in the first few months and then declining between the second 

and sixth months (Bonnet-Brilhault, 2017; Jones and Klin, 2013). 

Language delay is very often the first symptom alerting the entourage and the 

professionals. This delay in language is often accompanied by a series of associated symptoms: 

lack of social interest or atypical social interactions (such as taking the hand of others without 

trying to look at it), atypical playing behaviors (misuse of objects), unusual communication (like 

knowing the alphabet by heart but not answering his own name). During the second year, 

repetitive, atypical behaviors and the absence of pretend play are observed in ASD (playing 

"house" with a pretend kitchen and eating plastic food, turning a box into a fortress or a stuffed 

animal into a talking playmate). The distinction between typical ritualized behavior of early 

childhood and stereotyped behavior witnessed in ASD may be difficult before the age of five. 

Indeed, in young children, this developmental phase of typical pleasure of repetition exists 

(eating the same meals, watching the same cartoons...). The distinction can then be made on the 

type, frequency, and intensity of behaviors (such as aligning objects for hours, with intense 

distress when moving these objects). 

Learning and compensation for ASD can continue throughout life. In general, there is an 

improvement in skills during childhood and adolescence for the majority of patients with ASD. 

Nevertheless, for a small proportion of subjects, there is a worsening of behavioral disorders 

during adolescence. Adults with ASD have more difficulty accessing independence. Patients 

who do not suffer from ID can use compensation and adaptation strategies to mask their 

difficulties in public. However, they present an increased risk of anxiety and depression 

compared to the general population. They often remain more naive and socially vulnerable, with 

difficulties organizing practical tasks (American Psychiatric Association, 2013). 

1.3.1!Comorbidity!
The two most important mental disorders associated with ASD are intellectual disability 

(ID) and developmental language disorders (APA, 2013). Comorbid psychiatric disorders with 

ASD are also common: about 70% of individuals have one comorbid disorder, and 40% have 
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two or more (Simonoff et al., 2008). The main psychiatric comorbidities of ASD are social 

anxiety disorder (29%), Attention Deficit Hyperactivity Disorder (ADHD, 28%), depressive 

disorders, oppositional defiant disorder (28%) (Simonoff et al., 2008). 

ASD children, adolescents, and adults often do experience a number of comorbid medical 

conditions (see review by: Masi et al., 2017). The most common medical conditions of 

comorbidity are: epilepsy (see review by: Berg and Plioplys, 2012), sleep disorders, 

gastrointestinal disorders, hormonal dysfunctions, mitochondrial dysfunction (see review by: 

Bauman, 2010), allergies and immune system abnormalities (Zerbo et al., 2015). Early onset 

anorexia nervosa disorders are also common in ASD, and restricted feeding patterns can persist 

(American Psychiatric Association, 2013). 

1.3.2!Epidemiology!
The prevalence of ASD is currently estimated 1.46% in the general population (Table II), 

according to Centers for Disease Control and Prevention (CDC, Christensen et al., 2016). This 

makes ASD a frequent disorder, with a sharp increase since the seventies. It is unclear whether 

this increase in prevalence reflects an expansion of diagnostic criteria in DSM-V including mild 

forms of ASD (Maenner et al., 2014; Kim et al., 2014), an increase in awareness of this disease, 

differences in methodology (Thomas et al., 2012), or a real increase in the frequency of ASD, 

potentially linked to environmental toxins (Christensen et al., 2013; Sweeten et al., 2004; Chess 

et al., 1978).  

ASD is reported to occur in all racial, ethnic, and socioeconomic groups. It is 4.5 times 

more common in boys (1 in 42) than in girls (1 in 189) (CDC, Christensen et al., 2016). 

According to twin studies, girls appear to be more protected from the risk of autism (Robinson et 

al., 2013), but the reasons for this difference remains unclear. The Extreme Male Brain theory 

discusses a huge role played by the testosterone in the etiology of ASD (Baron-Cohen, 2002). 

Interestingly, subsequent works have found increased androstenedion in ASD adults’ serum 

(Ruta et al., 2011). It appears, among other studies, that the manifestations of social and 

communication difficulties are more subtle among girls. In the clinical population, girls are more 
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often diagnosed with ID associated with ASD suggesting that those who do not show ID or 

language delay would be misidentified (American Psychiatric Association, 2013). 

Surveillance%

Year%
Birth%Year%

Number%of%

ADDM%sites%

Reporting%

Prevelance%%

per%1000%Children%

Range%

This%is%about%1%in%X%

children…%

2000% 1992! 6!
6.7!

4.5O9.9!
1%in%150%

2002% 1994! 14!
6.6!

3.3O9.8!
1%in%150%

2004% 1996! 8!
8.0!

4.6O9.8!
1%in%125%

2006% 1998! 11!
9.0!

4.2O12.1!
1%in%110%

2008% 2000! 14!
11.3!

4.8O21.2!
1%in%88%

2010% 2002! 11!
14.7!

5.7O21.9!
1%in%68%

2012% 2004! 11!
14.6!

8.2O24.6!
1%in%68%

Table%II:%Identified%prevalence%of%ASD%(CDC).%
According)to)Autism)and)Developmental)Disabilities)Monitoring)(ADDM))Network)2000=)2012;)source)Centers)for)

Disease)Control)and)Prevention)CDC)website)(7)may)2017).!

 

Despite current advances in ASD research, the underlying molecular, anatomical, and 

circuit underpinnings remains incompletely understood. ASD is broadly viewed as turmoil of 

network between various brain parts including the frontal cortex, striatum, hippocampus and the 

cerebellum (Di Martino et al., 2014; Fatemi et al., 2012; Bauman and Kemper, 1985).  

1.4!Etiology!of!ASD!

1.4.1!Environmental!risk!factors!
The environmental risk factors considered for autism are particularly related to 

pregnancy, such as maternal infections or prenatal exposures to teratogenic agents or toxins. 

Some studies have shown that maternal infections such as rubella (Chess et al., 1978; Chess, 

1971) or cytomegalovirus (Sweeten et al., 2004; Yamashita et al., 2003) are implicated in the 

etiology of autism. In addition, hypothyroidism in the untreated mother (Andersen et al., 2014) 

and alcohol consumption (Stevens et al., 2013) or the use of VPA antiepileptic treatment 

(Christensen et al., 2013) during pregnancy, are prenatal factors that may be involved in the 
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development of autism. Other environmental factors potentially associated with autism would be 

perinatal. In particular, the involvement of premature birth, fetal suffering or hyper-bilirubinemia 

are suspected (Guinchat et al., 2012). Some metals, particularly zinc and copper, may also 

produce autistic syndromes, influencing the functioning of the GABAergic system (Bjorklund, 

2013). However, there is insufficient evidence to determine whether these risks are causal or 

simply play a secondary role in the development of autistic symptoms in patients with genetic 

vulnerability. Finally, the study of epigenetic factors potentially involved in autism is a field in 

full expansion. Epigenetics describes the factors that form to specific regions of DNA and impact 

genetic activity. Independent of DNA sequence variations, environmental factors could modulate 

the genetic factors responsible for the manifestation of ASD in childhood, basically through 

DNA methylation and alterations in chromatin structure (Henikoff and Matzke, 1997). 

Observations of the differences in methylation in monozygotic discordant twins’ genomes for 

autism suggest that it may play a role in the etiology of the disease (Wong et al., 2014). 

1.4.2!Genetic!risk!factors!
Family studies and twin studies have demonstrated a broad genetic contribution and a 

high degree of heritability in ASD. In addition, the description of rare monogenic diseases with a 

typical presentation of autism in their symptoms, as well as forms related to chromosomal 

rearrangements have also highlighted the contribution of genetic factors in autism. Twin studies 

have reported for the first time the existence of a genetic contribution to ASD. Indeed, these 

studies showed that the concordance rate for monozygotic twins was about 90%; and between 10 

and 20% for dizygotic twins (Hallmayer et al., 2011; Bailey et al., 1995). Since the concordance 

rate is theoretically 100% for monozygotic twins and 50% for dizygotic twins, a strong genetic 

contribution is suggested. Moreover, the discordance rate could be evidence that environmental 

factors would also influence the development of autism. Many family studies have subsequently 

been able to support the existence of this strong genetic influence. This is the case, for example, 

with the study by Ozonoff et al. (2011) which showed that the risk of developing autism was 

increased by 20 to 50 times for a child with an autistic sibling compared to the general 
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population. Another study conducted on 5000 families also revealed a genetic contribution by 

demonstrating that the recurrence risk of ASD among brothers and sisters of an affected child 

was twice as large as that of half-siblings (Constantino et al., 2013). More recently, screening 

and association studies, including exome sequencing of the father, mother and affected child, 

revealed that autism is often due to the appearance of inherited or de novo Copy Number 

Variants (CNV). These CNV include deletions or duplications of certain regions of genes. De 

novo CNVs may appear during early zygote development or in germ cells, particularly in elderly 

fetuses (Kong et al., 2012; Neale et al., 2012). In the case of CNVs, the hypothesis would be that 

autism is a result of a decrease or increase in expression of one or more susceptibility genes that 

would reside in the region affected by the CNV mutation. These studies have made it possible to 

delineate chromosomal regions of susceptibility participating in the development of ASD. CNVs 

may concern well-defined random zones or zones within certain loci. This is the case for 

duplications in region 15q11-13, responsible for 2% of cases of ASD and deletions or 

duplications of the 16p11 region, corresponding to approximately 1% of cases (Vorstman et al., 

2006). Interestingly, deletion of the 16p11.2 region is independently associated with autism and 

macrocephaly, whereas 16p11.2 duplication is related to schizophrenia and microcephaly (Horev 

et al., 2011). In addition, CNVs in the 16p11.2 region are involved in brain anatomical 

development, intellectual disability, behavioral changes, hyperactivity, difficulty adapting to 

change, sleep problems and restrictive and repetitive behaviors. The work of Vorstman et al. 

(2006), summarized the chromosomal regions involved in ASD and defined "cytogenetic regions 

of interest" (CROIs) to facilitate the detection of candidate genes. But also revealed new 

additional loci such as 2q37, 5p15, 11q25, 16q22.3, 17p11.2, 18q21.1, 18q23, 22q11.2, 22q13.3 

and Xp22.2-p22.3.  

Apart from these loci, CNVs may relate to a single specific gene. In this case, these 

CNVs lead to very penetrating syndromic developmental disorders, which involve about 7% of 

cases. This includes Fragile X syndrome (FXS), Tuberous sclerosis complex (TSC), Angelman 
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syndrome, Timothy Syndrome (TS), neurofibromatosis type 1 (NF1), Rett syndrome (RTT) and 

Phelan Mc-Dermid syndrome (PMS) (Zoghbi and Bear, 2012). Each mutation is generally 

responsible for less than 1% of the castotals (see Table III). 

%

Gene% Disease%
Prevalence%in%

ASD%
Gene%function%

FMR1% Fragile!X!Syndrome! 2O5%! Repressor!

TSC1/2% Tuberous!sclerosis! 1O4%! mTOR!inhibitor!

PTEN%

Cowden!disease!and!

LhermitteODuclos!

disease!

1%! P13K/mTOR!

pathway!

inhibitor!

NF1%
Neurofibromatosis!

Type!1!

0O4%! Ras!GAP!

MECP2%
Rett!Syndrome! 2%! Transcriptional!

repressor!

UBE3A%
Angelman!Syndrome! 1%! Ubiquitine!

ligaseE3A!

CACNA1C%

Timothy!Syndrome! <1%! alcium!channel,!

voltageO

dependent,!L!

type!(Cav1.2)!

NLGN3/4%
ASD! <1%! Synaptic!

adhesion!

NRXN1%
ASD! <1%! Synaptic!

adhesion!

SHANK3%
ASD!and!Phelan!McO

Dermid!syndrome!

>1%! Scaffold!protein!

Table%III:%The%various%monogenic%forms%of%autism%with%intellectual%disabilities.%
The)prevalence)of)each)disease)in)ASDhas)been)reported)(adapted)from)Kelleher)III)and)Bear,)2008).)

 

1.4.3!The!role!of!the!synapse!in!ASD!
Despite strong genetic and clinical heterogeneity, genes involved in autism seem to be 

part of common functional networks. Thus, some common biological pathways have emerged, 

giving hope to a reduction of the apparent complexity of the mechanisms behind autism. O'Roak 

et al. (2012) have demonstrated that 40% of de novo mutations identified in their study converge 

to the protein/beta-catenin/chromatin remodeling interaction network that controls neuronal 

differentiation and synaptic formation. Iossifov et al. proposed the involvement of genes coding 

for the proteins associated with the fragile X mental retardation protein (FMRP), thus suggesting 
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the involvement of synaptic plasticity in autism (Iossifov et al., 2012). In accordance with other 

studies, Neale et al. also have shown the role of synaptic genes in autism (Neale et al., 2012). 

However, other genetic studies suggest the involvement of narrower pathways. This is the case 

of Pinto et al. who have demonstrated an enrichment of the genes involved in the development 

and function of synapses, the genes of the Ras signaling pathway and in particular the Rho 

GTPases involved in the regulation of dendrites and the plasticity of dendritic spines (Pinto et al., 

2010). Glessner et al. (2009) described the involvement of neuronal cell adhesion networks and 

degradation pathways related to ubiquitin. Levy et al. (2011), using a novel method of analysis 

of the biological pathways NETwork-Based Analysis of Genetic associations (NETBAG), 

applied to the genes affected by de novo CNVs, also showed a functional convergence, in 

particular towards pathways involved in the synaptogenesis, axonal guidance and neuronal 

motility (Gilman et al., 2011). Sanders et al. suggested a role of imbalance in excitation-

inhibition (E/I) in ASD through the involvement of the SCN2A gene encoding a sodium-

dependent voltage channel (Sanders et al., 2012). Moreover, the involvement of etiological 

factors in the embryonic differentiation of glutamatergic cortical pyramidal neurons has also 

been demonstrated (Parikshak et al., 2013; Willsey et al., 2013). 

These studies therefore probably indicate that autism is due to different alterations in 

synaptic function and plasticity, connectivity or cellular fate. Overall, these studies emphasize 

the central role of glutamatergic neurotransmission in the etiology of autism. Two major 

biological factors appear to be particularly important: the mTOR / PI3K on the one hand, and the 

imbalance of the E/I balance due to mutations in synaptic genes on the other hand (Bourgeron, 

2009). Although they are not currently considered as core features of ASD, motor impairments 

are of importance due to their high prevalence and important impacts on ASD patients. Reports 

suggest that motor troubles in ASD can occur early in development (Brian et al., 2008) and 

persist over life time (Fournier et al., 2010). The next chapter will be dedicated to describe the 

motor impairments in ASD. 
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Chapter!2:!Motor!impairments!in!ASD!
The motor delays encountered in ASDs are the atypia and delays of early motor 

development, motor stereotypies, impaired coordination, tics, lateral disturbances, tip-toe 

walking, synkinesis (involuntary muscular movements), Catatonia (motor immobility) and 

occulo-motor disorders. In this chapter, we will discuss the issue of impairment of imitation in 

ASD. In this work, we have been particularly interested in dyspraxia as a disorder of complex 

motor sequences, and that will be dealt with through the chapter. 

2.1!Motor!Delay!
At present, early diagnosis of ASD is rarely performed before the age of two, mainly 

because of the multiplicity of developmental trajectories in autism (Ozonoff et al., 2011) and the 

absence of specific symptoms. Nevertheless, the atypies of the movement and the retardation of 

motor development are interesting prodromal signs of autism (Bonnet-Brilhault, 2017; Yirmiya 

and Charman, 2010). Early studies in this field were retrospective: Analysis of family videos 

have shown that, within a year, movements and postures of children with ASD were asymmetric 

(Esposito et al., 2009). In addition, other authors demonstrated that between 9 and 12 months 

(Baranek, 1999), children with ASD were delayed in early motor skills and walking. Finally, 

Dewrang and Sandberg (2010) carried out retrospective family interviews on early motor 

development, finding before the age of two years a deficit of imitation, clumsiness and a lack of 

coordination. 

Today, studies of babies at risk for ASD provide prospective data on early symptoms of 

this disorder. In a follow-up study of premature babies, Karmel et al. (2010) showed that a 

decrease in arm tone was present at the age of one month in those with ASD. Other studies 

carried out on high-risk babies with autism, i.e., having a brother or sister with ASD, make it 

possible to look for symptoms relevant to screening. At six months, it would appear that the 

symptom enabling to differentiate children who will develop ASD from healthy controls is 

atypical motor control (Brian et al., 2013). In a study in 20 siblings of an individual with ASD, 

Leonard et al. (2014) showed that a decrease in motor skills at 9 and 40 months in these children 
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was associated with an increase in symptoms of ASD at five and seven years, regardless of the 

intelligence quotient (IQ). These prospective studies reveal a series of potentially discriminatory 

symptoms: decreased activity level at 6 months (Zwaigenbaum et al., 2005), decreased postural 

maintenance time (Iverson & Wozniak, 2006), decreased fluidity and non-directed character of 

spontaneous motor activity (Brian et al., 2008). The Mullen Scale study assessed 235 children 

with or without high-risk of ASD, resumed a slowing down of fine and overall motor 

development at around 14 months. According to Landa et al. (2013), the presence or absence of 

fine motor delay at 14 months could predict the developmental trajectory of children who 

develop ASD. In the same line, Bhat et al. (2012) reported that 70% of high-risk ASD babies 

who showed early motor retardation will have a communication deficit. 

In conclusion, pro- and retrospective studies describe a disruption of early motor 

development of toddlers with ASD, with delays in motor acquisitions. These symptoms have 

interesting screening potential and may be relevant predictors of the evolution of the 

pathophysiology of ASD. Nevertheless, it is not currently possible to identify an early motor 

development specific to the ASD (Yirmiya & Charman, 2010). In this regard, it is now well 

admitted that children with ASD make less eye contact than their age matched controls, and this 

marker is used to detect ASD after the age of 2 years. However, a study By Jones and Klin 

(2013) concluded that newborns by the age of 2 months can display decline in eye fixation, an 

earlier detection of ASD that offers the chance for early management and intervention (Jones and 

Klin, 2013). 

2.2!Repetitive!behavior!
Motor stereotypes are one of the core symptoms of autism. These are repetitive motor 

behaviors, which seem incontrollable, and are not directed towards a functional goal (APA, 

2013). These may be hand and finger mannerisms, arm beating, or complex body movements 

(Lord et al., 1994). In typical development, they may appear at about one year of age, with a 

peak at about three years, followed by a decrease with a disappearance after four years. This 
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development sequence is related to neuro-motor maturation (Leekam et al., 2007). The 

prevalence of stereotypies in ASD is about 60 to 70% according to a study conducted on 277 

four-year-old children (Goldman et al., 2009). The presence of motor stereotypes is more 

prevalent in children with ASD than in non-ASDs (MacDonald et al., 2007). The batteries 

conventionally used in the studies to measure motor atypies are Aberrant Behavior Checklist 

(ABC, Aman et al. 1985), Behavior Problem Inventory (Rojahn et al., 1989), Stereotypy Severity 

Scale (SSS, Miller et al., 2006), and the Repetitive Behavior Scale Revised (RBS-R, Bodfish et 

al., 1999).  

 

2.3!Dyspraxia!
Dyspraxia, a form of developmental coordination disorder (DCD), is a common disorder 

affecting gross and fine motor coordination in children and adults (Henderson and Henderson, 

2003). It is currently accepted that ASD patients show a decline in motor performance. 

According to a meta-analysis of 83 studies, the motor skills of ASD patients are at -1.20 standard 

deviations from those of neuro-typical controls, for posture, walking, coordination and 

movement of the arms (Fournier et al., 2010). Five other literature reviews were conducted on 

this subject. Since, Fournier has included in his studies elements of sensory-motor aspects, which 

are not part of the dyspraxia criteria. Miyahara, (2013) examined specifically five studies, 

precisely aiming at patients with dyspraxia symptoms, and found higher scores in ASD patients. 

According to this meta-analysis, the motor performance of ASD patients is at -2.91 standard 

deviations from the performance of typical population. Gowen and Hamilton (2013) provided a 

computational look at motor skills in ASD, based on the Wolpert & Ghahramani model (Wolpert 

& Ghahramani, 2000). Finally, three other literature reviews (Downey & Rapport, 2012; Emck et 

al., 2009; Williams et al., 2004) focused on the cognitive aspects of motor skills in ASD namely 

imitation, perception of one's own skills, and dyspraxia. All these studies concluded that motor 

performance is impaired in ASD patients in three main areas: gross motor skills, fine motor skills 

and graphomotricity (the association between the visual and motor skills needed in the writing 
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process). Nevertheless, studies that use validated tests for dyspraxia (BOT or M-ABC batteries) 

show that some subjects with ASD do not meet the severity criteria of the dyspraxia (Dewey et 

al., 2007). 

2.4!Motor!coordination!deficits!

2.4.1!Motor!planning!
Difficulties of motor planning seem to be the most accompanying motor impairment in 

ASD. To perform fine motor demanding tasks, as returning a glass to a table, neurotypical 

people often move in an atypical position in order to end up in a comfortable position 

(Rosenbaum, 1991). However, patients with ASD do not seem to plan the posture of fine 

movements and thus would begin a fine motor planning demanding task with a comfortable 

posture that would end the gesture in an uncomfortable position (Hughes, 1996). Similarly, 

studies addressing preparation prior to movement in ASD patients show an increase in reaction 

time, which corresponds to shifts in the planning phase of the action (Nazarali et al., 2009; 

Glazebrook et al., 2008, 2006; Rinehart et al., 2006, 2001). However, this planning time was not 

variable in other studies that reported that motor planning was not changed in subjects with ASD 

when compared to healthy controls (Mari et al., 2003). Furthermore, ASD patients did not show 

motor planning deficit in a “grasp & turn fine movement task” (Van Swieten et al., 2010). In 

addition to motor planning, whether ASD patients suffer from motor performance deficits is still 

controversial: only few studies support an increase in the movement time for scoring, especially 

when the task is complex, i.e. when the task involves reprogramming (Nazarali et al., 2009; 

Glazebrook et al., 2008). According to other authors, ASD patients show a spared or even faster 

execution of the movement (Mari et al., 2003, Rinehart et al., 2001).  

2.4.2!Dysgraphia!
The term dysgraphia refers to deficits in the ability to write; pen movement alterations 

characterized by increased time on paper, increased time in the air, decreased pressure, decreased 

readability, decreased frequency, decreased spatial organization and increased number of letters 

erased are often present. Dysgraphia is more common in children with ASD than in typically 
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developing children. In general, there is a decrease in manual dexterity, diadochokinesis 

(difficulty in performing alternate rapid movements), dysgraphia, inadequacy in manual force, 

drop in speed during the finger tapping test, and slowness in dexterity task (Hardan et al., 2003). 

Motor performance control is mainly analyzed through the postural control in the ASD literature. 

Schmitz et al., (2003) proposed a lifting task (the coffee boy task) where children must lift a 

weight on a tray held by his other hand. She showed that the stabilization performances of 

children with ASD were not diminished, but that the strategy was not the same with more weight 

given to proprioceptive information (slow down load shedding) and less anticipation (pattern of 

contraction unstable) (Schmitz et al., 2003). Thus, in fine motor skills, alterations are found in 

the planning, execution and control of the action, but these results are not always replicated and 

remain controversial.  

To conclude, there are alterations in motor coordination at the levels of both gross and 

fine motor skills in ASD patients. Yet the studies report very variable or even contradictory 

results. This may be mainly due to the evaluation methods that are very heterogeneous (non-

validated batteries, or very specific tasks and therefore not replicated), with many confounding 

factors (comorbidity, psychotropic treatments, ASD subtypes, intellectual disability, and small 

cohorts mostly less than 20 patients).  

2.4.3!Tone!and!posture!
Global motor coordination deficits include deficits in tone, posture and locomotricity. 

According to a cohort of 154 ASD children aged 2 to 18 years, 51% had mild to moderate 

hypotonia throughout the body. None exhibited severe hypotonia or loss of muscle strength 

(Ming et al., 2007). From a posture perspective patients with ASD appear to have a lack of 

balance (Chang et al., 2010; Minshew et al., 2004). This difficulty has been recorded by varied 

methods: standing on one or two feet or in virtual reality with a moving visual environment. 

Many studies have used posturometry to study the one-legged standing with open eyes in 

patients with ASD. Travers et al. (2013) used a simplified wii balance board. For both conditions 

of open and closed eyes, the results were not uniform between studies. In the open eyes 
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condition, most studies fail to show balance deficits in ASD patients (Travers et al., 2013; 

Greffou et al., 2012; Fournier et al., 2010). Gepner et al. (2002) found even better postural 

stability in patients with ASD compared to controls. However, studies of large cohorts, 70 

participants per group, show an increased sway in one-legged standing with open eyes (Minshew 

et al., 2004; Molloy et al., 2003). It appears that subjects with ASD have a different profile than 

healthy controls due to a suppression or alteration of sensory information. Several studies find 

postural hyporeactivity in ASD patients upon a modification of the visual information with a 

moving virtual reality video (Greffou et al., 2012; Gepner et al., 2002). In closed eyes condition, 

some studies found a decrease in adaptive postural response with an increased sway in the ASD 

versus control group (Minshew et al., 2004; Molloy et al., 2003). However, others did not find 

any significant difference (Travers et al., 2013; Kohen-Raz et al., 1992). 

2.4.4!Locomotion!
Being also impaired in ASD patients, locomotion studies have drawn interest in the ASD 

field in the recent years. Kinematic studies showed altered parameters of simple walking in ASD 

patients: reduced cadence, altered gait velocity and step length (Lim et al., 2016), and decreased 

stride length (Weiss et al., 2013). Another parameter that is important for the balance of the 

human while walking, the base of support, was found to be increased in patients with ASD 

(Nayate et al., 2012). Furthermore, many studies have suggested that patients with ASD almost 

always show a greater variability in stride length (Rinehart et al., 2006; Hallet et al., 1993, 

Vilensky et al., 1981), decreased step length (Verrnazza et al., 2005), as well as deficits in upper 

body movements (Vernazza et al., 2005; Vilensky et al., 1981). Studies of locomotion in ASD 

assessed the neuroanatomic substrates of motor dysfunction with major differences in the brain 

areas that are suspected to be affected. While Vilensky et al. (1981) found a pseudo-parkinsonian 

step (smaller steps) that was attributed to a dysfunction of the central gray nuclei, Hallet et al. 

(1993) pointed at the variation in locomotion in the ASD group to cerebellar ataxia as the length 

of the steps were variable among this group. Vernazza et al. (2005) demonstrated altered walking 

trajectory (planning), suggesting shifts in prefrontal or parietal lobe. Such heterogeneous 
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conclusions can be explained by a number of factors, including differences in the characteristics 

of the participants in the studies: with or without ID, age groups, with or without treatment, with 

Asperger syndrome or High Functioning Autism or the use of small cohorts. It is therefore 

necessary to replicate the results by reducing the confounding factors. Nevertheless, in their 

review of the literature, Emck et al. (2009) conclude to a decline in gross motor performance in 

ASD patients. 

2.5!Tics!and!Tourette!syndrome!
Tics are motor movements or involuntary, brief, repetitive and non-rhythmic 

vocalizations, occurring around the age of 7 years in patients (Leckman et al., 1998). Between 

20% and 60% of ASD patients have tics at some point in their lives (Attwood, 2006). The 

prevalence of transient tics in the general population is about 15% (Gillberg, 2010). The 

prevalence of Tourette’s syndrome is estimated to be 8%, whereas the prevalence of chronic tics 

is estimated to be 1% in the general population (Gillberg, 2010). Similarly, about 50% of 

patients with a Tourette’s syndrome also have ASD (Clarke et al., 2012). Children with ASD 

who have a Tourette’s have a higher risk of ADHD (State, 2010). Tics are therefore an important 

element in the diagnosis of ASD. 

2.6!Lateralization!
Unlike children with typical developments, the lateralization of children with ASD is 

delayed. The ability to use both right and left hands in adapted form, or Ambidexterity, is present 

in about 20% of children with ASD (Markoulakis et al., 2012). Lateralization is important for 

performing bimanual tasks. This lack of lateralization thus contributes to difficulties in bimanual 

coordination (Perrin al., 2013). Lateral left lateralization is also more common in the ASD 

population: around 30% of left-handed people are 4 to 5 years old, half of which are left-handed 

after age 12, while left-handers are not more than 11% in the population (Markoulakis et al., 

2012). Some authors link these lateral disorders to language disorders, and a defect in 

hemispheric lateralization to autism (Lindell et al., 2013). 
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2.7!ToeUwalking!
Toe-walking is common in 3 years old children. Yet if present after the age of 5, toe-

walking is rather linked to delayed neurological development. Interestingly, toe-walking has 

been associated with language delays and ASD (Barrow et al., 2011). Moreover, according to a 

cohort in children with ASD, 19% had a tip-toe for at least 6 months during the child’s life 

(Ming et al., 2007). Nevertheless, this was intermittent, and only 10% (of the 154 children 

studied in this cohort) had a reduction in ankle mobility and none needed surgery (Ming et al., 

2007). 

2.8!Conceptual!and!biological!frames!behind!motor!impairments!in!ASD!
Many cognitive models were developed by the scientific community to link motor 

function disorders and ASD (see McCleery et al., 2013).  

2.8.1!Defeated!functional!connections!
ASD is characterized by hypofunctional connections of high-level processes. A lack of 

functioning in connections between the frontal lobe and the rest of the cortex, associated with an 

excess of functioning of the low-level process, has been suggested (Mostofsky et al., 2009). 

Deficits in cerebellar activation and motor execution networks were shown in functional imaging 

studies. In one imaging study in 13 children with ASD, the authors demonstrated a decrease in 

the connectivity of motor performance networks (primary motor areas, cerebellum, thalamus and 

additional motor areas) associated with decreased cerebellar activity during the finger tapping 

motor task. Authors linked the hypoconnectivity in the motor networks to a bad coordination of 

the circuits necessary to the automation of the movements. Reduced cerebellar activity may 

reflect a difficulty in moving motor performance from the cortical regions to regions associated 

with more usual and more automated execution, as suggested (Mostofsky et al., 2009) (Figure 1). 
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Figure% 1:% Differences% in% fMRI% activation% between% children% with% autism% and% typically%

developing%(TD)%children.%%
Right=handed) finger) sequencing)RHFS) (red),) left=handed) finger) sequencing) LHFS) (blue),) and) the)overlap)between)

RHFS)and)LHFS)(pink).)The)upper)maps)show)regions)where)TD)children)displayed)greater)activation)than)did)those)

with) autism;) the) lower) maps) show) regions) where) children) with) autism) showed) greater) activation) than) did) TD)

children.)

2.8.2!Sensory!inputs,!motor!outputs!
Bonnet-Brilhault (2012) defined autism and pervasive developmental disorders as "a 

group of heterogeneous neurodevelopmental pathologies that affect different sectors of brain 

functioning". This psychopathological disorder is characterized by disturbances during the major 

stages of brain development. Psychophysiological and genetic explanatory hypotheses and 

models have multiplied in recent years. The hypotheses of “enhanced perceptual functioning” 

and “weak central coherence” seem to be constructed within the same theoretical frame. As early 

as 1989, Frith identified perceptual specificities in patients with autism and formulated the 

theory of central lack of coherence. According to this author, autistic disorders result from a lack 

of central coherence that reduces the ability to process and integrate local information into a 

coherent whole, in a comprehensive manner with particular attention to the details of the 

environment. In non-autistic individuals, this ability to group perceptual information into a 
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coherent whole is innate. Mottron (2006) suggested a "bias for global and configurational aspects 

in relation to local aspects". This skill would be impaired in patients with autism who, on the 

contrary, would identify more local elements than the overall context. This phenomenon would 

be linked to reduced attention for global information and a difficulty in dealing with information 

in contextual terms. Indeed, it is now recognized that ASD patients show different features of 

information processing deficits. At the level of perceptions, the two main models that go in this 

direction are the "weak central coherence" (Happé & Frith, 2006) and the "enhanced perceptual 

functioning" (Mottron et al., 2006), describing a deficit in perceptual treatment of high level for 

the first model, and an over-functioning (especially visual) of low level for the second model. In 

motricity, Cattaneo puts forward a "deficit of actions chain of motor acts" (Cattaneo et al., 2007).  

Recent anatomical and funcntional studies (Bonnet-Brilhault, 2012; Courchesne et al., 2011; 

Dinstein et al., 2011) can be linked to these hypotheses. In particular, the use of functional 

magnetic resonance imaging (fMRI) has revealed abnormalities in brain connectivity and, more 

specifically, a predominance of local hyperconnectivity, in patients with autism, to the detriment 

of connectivity between distant cerebral areas. This lack of connectivity would lead to 

disturbances in the integration of sensory information processed in distinct and remote brain 

areas. This atypical neuronal functioning, demonstrated in ASD patients, may be the 

consequence of alterations in synaptic development (Gilman et al., 2011; Bourgeron, 2009) and / 

or an imbalance between excitation and inhibition of the central nervous system (Markram et al., 

2007; Rubenstein and Merzenich, 2003). These findings emphasize the role of sensory 

dysfunctions in autism (Happé and Frith, 2006; Mottron et al., 2006) since researchers 

demonstrated that these brain abnormalities are involved in very early social responses of 

children with ASD (Courchesne and Pierce, 2005) and may impact on the overall brain 

development and induce major disrupted functions in autism (communication, social 

interactions, and restricted and repetitive behaviors and behaviors). 

 



 27 

More recently, Gowen and Hamilton in (2013), inspired by the previously described 

models of Mottron and Frith (2006), hypothesized an increase in sensory inputs and motor 

outputs that they termed "Input/Output noise hypothesis" and that is associated with sensory-

motor integration difficulties. The application of these models to the motor level would be 

expressed by (i) an increase in the variability of sensory inputs and motor executions, (ii) a 

hyper-dependence on certain sensory inputs for motor skills and (iii) a slower planning and 

motor performance and cognitive overhead to successfully regulate even the most basic 

movements (Gowen and Hamilton, 2013). 

 

2.8.3!Executive!functions!deficits!
In his 2010 meta-analysis, Fournier highlighted fronto-striatal and central gray-nuclei 

abnormalities in relation to motor difficulties seen in patients with ASD (Fournier et al., 2010), 

hence the fronto-striatal disorder framework. The locomotion in ASD patients would be 

impacted by presenting defeats in executive functions, with disturbances in motor planning 

(Glazebrook et al., 2008; Vernazza et al., 2005; Rinehart et al., 2001) and difficulties in shifting 

attention (Nazzarali, 2009). One of the earliest theories regarding motor function disorders in 

autism was that of a pseudo-parkinsonian disorder (Vilensky, 1981). Vilensky analyzed several 

parameters of gait and demonstrated a parkinsonian gait in children with autism. The increase in 

the volume of the caudate nucleus found in post-mortem studies resonates well with motor 

difficulties in ASD (Esposito and Paşca, 2013). 

 

2.8.4!Cerebellar!Ataxia!
Another traditional theory involving motor function disorders in the ASD population is 

“cerebellar ataxia” (Hallett et al., 1993). This type of ataxia originates from lesions to the 

cerebellum. As discussed in details in the following chapter, the cerebellar cortex is composed of 

molecular layer, Purkinje cell layer and granular layer. At the neuroanatomical level, PC deficits 

have been studied and well described in the cerebellum of ASD patients (Fatemi et al., 2012; 

Whitney et al., 2008; Bailey et al., 1998; Bauman and Kemper, 1985). In one meta-analysis on 
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the neuroanatomy of autism, a reduction of cerebellar vermal lobules VI, VII, VIII and X was 

found in autism linking the disorganization of cerebro-cerebellar connections to the motor 

dysfunction present in ASD patients (Stanfield et al., 2008). In another meta-analysis, the authors 

found hypoplasia of cerebellar vermis in lobules VI-VII (Courchesne et al., 1988, 1994). 

Similarly, hypoplasia of cerebellar vermis was identified in patients with a 22q13 deletion, 

causing Phelan-MacDermid syndrome, which is commonly associated with autism (Aldinger et 

al., 2013). 

 

In conclusion, there are many motor disturbances in ASD patients: atypical and delayed 

early motor development (Yirmiya and Charman, 2010), motor stereotypes, impaired 

coordination, imitative disorders, and tics (Bhat et al., 2012). However, there is no consensus on 

the underlying mechanism of these dysfunctions, which are probably linked to multiple 

neurodevelopmental motor, perceptual and cognitive functioning (McCleery et al., 2013). In 

ASD patients, studies report alterations in motor coordination at all levels: gross motor skills, 

fine motor skills, planning, execution and control (Gowen and Hamilton, 2013). 
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Chapter!3:!Anatomic!and!functional!organization!of!the!cerebellum!
Given that the cerebellum is the most consistently found brain area with abnormalities in 

ASD patients and given its role in movement coordination, we are dedicating a chapter to this 

brain region. We will describe the functional anatomy of the cerebellum; what are the different 

cell types, loops and pathways of the cerebellum? 

3.1!Morphology!and!functional!anatomy!!
The cerebellum is present in all vertebrates, from most of the primary prevertebral 

organisms up to the most advanced vertebrates (Larsell and Jansen, 1970; 1967). The shape and 

morphology of the cerebellum varies in vertebrates. It is blade smooth or folded in the dipneustes 

(fish primitive), amphibians and snakes, then it is furrowed and lamellous in Chondrichthyans 

(cartilagenous fish), crocodilians, birds and mammals (Voogd and Glickstein, 1998). We will 

concentrate our description on the cerebellum of mammals whose anatomy and organization is 

similar in different species, where most differences lie within the relative sizes of the different 

subparts (Figure 2 A-C). 

3.1.1!Anatomical!and!functional!subdivisions!!
In spite of its Latin name meaning "small brain", in human the cerebellum contains more 

cells than the rest of the entire brain, for only 10 to 15% of its weight (Ito, 1984). It is a median 

and odd structure, in posterior derivation of the anterior rhombencephalon (Figure 2 A). During 

the development, the cerebellum is formed from the two cerebellar, ventricular and granular 

neuro-epithelium, and derives mostly from the metencephalon to form the caudal part and from 

the mesencephalon (midbrain) to form the rostral part (Martinez and Alvarado-Mallart, 1989). It 

is connected to other structures of the nervous system by three pairs of fiber bundles, called 

cerebellar peduncles (Figure 2 B, bottom). The phylogenetic evolution of the cerebellum was 

marked by a double organization, transversal and longitudinal (Figure 2 C). 

In the transverse direction two deep fissures, the posterolateral fissure and the primary fissure, 

anatomically share the cerebellum in three successive parts (Figure 2 C, top): 
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O! The anterior lobe, or paleocerebellum, which superimposes the preceding in amphibians, 

reptiles, and birds, and represents in the primates (and especially in human) only a small 

part of the cerebellar volume. 

O! The posterior lobe, or neo-cerebellum, which has attained its full development in the 

primates, where it forms the greater part of the cerebellar mass. 

O! The flocculonodular lobe, or archicerebellum, appeared for the first time in fish, and is 

located behind the posterolateral fissure. 

Parallel fissures, less deep, subdivide the anterior and posterior lobes into a series of 

transverse lobules, called folia. In mammals, there are ten lobules numbered from I to X (Larsell, 

1952, 1937) (Figure 2 B, bottom). Until the late 1970s, the three anatomical transversal 

subdivisions that we have just described were also considered as three functional areas. Recent 

experimental data, including hodological data, have shown that functional subdivisions of the 

cerebellum are not transverse but longitudinal (Voogd and Glickstein, 1998). From a purely 

morphological and structural point of view, only two cerebellar hemispheres differentiated from 

a single median part, the vermis, can be distinguished in the longitudinal plane. Thus, the 

structure in itself may appear uniform and does not suggest a more precise longitudinal 

organization.  

It was not until the work of Hawkes and Leclerc (1987) that immunological marking 

techniques were used to demonstrate a modular longitudinal organization of the cerebellar 

cortex. These subdivisions are reciprocally connected to different deep nuclei, situated in the 

cerebellar white matter: the dentate nucleus, the globular and emboliform nuclei (or anterior and 

posterior interposed nuclei in rodents) the fastigial nucleus (or medial nucleus in rodents); and 

vestibular nuclei located in the bulb (Larsell, 1937). 
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Figure%2:%Anatomy%and%organization%of%the%cerebellum.%%
(A))Location)of)the)cerebellum)and)comparison)of)sagittal)views)of)the)brain)in)different)mammals)(Voogd,)1998).)

(B)) Segmentation) of) the) C57BL/6J) mouse) cerebellum) in) magnetic) resonance) images)

http://www.imaging.org.au/AMBMC/Cerebellum.)(C))The)human)cerebellum,)NEUROSCIENCE,)Fourth)edition)figure)

19.2)(Dale)Purves)Neuroscience.)Sutherland,)Mass.:)Sinauer,)2008).)

 

There are four main subdivisions (called zone A to zone D in the mediolateral direction), 

forming strips parallel to the longitudinal axis of the vermis and which are connected to the deep 

nuclei in the following manner (Figure 3): 

O! The medial part of the anterior vermis is projected on the medial vestibular nucleus, as 

well as on a region of fastigial nucleus, which in turn projects into the vestibular nuclei 

(the anterior part of zone A). 

O! The posterior vermis is projected on the fastigial nucleus at the caudal part (posterior part 

of zone A). 

O! The lateral part of the lower vermis and the adjacent regions of the single lobule project 

on the lateral vestibular nucleus (zone B). 

O! The intermediate hemisphere is projected onto the globular nucleus and the emboliform 

nucleus (zone C). 

O! The lateral hemisphere is projected onto the dentate nucleus (zone D). 
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Figure%3:%Diagram%of%the%longitudinal%organization%of%the%cerebellar%cortex.%%
The)different)cortical)zones)are)indicated)with)the)capital)letters)(A,)X,)B,)C1=3,)D1,)2).)They)are)of)the)same)

color)as)the)target)deep)nuclei)they)project)on.)Abbreviations:)Ans:)ansiform)lobule;)DEIT:)lateral)vestibular)

nucleus)of)Deiters;)DENTc)and)DENTr:) caudal)and) rostral)part)of) the)dentate)nucleus;)EMB:)emboliform)

nucleus;)FAST:)fastigial)nucleus;)FLO:)flocculus;)GLOB:)globose)nucleus;)NOD:)nodulus;)PFL:)paraflocculus;)

PMD:)paramedian)lobule)(adapted)from)Voogd,)2003).)

 

These areas are associated by their connectivity with specific deep nuclei that are part of 

distinct anatomical loops (Voogd, 2003; Voogd and Glickstein, 1998). In the next section, we 

will take a closer look at the connections of the cerebellum with the spinal cord, the subcortical 

or cortical structures that make up these different anatomical loops. 

3.1.2!Cellular!organization!of!the!cerebellum!
The cerebellar cortex is a simple structure regularly organized in successive layers, 

parallel to the surface, that follow in shape the lobules and convolutions of the cerebellum. 

Ramon y Cajal, revealed cellular elements that constitute each layer by refining the silver 

impregnation technique developed by Golgi (Cajal, 1911). 
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Figure%4:%Cortical%layers%of%the%cerebellum.%
There)are)two)main)afferents) to) the)cerebellar)cortex:)climbing) fibers,)which)make)direct)excitatory)contact)with)

the)Purkinje)cells,)and)mossy)fibers,)which)terminate) in)the)granular) layer)and)make)excitatory)synaptic)contacts)

mainly)with)granule)cells,)but)also)with)Golgi)cells.)In)some)cases,)the)stem)axons)of)climbing)and)mossy)fibers)also)

provide)collaterals) to) the)cerebellar)nuclei)en) route) to) the)cerebellar) cortex.)The)ascending)axons)of) the)granule)

cells)branch)in)a)T=shaped)manner)to)form)the)parallel)fibers,)which,)in)turn,)make)excitatory)synaptic)contacts)with)

Purkinje) cells) and)molecular) layer) interneurons)—) that) is,) stellate) cells) and)basket) cells.) Typically,) parallel) fibers)

extend)for)several)millimeters)along)the)length)of)individual)cerebellar)folia.)With)the)exception)of)granule)cells,)all)

cerebellar) cortical) neurons,) including) the) Purkinje) cells,) make) inhibitory) synaptic) connections) with) their) target)

neurons)(Apps)and)Garwicz,)2005). 

According to modern histology atlas, the three layers of the cerebellar cortex -from the outside to 

the inside successively- are organized as follow (Figure 4):  

O! The molecular layer that contains basket cells, stellate cells, dendritic arborization of PC, and 

axon terminals of olivary neurons. 

O! The Purkinje-cell layer that contains the somas of the PC in a monolayer. 

O! The internal granular layer that contains the somas of granule cells, golgi cells and mossy fiber 

terminals. 
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The cerebellum contains as well an important amount of glial cells, these being found in both the 

grey and white matters. All the types of the glial cells are present; the astrocytes, microglia, and 

the oligodendrocytes. Thus, the cerebellar cortex contains five main cell types:  

O! Three inhibitory interneurons: stellate cells, basket cells and Golgi cells. 

O! One excitatory cell type: granule cells that are of excitatory cell type that relay afferences from 

the mossy fibers and synapse on the PC which constitute the one and only inhibitory exit 

pathway. 

The Purkinje cells, originally described by Johannes Purkinje in 1837, is the central element 

of the cerebellar cortical synaptic network. All other cell types, previously listed, are projected 

onto Purkinje cells. PCs are GABAergic neurons, and are among the biggest cells of the CNS. 

The diameter of their soma is approximately 20-23 µm in the mouse and rats (Takács and 

Hámori, 1994; Caddy and Herrup, 1990). An organized dendritic tree arises, entirely contained 

in the molecular layer. It extends up to 400 µm wide in the sagittal plane, but its thickness in the 

transverse plane is only up to 20 µm. The main dendrite stems from the apical region of the cell 

and branches into secondary dendrites, which in turn branch into tertiary dendrites. Each PC, 

which is receives only one climbing fiber, is also contacted by hundreds of thousands of parallel 

fibers. The PC terminal dendrites are roofed with thousands of spines that interact with the 

parallel fibers (Palay and Chan-Palay, 1974). The axon of PC arises from the basal region of the 

cell body. It is then myelinated, passes the granular layer, connects again to the white matter and 

ends in the deep nuclei or at the vestibular nuclei (outside the cerebellum). It is the only efferent 

pathway of the cerebellar cortex. From this axon can emerge collateral which bifurcate and 

recontact PCs, hence their name as recurrent collaterals. 

The granule cells, have smaller somas of about 5 µm when compared to PC, are 

glutamatergic excitatory neurons that have a very high abundance (up to 30 million in mice) and 

may well be the most represented neurons of the brain with a proportion that is described as 

being of 50-70% (ref). This high density gives a granular look to this layer. The granule cells 
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have long axons known as the parallel fibers; these join the molecular layer by an ascending 

segment that produces up to 20% of all the synapses with the PC. When parallel fibers arrive at 

the surface of the cerebellar cortex, they split and spread parallel to the cortex to form extensions 

of 2 to 3 millimeters in length (Harvey and Napper, 1988). By crossing the dendrites of PC 

perpendicularly, parallel fibers establish maximum contacts with PC while innervating each cell 

only once (Harvey and Napper, 1988). The dendritic tree of the granule cells contains up to 5 

dendrites that form excitatory synapse with the mossy fibers. The granule cells are therefore the 

relay of the information provided by the mossy fibers. 

The inhibitory interneurons are Golgi, stellate and basket cells. Located in the granular 

layer, Golgi cells surround the mossy-granule cell excitatory synapses to participate in the 

modulation of the activity of this synaptic transmission. The basket and star cells are located in 

the molecular layer and project predominantly on PC. 

3.1.3!The!afferent!and!efferent!pathways!of!the!cerebellum!
The mouse cerebellum receives two major entrance pathways; the climbing fibers and the 

mossy fibers. Other pathways include the monoaminergic and cholinergic fibers that are diffused 

in the all cerebellar layers (Barmack et al., 1992). The mossy fibers, that are predominantly 

excitatory, have granule cells as their target. This group of cortical afferents comprises fibers 

from five different origins: spinal cord, trigeminal system, vestibular system, reticulate nuclei, 

and pons nucleus (Cajal, 1911). The mossy termini come into contact with the dendrites of the 

granule cells that are contacted by the axons of the Golgi cells. The climbing fibers, axons of the 

lower olive divide in the molecular layer at the level of the primary dendrite in several 

ramifications. Then they leave the white matter and cross the internal granular layer without 

much branching, following what, mostly innervate the PC and, by collateral branches, innervate 

the entire cells found in cerebellar cortex (Palay and Chan-Palay, 1974). Monoaminergic fibers 

play a modulating role, mainly controlling synaptic transmission between cortical interneurons 

and PC (Oertel, 1993). Both noradrenergic and serotoninergic fibers penetrate the cerebellum 

through the cerebellar peduncles. The noradrenergic fibers are derived from the locus coeruleus. 
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They are distributed in the white matter, the inner granular layer, surrounding the glomeruli and 

orient towards the molecular layer (Kimoto et al., 1981; Mugnaini and Schnapp, 1974) where 

they contact PC main dendrites. Serotonergic fibers, originates from the median raphe nucleus, 

are abundant in the deep nuclei, but some of them are located in the granular and molecular 

layers (Takeuchi et al., 1982). Finally, cholinergic fibers from the vestibular nucleus orient 

sparsely towards the flocco-nodular lobe (Altman and Bayer, 1977), and may participate in 

modulating the activity, in these nuclei, of the PC. We have just described how the afferent 

information from different structures of the central nervous system is distributed across the 

different pathways of the cerebellar cortex. These multiple afferents all converge at the level of 

the Purkinje cells which is the only way out of the cerebellar cortex. The majority of efferent 

cerebellar pathways (red; Figure 5) pass through the superior peduncle. The dentate nucleus 

projects its fibers on the ventro-lateral and ventro-anterior nuclei of the thalamus and then 

reaches the cerebral cortex. Efferent nerve fibers of the interposed nucleus reach the red nucleus 

and those of the fastigial nucleus reach the reticulate formation and the vestibular nuclei. 

3.1.4!Cerebellar!loops!
The cerebellum is implicated in several, functionally distinct, anatomic loops. The cerebellar 

peduncles are distinguished by the type of fibers that constitute them; all the afferent or efferent 

fibers of the cerebellum pass through the cerebellar peduncles thus making it possible to ensure 

the connections between the cerebellum and other cerebral structures (Figure 5). The types of 

fibers that constitute the peduncles (afferent or efferent) are distributed as follows: 

O! The superior cerebellar peduncles unite the cerebellum to the mesencephalon (mid 

brain). They are almost exclusively composed of efferent fibers (cerebello-thalamic tract 

and the cerebello-rubral tract), which stem from the different deep nuclei and projects to 

the red nucleus (also known as nucleus ruber), the vestibular nuclei, the reticular 

formation and the thalamus. 

O! The middle cerebellar peduncles connect the cerebellum to the pons. Most of the fibers 

constituting these peduncles are afferent centripetal fibers and originate from the pontine 
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nuclei, which convey information from various areas of the cerebral cortex and the 

superior colliculus. 

O! The inferior cerebellar peduncles connect the cerebellum to the bulb. They contain 

afferent fibers from the vestibular nuclei, the spinal cord and several regions of the 

mesencephalic tegmentum. It also contains efferent fibers towards the vestibular nuclei 

and the reticular formation. 

The origins of the afferent nerve fibers that can reach the different parts of the cerebellum, the 

projections from these parts to the deep nuclei, and the projections of these nuclei to different 

structures of the brain, all allow the identification of distinct anatomical loops characterized by 

specific functions. 

 
Figure%5:%Diagram%of%the%afferent%and%efferent%nerve%fibers%of%the%cerebellum.%

The) afferent) pathways) of) the) spinal) cord) (orange)) reach) the) cerebellum) via) the) ventral) and) dorsal)

Spinocerebellar)(vsc)and)dsc))pathways)via)the)inferior)(I))and)upper)(S))cerebellar)peduncles.)A)dorsal)ganglion)

(DRG))which)projects)to)the)nucleus)of)the)external)cuneate)(EC))is)indicated.)The)vestibular)afferent)pathways)

(blue)) include) fibers) of) the) vestibular) nucleus) (V)) and) primary) vestibular) fibers) (VIII).) These) fibers) project)

towards)the)fastigial)nucleus)(F))and)the)flocculonodular)lobe.)Afferent)pathways)from)the)reticular)formation)

(RF,)in)violet))are)distributed)through)the)vermis.)The)fibers)of)the)inferior)olive)(IO,)in)yellow))step)through)the)

inferior)peduncle)and)project)over)the)entire)cerebellar)cortex.)The)afferent)nerve)fibers)of)the)pontine)nuclei)

(PN,) in) dark)green)) originate) from) the) cerebral) cortex;) they)project) over) the) entire) cerebellar) cortex) via) the)

middle)peduncle) (M).)The)majority)of)efferent) cerebellar)pathways) (red))pass) through) the) superior)peduncle)

(S).)The)dentate)nucleus)(D))projects)its)fibers)on)the)ventro=lateral)(VL))and)ventro=anterior)(VA))nuclei)of)the)

thalamus)and)then)reaches)the)cerebral)cortex.)Efferent)nerve)fibers)of) the) interposed)nucleus)reach)the)red)

nucleus)(RN))and)those)of)the)fastigial)nucleus)reach)the)reticulate)formation)and)the)vestibular)nuclei)(Palay)

and)Chan=Palay,)1974).)
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3.1.4.1!The!loops!involving!spinal,!vestibular!and!reticular!formation!
The anterior part of the zone A (middle part of the anterior vermis) receives 

somesthesic information (olivary nuclei, dorsal columns and spinal trigeminus), proprioceptive 

(posterior spinocerebellar tract), exteroceptive (reticulo-cerebellar fibers), as well as a copy of 

the motor commands (ponto-cerebellar fibers and anterior spinocerebellar tract). In turn, the 

median anterior vermis is projected onto the medial vestibular nucleus and the motor reticulate 

formation (via the fastigial nucleus). Thus, this regulation loop will modulate the reticulo-spinal 

and vestibulo-spinal pathways involved in the control of walking (Botterell and Fulton, 1938). 

The posterior part of zone A (posterior vermis) receives information from oculomotor 

commands resulting from oculomotor reticular formation, visual information from the upper 

colliculus, pons fibers, vestibular information transmitted by vestibulo-cerebellar fibers, and 

proprioceptive and motor information transmitted by the spino-cerebellar tract. The posterior 

vermis then projects, via the fastigial nucleus, predominantly on the superior colliculus and the 

oculomotor reticular formation. This loop will therefore be mainly involved in the production 

and control of eye movements (Supple and Leaton, 1990). 

Zone B (lateral part of the anterior vermis) receives the same types of somesthesic, 

proprioceptive and motor information as zone A, but these come exclusively from axial areas. It 

then projects to the vestibular nuclei which constitute the lateral (then median) vestibulo-spinal 

tract involved in the control of balance and posture (Andersson and Oscarsson, 1978). 

The flocculo-nodular lobe receives vestibular and visual information from the pons and 

reticular formation. It then projects directly, or via the fastigial nuclei, onto the vestibular nuclei. 

It is thus, via this loop, also involved in the eye movements (Yamada and Noda, 1987). 

 

3.1.4.2!CerebelloUthalamoUcortical!loops!
The zones C and D are involved in two large cerebello-thalamo-cortical loops that we 

will explain in details because these subsystems are likely to be involved in more complex 

functions of regulation and motor adaptation, or even cognitive functions. In these two loops, the 

red nucleus constitutes an important relay between the cerebellum, the cerebral cortex and the 
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thalamus. Its evolution was parallel and interdependent to that of the cerebellum. Its 

magnocellular part appeared with the intermediate cerebellar hemisphere (Zone C, 

spinocerebellum) and projected onto the bulb and the spinal cord. Its parvocellular part appeared 

with the lateral cerebellar hemisphere (Zone D, pontocerebellum) and projects on the 

ipsilateral olivary body (Rispal-Padel, 1993). Zone C (intermediate hemisphere or 

spinocerebellum) receives pons and spinal cord afferents that provide somesthesic, motor and 

proprioceptive information of the same type as zone A, but this time from limbs (schema of 

loops). The C-zone of the cerebellar cortex is then projected onto the interposed nuclei, which 

project in turn on the posterior part of the ventro-lateral nucleus of the thalamus (VPL) and the 

magnocellular part of the red nucleus (MRN). MRN inhibitory efferent will then contact the 

accessory olivary nucleus forming a feedback loop that is at the basis of theories regarding motor 

control. Indeed, the MRN jointly receives the efferent nerve fibers from the cerebellum and 

connections from the spinal cord and the primary cortex. This loop would thus make it possible 

to compare the copies of the motor control and the make movement actually executed. Zone D 

(lateral hemisphere or pontocerebellum) receives afferent nerve fibers from the upper colliculus 

and the oculomotor reticular formation via the main olive nucleus as well as afferent nerve fibers 

from the pons nuclei. All these afferents converge visual, oculomotor, somesthetic and auditory 

information. The D-zone of the cerebellar cortex then projects on the denate nucleus, which 

gives some descending projections (brain stem, reticular formation, primary olivary nucleus) and 

predominantly upward projections towards the parvocellular part of the red neucleus (PRN) and 

the VPL in the thalamus. VPL efferent nerve fibers connects to many areas of the cerebral 

cortex, namely deep layers of the primary and premotor cortex, upper layers of the primary 

motor cortex, supplimentary motor area, prefrontal cortex, posterior parietal cortex, and basal 

ganglia (Clower et al., 2005; Kelly and Strick 2003; Middleton and Strick 2001). In the cerebral 

cortex, cerebellar information is integrated with other types of information (motor, associative) 

and will be redirected to the PRN nucleus, that will project itself to the pons nuclei and the 



 40 

olivary nuclei, thus completing another cerebello-thalamo-cortical loop. This loop allows direct 

control of the motor system via corticospinal pathways, but also acts on intracortical and cortico-

cortical circuits of the upper layers of the cerebral cortex; thus, being able to intervene in the 

central processes preceding the initiation of the movement (Rispal-Padel, 1993). Interestingly, a 

connection between the dentate nucleus and striatum via the thalamus has been recently 

demonstrated (Hoshi et al., 2005). This discovery brings to light a new cerebello-thalamo-striatal 

loop that could anatomically shape the functional relationship already observed between the 

cerebellum and the basal ganglia in associative motor learning (Laforce Jr. and Doyon, 2002, 

2001). The anatomical loops we have just described thus show that information of different 

natures (visual, premotor, etc.) converge towards the cerebellum. In turn, the cerebellum projects 

on a large number of structures of the central nervous system with distinct functions (motor, 

premotor, associative, etc.). This particular connectivity allows the cerebellum to integrate 

information of various origins. However, it seems that depending on their origins, information is 

treated in anatomically different cerebellar circuits. In order to understand how these different 

fluxes of information are processed, we need to gaze at the cerebellar internal architecture that 

we describe in the next section. 

3.2!Role!of!the!cerebellum!in!motor!and!cognitive!functions!
 

The present understanding of the role played by the cerebellum originates from more than 

a hundred years of research that aimed to elucidate the contribution of this structure to the CNS 

function. It was noted, back to the 18th century, that the total ablation of the cerebellum 

provokes disturbances in posture and in the control of voluntary movements (Rolando et al., 

1809). Theories that followed suggested a cerebellar role in spontaneous and target-directed 

movements coordination, balance and posture regulation (Dow et al., 1958). These theoretical 

approaches have been questioned by many studies concluding that the cerebellum has a more 

precise role in adapting motor performance to environmental constraints (Lisberger et al., 1988). 

The development of these theories has concentrated on the role that the cerebellum could play in 
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the regulation of reflex movements, while considering its particular anatomy and determining its 

underlying neural networks and computational centers. Finally, emerged the theories of the 

implication of the cerebellum in motor learning (Ito et al., 1984). These approaches have led to 

the development of simple protocols to study eye blink conditioning and other reflex 

movements, where anatomical circuits associated with the stimuli and the motor responses are 

well identified (Ito et al., 2006).  

Finally, numerous human and animal models studies have shown that the cerebellum may 

be involved in non-motor cognitive mechanisms (Thach et al., 1997). The interest of comparing 

the studies -that employed simple motor learning protocols- and the behavioral observations of 

cognitive tasks helped in determining the fundamental operations performed in the cerebellum. 

3.2.1!Implication!of!cerebellum!in!motor!skills!
 

In the early 19
th

 century, Ivan Pavlov studied the dogs’ digestive system and in specific 

the role of saliva in digestion. His studies led to the understanding that a natural reflex can be 

modified by learning. All the interest of his observations resides in conditioning, that is, the 

relationship between two initially distinct stimuli during learning (Pavlov et al., 1927). In this 

section, we will focus on an experimental paradigm whose underlying neural networks involve 

the cerebellum; the eye blink conditioning. In this paradigm, conditioned response (CR) is a 

motor adaptation that takes place after a learning process. In general, this adaptation is called 

motor learning.  

The cerebellum controls motor skills: a voluntary motor command causes the arrival to 

the cerebellum, on one hand, vestibular information, direct or indirect somatosensory through the 

neocortex and, secondly, a copy of the motor order from motor cortex and an execution program 

of the motor order from the spinal cord. The cerebellum modulates the genesis of movement and 

control on the level of primary motor cortex through the thalamus. It thus gives the motor 

programs of the movement a chronological, somatotopic and spatio-temporal organization 

(Figure 6). In this context, the role of the cerebellum would be to generate an internal model of 
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the motor apparatus using sensory information from the external environment (Therrien and 

Bastian, 2015). The cerebellum also participates in motor learning such as the adaptation of the 

vestibulo-ocular reflex. It would also allow us to anticipate a predictive adaptation of the 

movement in relation to sensory information (Schlerf et al., 2012; Bastian, 2006). The damage of 

the cerebellar circuit leads to motor deficits resulting in clumsy gestures and a difficulty of the 

patients to perform fine and precise gestures. Writing becomes irregular in the horizontal and 

vertical direction. Dysmetry appears, accompanied by: hypermetry, asynergy (poor motor 

coordination, movement is no longer linked but it is decomposed) and poor distribution of tone 

in muscles. Cerebellar patients also display: (i) a delay in initiating and stopping the movement 

(dyschronometry), (ii) reduced rapid associated movements (adiadocokinesis) and (iii) tremors. 

We speak of cerebellar ataxia in reference to the poor coordination of movements. Cerebellar 

lesions also cause oculomotor deficits such as dissymmetric abrupt and irregular movement and 

nystagmus that can indirectly affect visual perception. It is thought that the cerebellum 

recalibrates the visual perception of the dynamics of visual stimulation (Therrien and Bastian, 

2015). 

 

 

Figure%6:%Cerebellar%circuits%implicated%in%regulation%of%motor%commands.%
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3.2.2!Cerebellar!participation!in!cognitive!functions!
We have previously discussed the fact that the cerebellum is anatomically connected to 

the zones of the associative and prefrontal cortex by its projections from the dentate nucleus 

(Middleton and Strick, 2001). In turn, the parietal, temporal and frontal associative cortices 

project on the lateral part of the cerebellar cortex (Massion et al., 1993). Thus, the cerebellum 

receives and projects information to these associative areas involved in non-motor functions. In 

addition, it has been shown that the lateral parts of the cerebellar and ventrolateral hemispheres 

of the dentate nucleus have developed considerably in relation to the rest of the cerebellum 

during evolution (Leiner et al., 1993).  New functional imaging techniques have been used to 

study the activation of the cerebellum during cognitive tasks (Desmond et al., 1998). Patients 

with ASD present deficits of language and social communication; of interest, the cerebellum, 

seems to play crucial roles in many non-motor behaviors. We will present some cognitive 

functions such as language, reading, and emotional processes that are disturbed in ASD and for 

which the activation of the cerebellum has been detected; and associated pathological cases when 

cerebellar damage were present.  

Recent studies of afferent and efferent connections of the cerebellum (Figure 7) using 

neurotropic viruses as trans-neuronal tracers as well as electrophysiological approaches (Bostal 

et al., 2013) have contributed to modify this purely motor vision of the function of the 

cerebellum and implicate it in other various complex functions as perceptual processes 

(Baumann et al., 2015). Indeed, the cerebellar nuclei project on many regions of the neocortex 

such as the pre-motor cortex, prefrontal cortex, and posterior parietal through multiple thalamic 

nuclei. The cerebellum is also connected to the basal ganglia that play not only a role in the 

programming and control of movements but also in the motivation of behaviors, in the treatment 

of cognitive processes and the regulation of mood.  
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Figure%7:%Cerebellar%circuits%implicated%in%cognitive%processes.%

3.2.2.1!Role!of!the!cerebellum!in!language!and!reading!
Children operated with a cerebellar tumor show a language deficit characterized by short 

answers, lack of elaboration and enthusiasm to enter the conversation, long latencies of answers 

and difficulties to find the words (Riva et al., 2000a). In a second study, the authors observed 

cases of mutism related to lesions in the vermis (Riva et al., 2000b). The process of speech 

production requires motor (articulations of words) and non-motors procedures (semantic search). 

In one of the first studies on functional imaging language, the subjects were asked to associate a 

verb with a common noun presented and to pronounce it verbally (e.g. when the word "bike" is 

presented, the subjects had to say "ride") (Petersen et al., 1990). Unexpectedly, an area of the 

right cerebellar hemisphere has been activated for this task. Interestingly, it was not activated for 

the simple reading of the same names. The cerebellum could thus participate in developing, as in 

the case of motor learning, a new association between the recognition of a word (bike) and the 

motor response associated with it (ride). In addition, after 15 minutes of presentation of the same 

names, the subjects increased the accuracy of their response. In addition to the improve in 
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performance, decreased activation of the right cerebellar hemisphere lead to a similar activation 

triggered by the simple reading of the names (Raichle et al., 1994). Thus, when the new 

association is successful, activation of the cerebellum decreases, which could indicate that the 

learning is complete and cellular activation can return to baseline levels. 

Understanding words during reading involves the identification of letters, phonological 

assembly, and its association with its meaning in the mental lexicon (Pugh et al., 1997). These 

three functions where studied separately by asking subjects to identify word pairs that were 

identically written (letter identification), rhyme pairs (phonological assembly), or if these pairs 

of words belong to the same category (semantic processing) (Fulbright et al., 1999). Functional 

imaging demonstrated that the cerebellum is implicated in reading and is differentially activated 

in response to the different tasks. An activation of the lateral region of the cerebellar cortex was 

observed in response to phonological tasks. A similar important activation of the deep nuclei was 

seen in response to semantics processing. 

3.2.2.2!Role!of!the!cerebellum!in!emotions!
Pathologies such as ASD or "cerebellar affective syndrome" are characterized in patients 

with attention and emotional disorders (Schmahmann and Sherman, 1997). In these pathologies, 

it has been proposed that the cerebellum could be one of the anatomical bases responsible for 

some of the complex behavior that has been reported. In humans, cerebellar lobules VI and VII 

are associated with the anterior cingulate cortex that plays an important role in emotion (Buckner 

et al., 2011). Crus I and II are cerebellar regions known to be engaged in emotional facial 

processing (Deeley et al., 2007). These regions are connected to cortical regions implicated in 

emotions and social cognition which are hypoactive in ASD patients (Pantelis et al., 2015). 

3.2.3!ASD!symptoms!in!patients!with!cerebellar!disorders!!
In recent years, numerous studies have shown that one of the major causes of this disease are 

developmental abnormalities in the central nervous system, mainly the cerebellum and the 

prefrontal cortex. Postmortem studies have shown that in 95% of autopsied autism cases, 

anatomical cerebellar abnormalities were observed (Townsend et al., 2001). Studies show 
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bimodal distribution of the cerebellar vermis area with 87% hypoplasia and 13% hyperplasia in 

autism (Courchesne et al., 1994). Subsequent studies have demonstrated, by quantitative MRI, an 

inverse proportionality between the size of lobules VI and VII and that of the frontal cortex in 

autistics, whereas this is not the case in controls (Carper et al., 2000). A decrease in the number 

of PC in the cerebellum of autistic patients was observed in the early eighties (Ritvo et al., 1986). 

The areas where the PC would be in a smaller counts project to the fastigial nucleus of the 

cerebellum, which would lead to insufficient inhibition. In turn, the fastigial nucleus projects to 

the reticulated formation which in this case could be hyper activated. These functional 

connections may be at the basis of the sensory overload theory: 

O! Hyperacusis, which is a debilitating hearing disorder that accounts for increased 

sensibility to certain tone frequencies. 

O! Hyper-reactivity to light. 

O! Axial hypertonia, which accounts for the tip-toe walking. 

O! Hyper vestibular excitation, which accounts for the swinging frequently seen in certain 

subgroups of ASD patients. 

The "cerebellar affective syndrome" described by Schmahmann (1997) is characterized in 

patients with localized lesions of the cerebellum with the following symptoms: motor 

performance deficits, verbal fluidity, spatial cognition disorders, personality disorders, changes 

in moods, and language problems. The emotional cognitive deficits observed in patients with 

cerebellar affective syndrome are attributed to cerebellar deficits that are similar to “pathological 

laughter and crying” (Parvizi et al., 2001). The uncontrolled episodes of emotions were linked to 

lesions in the cortico-ponto-cerebellar pathway. The cerebellum controls emotions according to 

the contextual recognition of emotions, and an absence of its control triggers an inappropriate 

behavior. 

Taken all together, some of the cognitive deficits observed in cerebellar patients 

attempted to characterize cerebellar function in these cognitive processes. The role of the 
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cerebellum in these functions that involve prefrontal and associative structures is more complex 

to determine than in motor learning protocols whose neural circuitry is well identified. However, 

in each of the cognitive tasks presented, the literature suggests that the cerebellum may have a 

role similar to that identified in the motor adaptation functions. Its role as an association between 

contextual information and a motor or non-motor response could be the common operation 

performed by the cerebellum in motor and cognitive functions (Ito, 1993). During a cognitive 

task, the operation performed within the cerebellum would be the same as in a motor learning, 

but the anatomo-functional loops would be distinct. 
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Chapter!4:!Mouse!models!of!ASD!
As previously mentioned, ASD is a set of spectrum of neurodevelopmental disorder 

characterized by social and communication impairments, as well as repetitive and restrictive 

behaviors. The heterogeneity of ASD phenotypes has made it hard to elucidate the etiology and 

underlying pathophysiology of the disorder. The syndromic profile of ASD is often convoyed by 

deficits such as seizures, hyperactivity, and sensorimotor abnormalities. To our benefit, the 

production of rodent models of ASD permitted the scientific community to evaluate and test 

diverse factors increasing the risk of ASD. Both genetic and environmental factors have been 

assessed for their involvement in the manifestation of ASD symptoms. At a broader scale, mouse 

and rat models of ASD have helped establish a better understanding of the underlying molecular 

pathways and physiological mechanisms in each one of the different etiologies. This approach 

should enable a better understanding of ASD on different levels including the (i) clinical, (ii) 

molecular, (iii) anatomical, and (iv) behavioral aspects of the disorder, with a focus towards 

translational benefits. It is hereafter mandatory to identify a common ground of behavioral 

phenotypes in relevance to ASD. In this section, we will cluster the ASD animal models into: 

genetic and non-genetic. We will also summarize major behavioral and anatomical findings for 

each model with their clinical relevance to ASD. 

4.1!Genetic!mouse!models!of!ASD!
Based on the identified risk factors possibly implicated in the etiology of ASD, animal 

models were generated mimicking the underlying pathophysiological mechanisms in order to 

understand the behavioral deficits of the disorder. Thus, the genetic and environmental models 

stood out and became apparent in the ASD research. The environmental models include prenatal 

infection and prenatal exposure to VPA. Genetic models comprise knockout mice of several 

identified genes that involve the pathology of syndromic and non-syndromic forms of ASD such 

as Fragile X syndrome, Tuberous sclerosis, Rett syndrome, Reelin, SHANK, Vasopressin, 

Dishevelled-1, Sert (serotonin transporter), PTEN and Neuroligins (Table IV). Although the 

number of animal models of ASD is rapidly increasing, more efforts are needed to validate ASD 
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phenotypes and elucidate the underlying pathologic relevance. Genetically modified mice are 

useful tools to discover the function of a gene and better understand the pathophysiology of the 

disease of interest. There are animal models for the study of rare monogenic forms of autism, 

associated with a given mutation, which show the disease symptoms. For example, mice lines 

with mutations of either PTEN, TSC, FMR1, MECP2, SHANK, NLGN or NRXN genes were 

generated. The characterization of these models helped evaluate defects in social interaction, 

communication, and repetitive behaviors that confirmed the implication of these genes in ASD. 

Mouse models such as FMR1 or SHANK2 gene knock-outs also exhibit hyperactive behaviors, 

symptoms present in individuals with ASD. At the cellular and molecular level, these animal 

models allowed to identify defects allowing to better determine the causes and consequences of 

this disease. Decreases or increases in synaptic density can be observed; a reduction in dendrites 

is found in the models of Rett syndrome, SHANK3 and tuberous sclerosis model, whereas the 

reverse effect is seen in models of fragile-X syndrome. Concerning neuronal activity, the same 

paradoxical observations have been found. Some models of autism present an increase and 

others a decrease in their excitatory or inhibitory currents. 

4.1.1!Fragile!X!mental!retardation!1!(FMR1)!
The FMR1 gene encodes for fragile X mental retardation protein (FMRP) (Verheij et al., 

1993). FMRP is an RNA-binding protein that is found in brain, and genital glands. FMRP plays 

a role in local protein synthesis regulation in dendrites, as well as mRNA transport from nucleus 

to the cytoplasm (Garber et al., 2008). FMRP plays also an essential role in synapse development 

(Weiler et al., 1997), which is essential for normal neurotransmission, learning and memory, and 

plasticity of the synapses. Mutations in FMR1 due to expanded CGG repeats in the 5’ gene 

untranslated region (5’UTR) blocks the production of FMRP and leads to a developmental 

disorder called Fragile X Syndrome (FXS). FXS is depicted by ID, developmental delays, 

congenital defects, seizures and autism-like behaviors and symptoms (Garber et al., 2008). 

About 10 to 30% of FXS patients are also diagnosed with autism (Hatton et al., 2006). FMR1 

knockout mice have been generated to study the behavioral defects and underlying physiological 
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mechanisms in FXS. Interestingly, FMR1 KO mice exhibit comorbidities with autistic behaviors 

including reduced sociability, augmented repetitive behaviors, anxiety, hyperactivity (Bernardet 

and Crusio, 2006), reduced spatial learning, and decreased object recognition ability (Brennan et 

al., 2006; Mineur et al., 2006). Nonetheless, some of these outcomes are questionable, as some 

researchers reported that FMR1 KO mice show increased sociability and anxiety (McNaughton 

et al., 2008; Spencer et al., 2005), whereas others reported reduced social approach and anxiety 

(Liu and Smith, 2009; Mineur et al., 2006). Physiologically, FMR1 knockout mice display 

increased dendritic spine length (Irwin et al., 2000), decreased mGluR5 expression (Bear et al., 

2004) and increased mGluR-dependent Long-term depression (LTD) (Nosyreva and Huber, 

2006), decreased Long-term potentiation (LTP) (Zhang et al., 2009), and an imbalance between 

excitation and inhibition (Silva and Ehninger, 2009). Nevertheless, based on the behavioral and 

physiological findings, FMR1 KO mouse model offers helpful understandings of the FMR1 gene 

in the etiology of ASD. 

4.1.2!Methyl!CpG!binding!protein!2!(MeCP2)!
MeCP2, is a transcriptional repressor that binds to methyl groups in CpG islands of DNA 

(Yasui et al., 2007) and activates gene transcription (Chahrour et al., 2008). In mammals, 

regulation of transcription by Mecp2 is essential for chromatin modulation. In humans, MeCP2 

mutations leads to Rett syndrome, a neurodevelopmental disorder that causes mental retardation 

and developmental delays in females (Rett, 1966). Rett syndrome was originally considered a 

subtype of autism, yet recent DSM-V criteria distinguish Rett syndrome and ASD (American 

Psychiatric Association, 2013). Rett was then modeled into mice to help understand the 

physiopatholgy of the disorder; MeCP2 knockout mice present: (i) increased anxiety (Chahrour 

and Zoghbi, 2007), (ii) decreased motor coordination (Guy et al., 2001), impaired sociability and 

social memory, (iii) reduced ability of nest-building, and (iv) impaired learning (Chahrour and 

Zoghbi, 2007; Moretti et al., 2006). Collectively, this highlights the potential pathophysiological 

role of epigenetic dysregulation on genetic determinants of ASD.  
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4.1.3!Neuroligins!
NLGN genes encode for neuroligin proteins, cell adhesion molecules essential for normal 

synaptic functions (Sudhof, 2008). NLGN is found in the postsynaptic membrane and facilitates 

synapse transmission between neurons (Jamain et al., 2008). Mutations in NLGN3 are associated 

with intellectual disability, seizures, and ASD (Jamain et al., 2003). Although NLGN mutations 

might provoke ASD in rare case (Ylisaukko-oja et al., 2005), the functions of some subunits 

were studied in mouse models. NLGN1 knockout mice exhibit: (i) impaired spatial memory and 

(ii) increased repetitive grooming (Blundell et al., 2010), two core features of ASD. Since 

mutation of NLGN3 is associated with ASD in humans (Comoletti et al., 2004), NLGN3 mutant 

mice were generated as a model of ASD. These mice display (i) impaired social interactions, and 

(ii) enhanced spatial learning (Etherton et al., 2011). Although NLGN mutant mice display 

reduced sociability, more research is needed to link the reduced social behavior to ASD. 

4.1.4!Neurexin!
NRXN1 is a presynaptic cell adhesion molecule that mediates synaptic interaction 

through interactions with NLGN (Li et al., 2006). Individuals with NRXN1 deletion display (i) 

mental retardation, (ii) language delay, (iii) schizophrenia (Need et al., 2009; Walsh et al., 2008), 

and ASD (Ching et al., 2010). Although they do not show obvious social defects, NRXN1α 

deficient mice display: (i) pre-pulse inhibition, (ii) reduced ability of nest-building, (iii) 

increased repetitive grooming, and (iv) improved motor learning (Etherton et al., 2009). 

Physiologically, these mice exhibit variations in excitatory synaptic transmission. In brief, the 

observed phenotypes in NRXN1α deficient mouse could be associated to disorders other than 

ASD, especially that they show normal social behavior.  

4.1.5!Phosphate!and!tensin!homolog!
PTEN is a tumor suppressor protein that plays a role in cell cycle and apoptosis (Chu and 

Tarnawski, 2004). Generation of PTEN mouse models was encouraged by the presence of many 

genetic mutations of PTEN in patients with ASD (Butler et al., 2005).  PTEN mutant mice show 

(i) reduced social interactions, (ii) hyperactivity, and (iii) reduced prepulse inhibition (Ogawa et 
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al., 2007). In addition, many studies have shown an increased cell proliferation due of PTEN 

deletion (Bonaguidi et al., 2011; Gregorian et al., 2009), suggesting that PTEN regulates 

proliferation of neural stem cells (Zhou and Parada, 2012). Finally, PTEN interacts with 

PI3K/AKT and TSC/mTORC1 signaling pathways that are known to contribute in the 

physiopathology of ASD (Zhou and Parada, 2012). 

4.1.6!SH3!and!multiple!ankyrin!repeat!domains!protein!(SHANK)!
SHANK are scaffold proteins that interact with receptors, channels, and membrane 

proteins on the postsynaptic side. During CNS development SHANK play an important role in 

the formation of the synapse as well as the maturation of the dendritic spine. Given the fact that 

SHANK genes dysregulation is involved in ASD in humans (Jiang and Ehlers, 2013), SHANK 

knock-out mice were generated to study the behavioral and physiological alterations. Many 

studies have reported mutations in the SHANK2 gene in ASD patients (Leblond et al., 2012; 

Berkel et al., 2010). ProSAP1/Shank2-/- mutant mice display ASD-related behaviors as: (i) 

repetitive grooming, (ii) hyperactivity, and (iii) reduced sociability (Schmeisser et al., 2012). The 

mutant mice show less dendritic spines and decreased synaptic transmission (Schmeisser et al., 

2012). Microdeletions of 22q13, are observed in SHANK3 mutations. In human patients with 

ASD SHANK3 genes mutations were found to be associated with developmental deficits, and 

ASD-related behaviors (Manning et al., 2004). SHANK3B-/- mice exhibit: (i) increased 

repetitive behavior and (ii) reduced sociability (Peca et al., 2011). However, it is important to 

note that the behavioral phenotypes observed in Shank3 mutant mice require careful analysis 

because similar mutations are associated with schizophrenia (Gauthier et al., 2010). 

4.1.7!Tuberous!sclerosis!complex!protein!(TSC)!
Mutations of TSC1 or TSC2 are associated with the Tuberous sclerosis complex (TSC) 

disorder. TSC1/TSC2 act as tumor growth suppressors and play important roles in cell 

proliferation. TSC patients have a high prevalence of ASD (20 to 60%) (Bolton et al., 2002; 

Curatolo et al., 2004). These mutations are also associated with cognitive dysfunction and 

epilepsy (Goorden et al., 2007; DiMario, 2004). Loss of neuronal TSC1, in mice, induced 
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cortical hyperexcitability and seizure susceptibility (Meikle et al., 2007). TSC1 conditional 

knockout in mice provoked increased brain size and mToRC1 signaling (Carson et al., 2011). 

Interestingly, TSC loss in mice provoked: (i) reduced sociability, (ii) increased repetitive 

behaviors, and (iii) impaired ultrasonic vocalizations, with (iv) reduced PC cell count (Tsai et al., 

2012). Animal models of TSC could help unpin pathways associated with ASD. 

In Brief, every specific etiologic condition being modeled by genetic modification holds 

a uniquely different set of ASD-like behavioral and neuropathological profiles. Thus, genetic 

models tend to be more related to synaptopathies, especially that most of the behavior they 

induce can be linked to other psychiatric disorders as schizophrenia, OCD and ADHD.!
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Table&IV:&ASD&behavioral&and&pathological&features&in&genetic&models&in&relevance&to&clinical&symptoms&and&neurobiology.&

Mouse&

model&of&

ASD&

ASD&behavior&
Other&

symptoms&
Neurobiological&deficits&

Clinical&symptoms&

and&neurobiology&
references&

FMR1&KO& •! Repetitive'behaviors.'

•! Reduced'sociability.'

•! Anxiety.'

•! Seizures.'

•! Reduced'spatial'

learning.'

•! Impaired'object'

recognition.'

•! Increased'dendritic'spine'length.'

•! Increased'mGluR>dependent'LTD.'

•! 50%'reduced'mGluR5'expression.'

•! Imbalance'between'excitation'

and'inhibition'in'the'brain'

circuitry.'

•! Increased'dendritic'spine'length.'

•! Cortical'LTP'decrement.'

•! Delayed'GABA'polarity'

developmental'switch'(i.e.'from'

depolarizing'to'hyperpolarizing)'

and'dysregulated'intracellular'

chloride'levels.'

•! Main'cause'of'FXS,'

from'FMR1'mutation,'

i.e.'expanded'CGG'

trinucleotide'repeats'

(55>230)'in'the'5’'

untranslated'region'

(5’UTR)'&'halts'the'

production'of'FMRP.'

•! 10>30%'of'FXS'are'

diagnosed'with'autism.'

Garber'et'al.,'2008;'Hatton'

et'al.,'2006;'Bernardet'and'

Crusio,'2006;'Silva'and'

Ehninger,'2009;'Brennan'et'

al.,'2006;'Spencer'et'al.,'

2005;'McNaughton'et'al.,'

2008;'Mineur'et'al.,'2006;'

Irwin'et'al.,'2000;'Nosyreva'

and'Huber,'2006;'Bear'et'

al.,'2004;'Zhang'et'al.,'

2009;''

MeCP2&KO& •! Impaired'sociability.'

•! Impaired'nest'building'

behavior.'

•! Impaired'social'

memory.'

•! Anxiety.'

•! Motor'

coordination'

deficits.'

•! Impaired'

learning.'

•! Impaired'

memory.'

•! Increased'neuronal'transcription'

through'enhanced'histone'

acetylation.'

•! Neurotoxicity'due'to'excessive'

glutamate'release'from'microglia.'

•! Abnormal'dendrites'and'axon'

development.'

•! Reduced'inhibitory'quantal'size'of'

GABAergic'neurons.'

•! Main'cause'of'x>linked,'

female'–prevalent'Rett'

syndrome,'an'MeCP2'

mutation'disorder.'

Rett,'1966;'Chahrour'and'

Zoghbi,'2007;'Guy'et'al.,'

2001;'Moretti'et'al.,'2006;'

Guy'et'al.,'2011;''

NLGN1&KO& •! Repetitive/stereotype'

grooming'

•! Impaired'spatial'

memory'

•! Decreased'NMDA/AMPA'ratios'in'

cortico>striatal'synapses.'

•! Decreased'hippocampal'LTP.'

•! NLGN'mutations'may'

cause'autism'in'rare'

occasions.'

Blundell'et'al.,'2010'

NLGN3&

mutant&

mice&

•! Impaired'sociability.'

•! Deficits'in'USV.'

•! Deficits'in'preference'

for'social'novelty.'

•! Enhanced'spatial'

learning.'

•! Olfactory'

deficits.'

•! No'change'in'PPI'

•! Increased'inhibitory'synaptic'

transmission'with'no'apparent'

effect'in'excitatory'synapses'in'

the'somatosensory'cortex.'

•! Arg451Cys'(R451C)'

mutation'of'NLGN3'is'

associated'with'autism.'

Comoletti'et'al.,'2004;'

Etherton'et'al.,'2011;''

NRXN1L •! Impaired'nest'building.'

•! Increased'grooming'

•! Impaired'PPI.'

•! Enhanced'motor'

•! Defects'in'excitatory'synaptic'

transmission.'

•! NRXN1'deletion'was'

implicated'with'ASD'

Chiang'et'al.,'2010;'

Etherton'et'al.,'2009'
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Mouse&

model&of&

ASD&

ASD&behavior&
Other&

symptoms&
Neurobiological&deficits&

Clinical&symptoms&

and&neurobiology&
references&

alphaL&

deficient&

mice&

repetitive'behavior.'

•! No'social'deficits.'

learning.' along'with'other'

disorders'

PTEN&

mutant&

mice&

•! Impaired'sociability.' •! Excessive'

responses'to'

stimuli.'

•! Hyperactivity.'

•! Decreased'PPI.'

•! Macrocephaly'and'neuronal'

hypertrophy.'

•! Increased'cell'proliferation.'

•! PTEN'variations'were'

observed'in'ASD'with'

macrocephaly'

phenotypes.'

Butler'et'al.,'2005;'Ogawa'

et'al.,'2007;'Gregorian'et'

al.,'2009;'Bonguidi'et'al.,'

2011'

SHANK2&

&L/L&

•! Repetitive'grooming'

and'jumping.'

•! Impaired'SUVs'and'

social'interaction'

behaviors.'

•! Hyperactivity.' •! Fewer'dendritic'spines'and'lower'

basal'synaptic'transmission'with'

increased'excitatory'currents'by'

NMDA'receptors.'

•! Decreased'NMDA'receptor'

function'(another'study).'

•! Mutations'in'the'

SHANK2'gene'were'

reported'in'ASD'

patients.'

•! Defective'dendritic'

branching'and'

decreased'postsynaptic'

clustering.'

Berkel'et'al.,'2010;'Leblond'

et'al.,'2012;'Berkel'et'al.,'

2012;'Schmeisser'et'al.,'

2012;''

SHANK3&

mutant&

mice&

&

•! Deficits'in'social'

interaction.'

•! Mild'social'deficits'in'

juvenile.'

•! Repetitive'grooming'

(controversial).'

•! Decreased'USVs'

(controversial).'

•! Decreased'

reversal'learning'

(controversial).'

•! Impaired'novel'

object'

recognition'and'

deficits'in'motor'

coordination.'

•! Cortico>striatal'circuit'and'striatal'

synaptic'defects.'

•! Decreased'EPSCs'in'the'pyramidal'

neurons'of'hippocampal'CA1.'

•! Reduced'GluR1>immunoreactive'

puncta'of'the'stratum'radiatum.'

'

•! Mutations'of'the'

SHANK3'genes,'such'as'

the'microdeletions'of'2'

2q13,'have'been'

implicated'in'ASD.'

•! link'to'schizophrenia'

due'to'similar'findings'

regarding'SHANK3'

mutations.'

Manning'et'al.,'2004;'Peca'

et'al.,'2011;'Gauthier'et'al.,'

2010;''

Conditional&

TSC1&KO&

•! Deficits'in'social'

interaction.'

•! Repetitive'behaviors.'

•! Impaired'Vocalizations.'

•! Increased'seizure'

susceptibility.'

•! Significant'brain'pathology.'

•! Cortical'excitability.'

•! Enhanced'AMPAR'and'NMDAR>

mediated'EPSCs.'

•! Increased'brain'size'and'elevated'

mTORC1'signaling'but'declined'

mTORC2'signaling.'

•! Reduced'PC'counts.'

•! Mutations'of'TSC1'or'

TSC2'cause'Tuberous'

sclerosis'(TSC).'

•! 20>'60%'of'TSC'patients'

have'ASD.'

•! TSC1/TSC2'mutations'

associated'with'

cognitive'dysfunction.'

Bolton'et'al.,'2002;'

Curatolo'et'al.,'2004;'

DiMario,'2004;'Goorden'et'

al.,'2007;'Meikle'et'al.,'

2007;'Carson'et'al.,'2012;'

Tsai'et'al.,'2012;''

Abbreviations:-USVs:-ultrasonic-vocalizations;-PPI:-Prepulse-inhibition-
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4.2$Environmental$mouse$model$of$ASD$

4.2.1$VPA$mouse$model$of$ASD!
VPA is a commonly prescribed pharmaceutical agent to manage seizures, migraine and 

bipolar disorder manic episodes. Several studies have shown that VPA use during pregnancy 

leads to many defects in children, comprising neural tube defects (Ornoy, 2009), intellectual 

(Moore et al., 2000), and behavioral and cognitive deficits (Moore et al., 2000), many of which 

are connected to the core behaviors and symptoms described in ASD. Indeed, the increased 

incidence of autism in children exposed to medication prior to birth has encouraged the 

development of animal models that reproduce prenatal exposure to VPA in order to study this 

pathophysiological hypothesis. The idea of this animal model to study autism was born from the 

observation of cases of autism that may have been induced in children during pregnancy 

(Christensen et al., 2013; Christianson et al., 1994).  

Indeed, prenatal exposure to VPA, an antiepileptic treatment, seems to be at the origin of 

an increased number of births of autistic children. This model, thus, is of special interest to 

understand a possible etiology of autism, and to mimic the development of pathology. Studies of 

children exposed to VPA during pregnancy suggest that VPA is likely to result in autism during 

the first trimester of pregnancy (see: Ornoy, 2009; Arndt et al., 2005; Rodier, 2004, 2002; 

Kemper and Bauman, 1998). Some autistic children exposed to VPA before birth had 

malformations of the limbs indicating an abnormal development occurring at the onset of 

embryogenesis. In addition, animal models’ studies have shown that single exposure to VPA at 

an early stage of embryogenesis, during the period of neural tube closure in mice E12,5, which 

corresponds to the 28th day window in humans (O’Rahilly and Müller, 2002). This critical time 

point, at which VPA exposure provokes autism, led to the creation of rat-VPA model (Kim et al., 

2011; Rodier et al., 1997; Arndt et al., 2005; Kemper and Bauman, 1998). The clinical 

manifestations observed in the VPA prenatally exposed rat offspring on around E12,5 validated 

the model for presenting both ASD behavioral and anatomical characteristics as those seen in 

human patients.  
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For instance, VPA prenatally exposed rats present: (i) Reduced social interaction, (ii) 

increased repetitive behavior, (iii) impaired eye blink conditioning, (iv) anxiety (Zhang et al., 

2012; Kim et al., 2011; Markram et al., 2008; Stanton et al., 2007; Schneider et al., 2007, 2006, 

2001; Schneider and Przewlocki, 2005), (v) reduced motor cell counts in the brain stem (Rodier, 

2002; Rodier et al., 1996) and reduced PC counts in cerebellum (Ingram et al., 2000; Rodier et 

al., 1997). 

Animal models are generated in order to (i) test hypotheses about the etiology underlying 

a disease and (ii) assess the translational benefit of a medication (Chadman et al., 2009; van der 

Staay, 2006). To achieve these goals animal models must meet certain validity criteria: 

construct, face, and predictive validity (Nestler and Hayman, 2010). Thus, animal models’ 

strength can be assessed based on the common features between the animal model and human 

disease. The animal model should also show replicability (van der Staay et al., 2006). Construct 

validity is based on the degree of resemblance of the mechanisms underlying the disease 

modeled in animals and the human disease. Thus, the behavioral and physiological factors 

present in human patients must be shared by the animal model (Bourin et al., 2007; Epstin et al., 

2006). Bearing in mind human evidence of ASD followed by an early exposure to VPA, Rodier 

et al. (1996) first generated the VPA animal model of autism by prenatally exposing rats to VPA 

through the intrauterine route (Rodier et al., 1996). This model stood on the data showing the 

increased risk of ASD in children prenatally exposed to VPA (Bescoby-Chambers et al., 2001; 

Williams et al., 2001). While autism can be described as an umbrella of “spectrum of disorder” 

the VPA animal model perfectly mimics the clinical features of the disease seen in ASD patients 

(Figure 8). With regards to construct validity, the pathogenesis of autism via VPA induction can 

be traced in a number of intersecting pathways involving: (i) oxidative stress, (ii) histone 

deacetylase inhibition, (iii) Excitatory/Inhibitory imbalance, and (iv) hyperserotonemia. It has 

been suggested that VPA may create specific changes in fetal brains in animals that become 
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more sensitive to increases in reactive oxygen species (ROS) than any other fetal organs (Ornoy, 

2009). 

 

Figure'8:'The'validity'of'the'VPA'animal'model'(Mabunga'et'al.,'2015).'

This vulnerability to oxidative stress added to immature embryonic antioxidant defense 

system may contribute to the resulting teratogenic effect of VPA. It has been also shown that 

VPA exposure provokes hyper acetylation in the fetal brain causing increased apoptotic cell 

death and reduced cell proliferation in certain brain regions (Kataoka et al., 2013; Phiel et al., 

2001). In addition, VPA induces deficits in the neural development leading to E/I imbalance 

(Kim et al., 2014; Fukuchi et al., 2009).  

Face validity requires the presence of disease endophenotypes in animals comprising 

Behavioral symptoms, neurophysiological, pathological, and neurochemical alterations 

(Chadman et al., 2009). The occurrence of these endophenotypes is the first step in identifying 

an animal model of a psychiatric disorder (Geyer and Moghaddam, 2002). ASD is diagnosed by 

two criteria: (i) persistent social deficits and (ii) occurrence of restricted repetitive behaviors 

(APA, 2013); along the presence of other traits. It was suggested that an animal model should 
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demonstrate at least two core features of the ASD human symptoms (Belzung and Lemoine, 

2011). Of interest, VPA treatment at E12.5 induced reduced social interaction and repetitive 

behavior postnataly in offspring (Kim et al., 2011; Schneider and Przewłocki, 2005).  

Finally, predictive validity, in general, indicates the extrapolation of human behavior 

through laboratory-manipulated animal behavior (Epstein et al., 2006). This means that the 

animal model must demonstrate the same response human demonstrates when exposed to certain 

drugs (Chadman et al., 2009). Furthermore, the drug development processes the animal model 

should be able to identify drugs that might be of benefit to human patients (Sarter and Bruno, 

2002; Geyer and Markou, 1995). Donepezil increased social behavior and decreased repetitive 

and hyperactive behavior in VPA-treated mice (Kim et al., 2014). The same effect was also 

found in another study using the H3-Antagonist Ciproxifan in VPA mice (Barinio et al., 2015). 

Evidence of environmental enrichment boosting the performance of rats in various learning tasks 

and social behavior has led to the hypothesis that it can also be beneficial in VPA animal model 

of ASD (Schneider et al., 2006). In humans, it was lately suggested that sensorimotor enrichment 

seems to be a cost-effective tool in managing autism (Woo et al., 2015; Woo and Leon, 2013).  

In view of the remarkable symptoms parallels seen in both VPA animal model and ASD 

patients, the VPA model is widely used to study ASD. Aiming to understand the neurobiology of 

ASD, VPA was also modeled in mice showing the two core signs of ASD: (i) reduced social 

interaction, and (ii) increased repetitive behavior. An overview of the VPA mouse model studies 

in the literature is summarized in Table V. 
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Mouse'

Strain'
VPA'Dose'

Exposure'

window'
outcome' Ref'

ICR'(CDN1)'' 300# mg/kg;#

single# s.c.#

injection#

E#10# lack#of#sociability#

↓#social#interactions#

↓#nest#building#

↑#repetitive#digging#behavior#

Kim#et#al.,#

2014b#

C57BL/6'J''

'

600# mg/kg;#

single# i.p.#

injection#

E#12,5# lack#of#sociability#

↓#social#interactions#

↓#number#of#pup#vocalizations##

↓#number#of#complex#call#types##

↑#number#of#Flat#call#type#

↑#repetitive#behavior#

Moldrich#

et#al.,#2013#

CD1'' 500#mg/kg;# E#9#

E#12,5##

E#14,5#

↓#social#interactions#

↑#anxiety#

↓#locomotor#activity#

↓#general#exploratory#activity#

memory#deficits#in#E12.5#VPAOtreated#

mice#

Kataoka#et#

al.,#2013#

C57BL/6Hsd'' 600# mg/kg;#

single# s.c.#

injection#

E#13# ↑#repetitive#selfOgrooming#and#digging#

behaviors##

↑#anxiety#

Mehta#et#

al.,#2011#

Hybrid'of'
(C57BL/6,'

CFN1,'

Swiss'Webster,'

DBAN2)'

800# mg/kg;#

1.5# g# of#

peanut#

butter# mixed#

VPA#

E#11# Lack#of#sociability#

↑#latency#to#find#home#bedding#

↓#general#exploration#

Roullet#et#

al.,#2010#

C57BL/6Hsd'' 600# mg/kg#

single# s.c.#

injection#

E#13# ↓#pup#distress#calls#

↓#adult#vocalizations#

↓#social#preference#

↓#prepulse#inhibition#

↑#repetitive#selfOgrooming#

↑#anxiety#

Gandal#et#

al.,#2010#

Balb/C'' 200#mg/kg#

#

E#12–17#

#

↑#latency#to#right#at#P10#in#VPAO

treated#

Wagner#et#

al.,#2006#

600#mg/kg#

#

E#13#

#

Impaired#postnatal#righting#reflex#

reduced#grip#strength#on#hanging#wire#

test#

200#mg/kg#

400#mg/kg#

P#14#

P#14#

Impaired#spatial#learning#Impairments#

in#midOair#righting##

↑#latency#to#find#visible#platform#(400#

mg/kg)#in#Morris#Water#maze#

Impaired#spatial#learning#(both#doses)#

in#VPAOtreated##

Table'V:'Dose,'Exposure'window'and'outcomes'in'VPA'mouse'model'of'ASD.'
Abbreviations:-E-—-embryonic-day,-P-—-postnatal-day,-i.p.-=-intraperitoneal;-s.c.-=-subcutaneous,-VPA-—-valproic-

acid.-

 

Several studies in the literature have assessed cellular and molecular alteration in VPA 

prenatally treated mice and have concluded that VPA prenatal treatment negatively altered 

different molecular players as well as the anatomical networks of CNS (Table VI). 
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Mouse'

Strain'
VPA'Dose'

Exposure'

window'
Outcome' Ref'

CD1'' 500#mg/kg;#

single#i.p.#

injection#

E#9#

E#12,5##

E#14,5#

↓#numbers#of#cortical#neurons#

↓#embryonic#neurogenesis#

↑#cortical#embryonic#apoptosis#and#

↓#cell#proliferation#

Kataoka#et#

al.,#2013#

ICR'(CDN1)'' 500#mg/kg;#

single#i.p.#

injection#

E#12,5# ↓#NisslOpositive#neurons#in#layers#IIO

III#and#V#of#the#prefrontal#cortex#of#

female#mice#

Hara#et#al.,#

2012#

Hybrid'of''
(C57BL/6,'

CFN1,'

Swiss'Webster,'

DBAN2)''

800#mg/kg;#

1.5#g#of#

peanut#

butter#mixed#

with#VPA#

E#11# ↓#BDNF#mRNA#in#the#somatosensory#

cortex#

Roullet#et#

al.,#2010#

C57BL/6Hsd'' 600#mg/kg;#

single#s.c.#

injection#

E#13# ↓#gammaOphase#locking#and#evoked#

gammaOpower#

Gandal#et#

al.,#2010#

Hybrid'of''
(C57BL/6,#

CFO1,#

Swiss#Webster,#

DBAO2)'

800#mg/kg;#

1.5#g#of#

peanut#

butter#mixed#

VPA#

#E#11# ↓#neuroligin#3#mRNA#in#

hippocampal#subregions#(CA1,#CA3,#

DG)#and#in#the#somatosensory#cortex#

Kolozsi#et#

al.,#2009#

C57BL/6'' 500#mg/kg;#

single#i.p.#

injection#

E#10,5# ↓#parvalbuminOpositive#inhibitory#

neurons#in#parietal#and#occipital#

cortices#

#

Gogolla#et#

al.,#2009#

Table'VI:'Cellular'and'molecular'abnormalities'induced'by'VPA'prenatal'treatment.'
Abbreviations:-E-=-embryonic-day,-i.p.-=-intraperitoneal;-s.c.-=-subcutaneous,-VPA-=-valproic-acid.-

 

4.2.2$Maternal$Immune$Activation$models$of$ASD!
Maternal immune activation (MIA) is a risk factor for abnormal brain development 

provoking neurodevelopmental disorders such as ASD (Mazina et al., 2015). It has been 

demonstrated that MIA during gestation, in animal models, leads to a disruption in the immune 

system in offspring resulting eventually in autism-like behaviors that persist untill adulthood 

(Patterson, 2011). Furthermore, it has been shown that interleukin-6 (IL-6) plays a role in the 

transcriptional and behavioral abnormalities of MIA in offspring (Smith et al., 2007), and was 

lately shown to provoke ASD in children (Daniels et al., 2008). The fact that IL-6 has been 

found to be boosted in brains (Benvenuto et al., 2009) and plasma of ASD patients (Ashwood et 

al., 2011), suggests that it is of relevance to study IL-6 and its contribution in ASD etiology. 

The association between prenatal infections and psychiatric and neurological disorders such as 

autism, schizophrenia and cerebral palsy has been shown repeatedly (Atladottir et al., 2012; 
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Hagberg et al., 2012; Limperopoulos et al., 2008; Edwards and Tan, 2006; Dammann et al, 

2002; Nelson and Willoughby, 2000). Numerous studies have been conducted on the effects of 

an infection on the development of ASD. Thus, an initial study estimated that 10% of children 

with congenital rubella suffer from autism (Chess, 1977). Exposure to rubella virus during 

pregnancy, particularly before maturation of fetal immune system functions, would seem to be 

responsible for the development of autism (Lotspeich and Ciaranello, 1993). The meta-analysis 

of Fombonne (2003) showed that 0.3% of cases of autism may be related to congenital rubella. 

Currently, vaccination can greatly reduce the incidence of this disease in pregnant women. Three 

main components of pathogens, or molecules that mimic them, have been used in MIA models, 

either the Lipopolysaccharide (LPS) of E. coli, the influenza virus or poly I:C, a synthetic 

compound (double stranded RNA) that mimics viral nucleic acids attack. The bacterial 

membrane LPS is recognized by the immune system Toll Like Receptor-4 (TLR-4). However, 

viral mimetics such as Poly I:C and double stranded RNAs are recognized by the TLR3 (Figure 

9). Although TLR4 and TLR3 activation provokes different signaling pathways, activation of 

these receptors ends by the transcription and translation of inflammatory cytokines (IL-1β; IL6; 

TNFα). Because of the crucial role played by these different immune molecules in normal CNS 

development, many have hypothesized that immune activation leading to abnormal expression of 

these molecules can harm the CNS development (Bilbo and Schwarz, 2017, 2012, 2009; 

Deverman and Patterson, 2009). Interestingly, the cytokine levels, namely IL-6, increases in the 

placenta and amniotic fluid of pregnant mice that received influenza virus, and provokes 

abnormal development of the pups that persists in postnatal life as behavioral and anatomical 

changes (Shi et al., 2003), as does the double stranded RNA poly I:C (Shi et al., 2009). 
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Figure'9:'TLR'of'the'innate'immune'system'recognizes'Poly'I:C'and'LPS.'
HMGB:- high- mobility- group- box.- CD14:- cluster- of- differentiation- 14.- TRIF:- tollMlike- receptor- adaptor- molecule.-

TIRAP:-tollMinterleukin-1-receptor-(TIR)-domain-containing-adaptor-protein.-MyD88:-Myeloid-differentiation-primary-

response-gene- (88).- IRAK:- interleukinM1- receptorMassociated-kinase.-TRAF:-TNF- receptorMassociated- factor.- JNK:- cM

Jun-NMterminal-kinase.-TKB1:-a-tyrosine-kinase.-AP1:-activator-protein-1-transcription-factor.-NFκB:-nuclear-factor-

kappaMlightMchainMenhancer- of- activated- B- cells- transcription- factor.- IRF3:- interferon- regulatory- factor- 3-

transcription-factor-(adapted-from-Schwarz-and-Bilbo,-2011).-

 

Poly I:C, the dsRNA lacking a pathogen, is used to model ASD in mouse by maternal 

immune activation. Exposure to poly I:C induces anti-viral inflammatory immune response in 

the host pregnant dams. As previously mentioned poly I:C is recognized by toll-like receptors 

TLR-3, and exposure to this dsRNA during specific time window in enough to provoke 

behavioral and anatomical deficits in the pups similar to those seen in influenza infected mothers 

offspring (Shi et al., 2008, 2003; Winter et al., 2008). Advancement in animal models of MIA 

has presented promising outcomes, yet further research is needed to validate these models and to 

connect immune dysregulation with ASD (Hsiao et al., 2012).  

As previously described, Poly I:C is a ds RNA that mimics viral infection that can induce 

MIA. Offspring of rats that have been prenatally exposed to Poly I:C during gestation display 

autism-like behaviors, including augmented anxiety, increased repetitive behaviors (Meyer et al., 

2011; Patterson, 2009), reduced social behavior and communication, and decreased sensorimotor 



 64 

coordination (Naviaux et al., 2013) and decreased prepulse inhibition (Meyer et al., 2011; 

Patterson, 2009). Rat and mice brains prenatally injected with poly I:C display a local deficit in 

PC in the lobule VII of the cerebellum, in addition to delayed migration of these cells in lobules 

VI and VII (Naviaux et al., 2013).  

Furthermore, synaptosome aberrations were also spotted, comprising postsynaptic 

density (PSD) malformation, down-regulation of purinergic receptors and reduced 

phosphorylation of ERK1/2 and CAMKII (Naviaux et al., 2013). However, poly I:C prenatal 

exposure in rodents have also been used to model other psychiatric disorders as schizophrenia 

(Kumamaru et al., 2014). Overall, MIA rodent models of ASD could be interesting tools in 

studying the infection etiology involved in ASD. Although the type of microbes and pathogens 

used in these models may differ from those in the human cases with ASD, the autism-like 

behaviors induced by MIA are quite similar to phenotypes involved in human ASD (Patterson, 

2011). However, behavior present in the poly I:C mouse model compels careful examination 

especially that these mice where used to model other psychiatric disorders, namely 

schizophrenia (Meyer et al., 2008). The poly I:C mouse model has been used, and many studies 

reported deficits in social interaction, memory and novel object exploration, altered eye-blink 

conditioning, and pre-pulse inhibition (Table VII).  
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Strain'
Poly'I:C'

Dose'

Exposure'

window'
outcome' Ref'

C57BL6/N' 5#mg/kg;#i.v.#

single#

injection#

E#9# deficits#in#social#approach#behavior#

abnormal#stereotyped#digging#

impaired#acquisition#and#expression#

of#toneOcued#fear#conditioning#

in#juveniles#

#

Vuillermot#

at#al.,#2017#

BTBR'

C57BL/6J'

20#mg/kg;#i.p#

single#

injection#

E#12,5# ↓#social#approach#

↑#ultrasonic#vocalization#

↑#repetitive#marble#burying#

Schwartzer#

et#al.,#2013#

C57BL/6J' 2#mg/#kg;#i.p.#

single#

injection##

#

E#12,5##

#

↓#social#preference#in#males#

↓#sensorimotor#coordination#in#

males#(rotarod)#

Naviaux#et#

al.,#2013#

C57BL/6J'

'

20#mg/kg;#i.p#

single#

injection#

E#12,5# ↓#%#PPI#

↑#%#Freezing#

↓#center#entries#in#open#field#

#

Hsiao#and#

Patterson,#

2011#

C57BL/6J'

'

5#mg/kg#i.v.#

20#mg/kg#i.p.#

E#12,5# ↑#latency#to#find#platform#in#morris#

water#maze#(20#mg/kg#dose)#

↓#novel#object#recognition#(20#

mg/kg#dose)#

Ito#et#al.,#

2010#

C57BL6/J'

'

5#mg/kg;#i.p.#

single#

injection#

E#9#

E#17#

E#9:#significantly#impaired#

sensorimotor#gating#and#reduced#

prefrontal#dopamine#D1#receptors#in#

adulthood##

E#17:#impaired#working#memory##

Meyer#et#

al.,#2008#

mouse' 20#mg/kg;#

single#i.p.#

injection#

E#12# Impaired#extinction#of#conditioned#

eyeOblink#conditioning#

Lee#et#al.,#

2007#

Table'VII:'Dose,'Exposure'window'and'outcomes'in'Poly'I:C'mouse'model'of'ASD.'

Abbreviations:#E#=#embryonic#day,#i.p.#=#intraperitoneal;#i.v.#=#intravenous.#

 

In addition, adult offspring prenatally exposed to poly I:C also show several cellular and 

molecular deficits. A core feature of the cellular consequences is the PC loss in lobule VII 

(Naviaux et al., 2013; Shi et al., 2009) in line with clinical reports in human patients of ASD. 

Other neuropathological deficits observed in the poly I:C model, including reduced reelin and 

parvalbumin- positive cells in PFC (Meyer et al., 2008), and reduced PC count (Shi et al., 2009) 

are summarized in Table VIII. 
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Strain'
Poly'I:C'

Dose'

Exposure'

window'
outcome' Ref'

C57BL/6J' 2#mg/#kg;#

i.p.#single#

injection#

E#12,5# malformed,#hypomorphic#PSD#

abnormal#accumulation#of#

electronOdense#matrix#material#

PC#loss#in#lobule#VII#

Naviaux#

et#al.,#

2013#

C57BL/6J'

'

5#mg/kg#i.v.#

20#mg/kg#

i.p.#

E#12,5# abnormal#cOFos#expression#in#area#

CA1#pyramidal#neurons#following#

novel#object#exposure#(5#mg/kg#

dose)#

Ito#et#al.,#

2010#

C57BL/6J' 20#mg/kg;#

single#i.p.#

injection#

E#12,5# ↓#20%#PC#in#lobule#VII#in#adult#

offspring#

Shi#et#al.,#

2009#

C57BL6/J'

'

5#mg/kg;#

i.p.#single#

injection#

E#9#

E#17#

E#9:#reduced#prefrontal#dopamine#

D1#receptors#in#adulthood##

E#17:#potentiated#the#locomotor#

reaction#to#the#NMDAOreceptor#

antagonist#dizocilpine,#and#

reduced#hippocampal#NMDAO

receptor#subunit#1#expression.#

Reduced#reelin+#and#

parvalbumin+#cells#in#PFC#

Meyer#et#

al.,#2008#

Table'VIII:'Cellular'and'molecular'abnormalities'induced'by'Poly'I:C'prenatal'treatment.'

#Abbreviations:#E#=#embryonic#day,#i.p.#=#intraperitoneal;#i.v.#=#intravenous.#

 

In this work, we will use the VPA and poly I:C mouse models of ASD. These two 

models are in line with two etiologies of ASD: (i) the prenatal exposure to antiepileptic 

treatments and (ii) maternal immune activation. These previously established models have been 

validated and well characterized for social and cognitive impairments. However, motor 

behaviors were under looked a gap that if filled opens the door on early diagnosis and better 

therapeutic management of ASD. 
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1.$Animals,$housing$and$treatment$
 Housing of the animals and all animal experimental procedures were performed in 

accordance with the guidelines of the French Agriculture and Forestry Ministry (decree 87849) 

and the European Communities Council Directive (2010/63/EU). All efforts were made to 

reduce the number of animals used and their suffering. All mice were purchased from Charles 

River Laboratories-France. Mice were housed in ventilated plexiglass cages (Techniplast, 

www.techniplast.fr 39,1 x 19,9 x 16,0 cm) prefilled with bedding and nesting material, and 

animals had access to food and water ad libitum. Male mice were housed individually, and 4 

females were housed per cage. Room’s temperature was maintained at 23 °C on a 12h-light/ 12-

h dark cycle (light cycle starts at 8h00). 

 For time mating, 3 females C57BL/6J (age, 12 to 24 weeks) were placed with a single 

male C57BL/6J mouse (age, 12 weeks to 10 months) and left over night, the presence of a 

vaginal plug, was checked the next day 3 times a day (7h00, 12h00, and 19h00), and was 

designated as gestational day zero (G0). After the detection of a copulation plug, dams were 

returned to home cages and weighed daily to confirm the pregnancy, (non-pregnant females 

were returned to the home cage). Pregnant mice (gestational day 12,5/ E12,5) received a single 

intraperitoneal injection of either VPA (450 mg/kg) or poly I:C (20 mg/kg). Treated females 

where then given nesting material and left undisturbed. On E17 treated females where housed 

individually until they gave birth. Soon after birth, we performed an initial assessment of 

developmental milestones to assess the impact of early prenatal insult. Later at P21 sex and age 

matched litters from the same group of treatment were weaned and mixed to avoid littermate 

effect. Pups were then mixed, at P23, into six groups: VPA Males (n=34), Poly I:C Males 

(n=11), Saline Males (n=27), VPA Females (n=25), Poly I:C Females (n=10) and Saline 

Females (n=30).  

2.$Behavioral$experimental$plan$$
Behavioral tests are major tools in the study of impairment of motor functions following 

prenatal treatment of VPA and poly I:C In order to evaluate the social deficits caused by these 
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insults and to better characterize the early motor phenotype, a battery of behavioral tests was 

performed. We carried out for this study a set of tests combining both the overall assessment of 

the motor deficit and the analysis of fine movements. In addition, the combination of these tests 

will allow the study of different motor parameters such as motor coordination, balance, or gait. 

(Table IX). 

Behavioral'test' Parameters'studied' Age'

Developmental'

milestones'

General#development#

Righting#reflex#

Open#eyes#

P6O#P19#

Locomotor'activity' Horizontal#locomotor#activity# P28O#29#

SHIRPA'primary'screen'

General#health#(wellObeing)#

General#motor#abilities#

General#sensorimotor#functions#

Exploratory#behaviors#

P30#

Cylinder'test'
Rearing#exploratory#behavior#

Grooming#repetitive#behavior#

P30#

Transversal'of'

«challenging'beam»'

Motor#coordination#

Equilibrium#

P33#

Gait'analysis'

Motor#coordination##

Gait#parameters#

Synchronization#of#the#walk#

P34#

Three'chambers'test' Sociability# P35O#45#

Table'IX:'Behavioral'tests.'
Abbreviations:-P-=-Postnatal-day-

              

 We performed an initial assessment of developmental milestones (P6- P19) in Saline and 

ASD mice. Next, we performed comprehensive screening of qualitatively abnormal phenotypes 

using standardized set of experimental procedures (SHIRPA). Then we performed state of the art 

precise exploration of vast innate and learned behaviors (P28- P45) including: sociability, 

spontaneous activity, motor control, coordination, development (Figure 10). Most of these tests 

were monitored by automated behavioral apparatus: Three chambers test of sociability, gait 

analysis (CatWalk system), and locomotor activity. Other tests were assessed by semi-automated 

apparatus: challenging Beam test of motor coordination, cylinder test. The battery of tests was 

performed in the least stressing order; animals were tested on their light cycle from 9 am till 6 
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pm. Both males and females were included into the study. All mice were age and sex matched 

among the wildtype and ASD groups; mice from different litters where mixed to avoid littermate 

effect.  

 

Figure'10:'Time'course'of'the'experimental'study.'

2.1$Assessment$of$developmental$milestones$(P6J$P19)$
During their early postnatal life (infantile period 1-4 weeks), mice pups were kept with 

dams and their general developmental trajectories, mass gain, and motor reflexes were 

examined. We assessed the mass gain from P9 till P40, righting reflex on P9, P11, P13 and 

delayed eye opening from P12 till P16. To assess righting reflex, mice were placed in the supine 

position and their ability to right themselves was observed (Figure 11). Each mouse was 

observed three times with a five-minute inter-trial. 

 

Figure'11:'Mouse'pups'while'righting'after'being'put'in'the'supine'position. 

'

2.2$Assessment$of$exploratory$locomotor$activity$(P28J$P29)$$
Infrared photocell-based detection actimeter (Imetronic Neurosciences, Pessac, France) 

was used to assess spontaneous locomotor activity. Before each session, we checked the 

actimeters by interrupting the infrared beams and verifying the corresponding number of beam 

breaks recorded by the computer. On two consecutive days, animals were placed into single 
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plexiglass cages (19×11×14 cm) and allowed to freely explore the environment for 60 minutes. 

Each cage is equipped with two infrared photocell units to record the horizontal activity. 

Horizontal infrared beam crossings were recorded in 5-minutes blocks for 60 minutes.  

2.3$SHIRPA$primary$Screen$(P30)$$

The primary SHIRPA screen serves to identify global disturbances in gait, posture and 

muscle tone deficits, as well as motor control and coordination abnormalities. The SHIRPA 

apparatus comprise: a plexiglass arena, a metal wire, a cylinder and a grid. The mice were first 

placed in weighing container and then were moved to the transparent plexiglass arena (55x33x22 

cm) to observe and evaluate certain cognitive and motor behavior. A grid paper 11x11 cm square 

was put under the arena to be able to evaluate exploration and locomotion. Finally, a 3-mm 

metal wire diagonally crossing the top was used to assess muscle functions and motor 

coordination (Figure 12).  

 

Figure'12:'The'SHIRPA'arena.''
A-grid-paper-(11x11-cm-squares)-was-put-under-the-SHIPA-arena-to-assess-Locomotor-Activity-the-first-30-seconds-

after-the-transfer-to-the-SHIRPA-arena.-

Subsequently tail suspension manipulations were performed to assess limb grasping and clasping 

in addition to grip strength, wire maneuver (Figure 13), and negative geotaxis. For the wire 

maneuver test, the mice were hold by the base of the tail and approached the metal wire and left 

after being attached to the wire parallel to the ground of the arena (Figure 13 A). The ability to 

stay attached to the wire (Figure 13 B) and the time spent climbing the wire (Figure 13 C) were 

assessed. 
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Figure'13:'The'wire'maneuver'test.''
(A)-The-mice-are-presented-and-left-to-hang-to-the-wire.-(B)-the-ability-to-stay-attached-to-the-wire-(time-to-fall)-and-

(C)-time-spent-climbing-were-assessed. 

2.4$Spontaneous$activity$in$the$cylinder$(P30)$
Two clean cages where inverted on the top of a table, next to each other. A transparent 

piece of glass was placed on the top of the 2 cages and a transparent plexiglass, with a diameter 

of 12 cm, was put on it. Beneath the glass, at an angle of 45°, a mirror was put so that its view 

included the full diameter of the cylinder (from below). Finally, a video camera was set up in 

front of the mirror. Mice were then placed in the cylinder and were allowed to freely explore the 

inner walls of the cylinder (Figure 14). The activity was videotaped for 3 minutes. An observer 

blind to the genotype then rated the videos and quantified the number of rears (vertical 

exploration) and the time spent grooming (repetitive behaviour).  

               

Figure'14:'The'cylinder'test.'
(A)-Repetitive-grooming-behavior.-(B)-Vertical-exploratory-rearing.-

A B 

C 

A B 
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2.5$Assessment$of$motor$coordination$on$the$challenging$beam$(P33)$$

The "Challenging beam test" is an adaptation of the "beam walking test" introduced by 

Drucker-Colin and Garcia-Hernandez for the study of motor deficits in the rat (Drucker-Colı'n 

and Garcia-Hernandez., 1991). The animals must walk along an inclined beam to reach a 

platform and the number of slips during the crossing is then counted. This test was subsequently 

adapted in mice for the study of balance and motor coordination (Figure 15). In our lab, we have 

used a device adopted from Carter and his collaborators (Carter et al.,1999), 1 meter long 

plexiglass beam is assembled with four sections of 25 cm each of decreasing width (3.5, 2.5, 1.5, 

0.5 cm).  

 

Figure'15:'Schematic'diagram'of'the'challenging'beam'motor'coordination'test.''
The-Plexiglas-beam-consists-of-four-sections-(25-cm-each),-each-section-having-a-different-width,-starting-at-a-width-

of-3.5-cm-and-gradually-narrowed-to-0.5-×-1-cm-increments.-The-grid,-on-the-top-of-the-beam,-is-a-1-x-1cm-regular-

metal-grid.-

'

The challenging beam was performed as described previously (Fleming et al., 2013, 

2004). Animals were first trained to traverse the length of the beam starting at the widest section 

and ending at the narrowest section that leads directly into the animals’ home cage. Animals 

received 2 days of training before testing. On the day of the test, and to increase the difficulty of 

the crossing, a mesh grid (1 cm squares) of corresponding width was placed over the beam 
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surface leaving a ∼1 cm space between the grid and the beam surface. On the testing day, mice 

received a pretest session of 5 crossings to adapt to the grid. The animals were put back to home 

cages to rest to receive then a final 5 trials of beam crossing. Animals were then videotaped 

while traversing the grid-surfaced beam for a total of five trials. Errors, number of steps made by 

each animal, and time to traverse across five trials were then rated by an investigator blind to the 

mouse treatment group (by viewing and rating the videos in slow motion for errors). An error 

was counted when, during a forward movement, a limb (forelimb or hind limb) slipped through 

the grid and was visible between the grid and the beam surface (Figure 16 B). An individual 

animal could make a maximum of four slips per step. 

 

Figure'16:'The'challenging'beam'test.'
(A)-A-schematic-drawing-of-the-100Mcm-long-beam-passage-to-the-home-cage.-(B)-a-screenshot-of-the-video-tape-

showing-slips-of-two-limbs-during-the-passage.-

 

Slips were not counted if the animal is not making a forward movement or when the 

animal’s head was oriented to the left or right of the beam. Error per step scores, time to 

traverse, and number of steps were then calculated for both wild type and ASD mice across all 

five trials and averaged (results are shown as a mean of 5 trials).  

100#cm 

A 

B 
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2.6$Spatial,$temporal,$and$kinetic$parameters$of$gait$(P34)$$
Mice gait was analyzed during their spontaneous walk through the catwalk automated 

gait analysis system (Viewpoint behavior analysis technology, France) (Figure 17).  

 

Figure'17:'Automated'gait'analysis'system'(Gait'Lab).''
The-apparatus-is-made-of-a-1,5-meter-long-glass-corridor-with-dim-green-light-beamed-into-the-glass-walkway-from-

both-sides.-The-light-is-reflected-downward-and-a-highMspeed-camera-captures-footprints-spatial,-temporal-and-

kinetic-parameters-

 

 

  At P34, one day after the motor coordination assessment, mouse where subjected to gait 

analysis. Briefly, each mouse was assessed individually for 3 consecutive regular runs for a 

comprehensive analysis of gait impairments. After each run the computer assisted system 

automatically analyses the run and generates a wide range of gait data including: 1) spatial 

parameters of each single paw (stride length, base of support, and area) 2) temporal parameters 

(walk speed, and regularity), and other parameters as paw placement detailed in the following 

table (Table X). The speed threshold was set to a minimum of 15cm/sec, and the regularity was 

set to 98%. 
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$

2.7$Assessment$of$sociability$in$the$three$chambers$test$(P35JP45)$$
A three-chamber social interaction assay was performed to determine the social 

interaction behavior according to Moy et al., 2004. Briefly, a plexiglas box 60×45×22 cm 

partitioned into three chambers with retractable doorways allowing for access to side chambers 

was used. The first phase (Phase I) comprises two identical nonsocial stimuli (inverted wire-

cups). The second phase (Phase II) comprises a nonsocial stimulus and a social stimulus (mouse 

of the same strain). Social stimuli were naïve mice of matched age and sex with no previous 

contact with the tested animal. For 10 minutes in each phase, time spent at each chamber was 

recorded (Figure 18). To analyze the behavior automatically we employed a video analyzing 

program that we developed previously in the lab in collaboration with XLIM-Poitiers.  

Parameters' Description'

Mean'Speed'

'

The#distance#the#animals#cross#per#second#(minimal#speed#setting#

is#set#to#15#cm/sec)#expressed#in#cm/sec.#

#

Regularity'

'

The# index# for# the# rhythmic# run# based# on# the# acceleration# of# the#

center# of# gravity# of# the# mouse# during# the# run# (regularity# index#

setting# is# set# to#97#%#to#assure# that#all# the#mice#run#at# the#same#

regular#pattern#regardless#the#treatment#group).#

#

Stride'Frequency'

'

The#rate#at#which#the#support#changes#from#one#paw#to#the#next.#

#

Stride'Length'

'

The# distance# between# two# consecutive# paw# placements# of# the#

same#paw#and#is#expressed#in#centimeters.#

#

Left'/'Right'Pair'Gap'

Distance# separating# front# and# rear# limbs#on# the# left# or# right# side#

(cm).#

#

Area''

'

Area#of#the#paw#print#(length#x#width#of#the#paw#print)#(cm
2
).#

#

Left'/'Right'Limbs'Base'of'

Support'

Distance#between#front#and#rear#legs#on#left#/#right#side#(cm).#

Table'X:'Set'of'walking'parameters'and'their'descriptions'provided'by'Gait'Lab.'
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Figure'18:'Crawley’s'three'chambers'test.''
White-arrow-showing-the-social-sniffing-behavior-in-the-social-chamber-(SC)-during-PHASE-II-of-the-test.-

Videos were then rated offline and the time spent at each chamber in each phase of the test was 

counted. To allow the comparison of the social behavior Sociability Index (SI) was calculated as 

follows:  

"# =
time)exploring)Social)Chamber − time)exploring)Non)Social)Chamber

time)exploring)Social)Chamber + time)exploring)Non)Social)Chamber
 

3.$Statistical$analysis$
Data were analyzed using the GraphPad Prism7 software (San Diego, USA). Data were 

expressed in mean ± Standard Error to the MEAN (SEM). Statistical significance was evaluated 

using one-way and two-way analysis of variance (ANOVAs) followed by multiple comparisons 

using Tukey’s and Sidak’s when appropriate. P<0,05 was considered as significant. We further 

performed correlation studies to know whether there is a relationship between the screened shifts 

behavior and the anatomical changes. 
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Chapter$1:$Behavioral$screening$results$in$VPA$mice$

1.1$VPA$mice$displayed$delayed$postJnatal$development$
Clinical findings have revealed that children born to women exposed to VPA had a 

significantly higher rate of birth defects (Bath and Scharfman, 2013). In-utero exposure to 

antiepileptic drugs provokes fetal developmental delays and early physical malformations 

(Meador et al., 2006). To examine the effect of prenatal exposure to VPA on general 

development and on central nervous system development, we investigated the delay in offspring 

eye opening and righting reflex. VPA prenatal exposure did not alter the general development of 

mice that kept gaining mass normally till P40 (Figure 19A). As shown in Figure 19, prenatal 

exposure to VPA altered several postnatal behaviors in both males and females. Two-way 

ANOVA showed a significant effect of the treatment [F (3, 336) = 31.05, p<0.0001], age [F (2, 

336) = 323.3, p<0.0001] and interaction [F (6, 336) = 18.64, p<0.0001] (Figure 19B). Tuckey’s 

Post hoc revealed a significant latency in righting in VPA males at P9 and P11 compared to 

Saline littermates (p<0.0001). VPA females displayed an increase in the latency only at P9 

(p<0.0001). This is indicative that the developmental delays are more pronounced in males than 

in females (Figure 19B). In addition, we found a significant effect of the treatment [Two-way 

ANOVA F (3, 560) = 22.60, p<0.0001], age [F (4, 560) = 830.9, p<0.0001] and interaction 

between the treatment and age [F (12, 560) = 6.623, p < 0.0001]. Tuckey’s Post hoc analysis 

revealed a significant eye-opening delay in VPA males at P13, P14 (p<0.001) and P15 (p<0.01). 

The delay was observed in VPA females only at P14 (p<0.001) suggesting that the delay in eye 

opening appears earlier and persists in more males (Figure 19C). 

Taken together these results indicate that VPA prenatal exposure provokes early 

developmental delays and motor abilities. 
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Figure'19:'VPA'prenatal'treatment'altered'developmental'milestones.'
(A)-VPA-prenatal-treatment-did-not-alter-mass-gain-between-P9-and-P40-in-both-males-(Left)-and-females-(Right).-

(B)-VPA-prenatal-treatment-affected-neonatal-righting-reflex;-VPA-males-(Left)-show-a-significant-increased-latency-

to- righting- on- P9- in- comparison- to- the- Saline- littermates.- The- significant- increased- latency- to- righting- persisted-

until- P11.- Similar- to-males,- VPA- females- (Right)- displayed- an- increase- in- the- latency- to- righting- on- P9.- (C)- VPA-

prenatal-treatment-provoked-a-delayed-eye-opening.-On-P13-VPA-males-(Left)-exhibited-delayed-eye-opening-that-

persisted-until-P15.-VPA-females-(Right)-displayed-a-significant-delay-in-eye-opening-only-on-P14-in-comparison-to-

Saline- littermates.- VPA- males- (n=34/34),- Saline- Males- (n=27/27),- VPA- females- (n=25/25),- and- Saline- females-

(n=30/30).-Data-expressed-as-mean-±-SEM-*-P<-0.05,-**-P<0.001,-***-P<0.0001-twoMway-ANOVA.-
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1.2$VPA$males$displayed$faster$habituation$
One week after weaning, when mice were 4 weeks old, we tested the locomotor activity (LA) in 

Infrared photocell-based detection actimeters activity chambers for 60 minutes on two 

consecutive days. The computer recorded beam crossings during 60 minutes by 5 minutes 

intervals. In comparison to Saline, only VPA prenatally treated males show significant decrease 

in exploratory locomotor activity on Day 2 compared to Day 1 suggesting a reduced interest in 

the new environment, two-way ANOVA (Figure 20A). We found a significant effect of the 

group [Two-way ANOVA F (3, 1356) = 6.832, p=0.0001], time [F (11, 1356) = 53.47, 

p<0.0001] and interaction between the group and time [F (33, 1356) = 1.521, p=0.0303] on 

Day-1 Tuckey’s post-hoc analysis revealed lower LA in VPA males at t=50 mins (p<0.05). 

However, higher LA was observed in VPA females at t=55 minutes (p<0.001) (Figure 20B). 

Similarly, on Day 2, we found a significant effect of group [Two-way ANOVA F (3, 1356) = 

16.29, p<0.0001], and time [F (11, 1356) = 42.23, p<0.0001]. Tuckey’s Post hoc analysis 

revealed a significant decrease in LA in VPA males at t=25 mins (p<0.001). However, a 

significant increase in LA was observed in VPA females at t=45 and 50 minutes (p<0.05) 

(Figure 20C). We also analyzed the differences of LA in the last 30 minutes of each day, where 

most of the change happens. Comparing the LA of VPA males on Day 1 to Day 2, we found a 

significant effect of the day [F (1, 34) = 13.25, p<0.001], the time [F (5, 170) = 13.80, 

p<0.0001] and interaction: Day x Time [F (5, 170) = 3.087, p<0.05]. Sidak’s post-hoc analysis 

revealed a significant decrease in LA in VPA males on day 2 at t=35 minutes (p<0.05), t=40 

mins (p<0.001), and t=50 (p<0.0001) minutes (figure 21D).  
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Figure'20:'VPA'prenatal'treatment'altered'exploratory'locomotor'activity'(LA).'
(A)-On-DayM2-VPA-males- shows- reduced- Locomotor-Activity- (LA;- assessed-by-number-of- beam-crosses:- yMaxis)- in-

comparison-to-the-activity- in-the-same-group-on-DayM1.-On-DayM2-VPA-males-shows-reduced-LA-in-comparison-to-

Saline-males.-On-DayM2-Saline-females-shows-reduced-LA-relative-to-Saline-males.-(B)-VPA-males-had-a-reduced-LA-

at-the-end-of-Day-1-as-shown-by-the-5-minutes-block-analysis-of-time.-VPA-had-an-inverse-effect-on-females-that-

were-more-active-at-the-end-of-Day-1.-(C)-VPA-males-had-a-reduced-LA-at-t=25-Day-2.-Females-had-increased-LA-at-

t=45-and- t=50-minutes-Day-2.-VPA-males- (n=34/34),-Saline-Males- (n=27/27),-VPA- females- (n=25/25),-and-Saline-

females-(n=30/30).-Data-expressed-as-mean-±-SEM-*-P<-0.05,-**-P<0.001,-twoMway-ANOVA.-
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However, in VPA females we found a significant effect of day [F (1, 324) = 15.86, p<0.0001], 

and time [F (5, 5324) = 7.394, p<0.0001]. Sidak’s post-hoc analysis revealed a significant 

increase in LA in VPA females, in comparison to Saline females, on Day 2 at t=45 minutess 

(p<0.05), t=50 minutes (p<0.05) (Figure 21F). Furthermore, comparing LA of VPA females on 

Day-1 to Day-2, we found a significant effect of time [F (5, 125) = 8.293, p<0.0001]. Sidak’s 

Post hoc analysis revealed a significant decrease in LA in VPA females on Day 2 at t=35 

minutes (p<0.05) (Figure 21H). Taken together these results indicate that VPA treatment altered 

LA, and VPA treated mice display reduced interest in new environment.  

 

 
Figure'21:'LA'analysis'of'the'last'30'minutes'on'Day'1'and'Day'2'in'VPA'and'Saline.'
(A)-Graph-showing-no-significant-difference-in-LA-between-VPA-males-and-Saline-littermates-on-DayM1.-(B)-Similarly,-

no- significant- difference-was- found- between- both- groups- on-DayM2.- (C)-No- significant- difference- in- LA- in- Saline-

males-between-DayM1-and-DayM2.-(D)-VPA-prenatally-treated-males-show-significant-decrease-in-exploratory-LA-on-

DayM2-compared-to-Day-1-at-t=-35,-40,-and-45-minutes.-(E)-No-significant-difference-in-LA-between-VPA-females-and-

Saline- littermates-on-Day-1.- (F)-A-significant- increased-activity- in-VPA-females-on-Day-2,- in-comparison-to-Saline-

females-on-the-same-day.-(G)-No-significant-difference-in-LA-in-Saline-females-between-Day-1-and-Day-2.-(H)-VPA-

prenatally-treated-females-show-a-significant-decrease-in-locomotor-activity-after-35-minutes-on-DayM2.-VPA-males-

(n=34/34),-Saline-Males-(n=27/27),-VPA-females-(n=25/25),-and-Saline-females-(n=30/30).-Data-expressed-as-mean-

±-SEM-*-P<-0.05,-**-P<0.01,-***-P<0.001,-twoMway-ANOVA.-
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1.3$VPA$mice$displayed$altered$behavior$in$SHIRPA$primary$Screen$
Time spent immobile following transfer to SHIRPA arena was assessed and two-way 

ANOVA revealed a significant effect of treatment [F (1, 112) = 214.2, p<0.0001], the sex [F (1, 

112) = 136.7, p<0.0001], and a treatment-sex interaction [F (1, 112) = 155.6, p<0.0001] in VPA 

mice (Figure 22A). Tuckey’s post-hoc analysis revealed that only VPA males showed three folds 

increase in immobility (p<0.0001). Directly after the transfer to the SHIRPA arena, locomotor 

activity was assessed (Figure 22B). An effect of treatment [F (1, 112) = 129.4, p<0.0001], sex [F 

(1, 112) = 14.64, p=0.0002], and treatment-sex interaction [F (1, 112) = 90.78, p<0.0001] on 

locomotor activity were revealed by Two-way ANOVA. Tuckey’s post-hoc analysis revealed a 

significant (-50%) decrease in locomotor activity in VPA males versus Saline males (p<0.0001) 

while no such difference was observed in females. Here, we tested postural stability and 

coordination in space using negative geotaxis measured as the time needed to turn and time 

needed to climb a 45° inclined grid. We found an effect of treatment [Two-way ANOVA, F (1, 

112) = 16.62, p<0.0001] on time needed to turn on the grid. Tuckey’s post-hoc analysis a 

significant increase in time to turn in VPA females (p<0.001) (Figure 22C). In addition, both 

treatment [F (1, 112) = 117.0, p < 0.0001] and sex [F (1, 112) = 6.557, p=0.0118] had an effect 

on the time needed to climb the grid (Figure 22D). Indeed, both VPA males and females spent 

significantly more time than Saline littermates, to climb the grid (+78%) and (+59%) 

respectively (p<0.0001) (Tuckey’s post-hoc analysis). Finally, we implemented the wire 

maneuver test to assess coordination and muscle function. Two-way ANOVA revealed a 

significant effect of the treatment [F (1, 112) = 21.40, p<0.0001] (Figure 22E). Tuckey’s post-

hoc analysis that both VPA males and females were statistically different from Saline littermates 

as they spent (+15%) (p<0.05) and (+25%) (p<0.001) more time to climb the wire respectively. 

Taken together, these results indicate that VPA prenatal exposure provoked increased 

immobility, reduced exploration, and reduced motor abilities in males. In females, VPA prenatal 

exposure induced early motor deficits. These results are in line with our previous results in 

reduced motor reflexes and LA. 
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Figure'22:'VPA'treatment'altered'several'SHIRPA'parameters.'
(A)- scatterplot- of- time- spent- immobile- when- transferred- to- the- SHIRPA- arena.- VPA- males- show- a- significant-

increase-in-time-spent-freezing,-in-comparison-to-Saline-males-(Left).-When-transferred-to-the-SHIRPA-arena,-VPA-

females- show-no- significant-differences- in- immobility- (Right).- (B)- Scatterplot- showing- LA-assessed-by-number-of-

11x11cm-squares- crossed,- thirty- seconds-after- the- transfer- to- the-SHIRPA-arena.-VPA-males- show- reduced-LA- in-

comparison-to-Saline-males.-Both-Saline-females-and-VPA-females-show-reduced-LA-in-comparison-to-Saline-males.-

(C)-scatterplot-of-time-to-turn-on-the-grid-in-the-wire-in-the-negative-geotaxis-test.--VPA-males-show-no-change-in-

time-spent-turning-on-the-grid,-in-comparison-to-Saline-males.-VPA-females-show-a-significant-increase-in-time-to-

turn-on-the-grid,- in-comparison-to-Saline-females-and-Saline-males.- (D)-VPA-males-show-a-significant- increase- in-

time-to-climb-on-the-grid,-in-comparison-to-Saline-males.-VPA-females-show-a-significant-increase-in-time-to-climb-

the-grid,-in-comparison-to-Saline-females-and-Saline-males.-(E)VPA-males-show-a-significant-increase-in-time-spent-

climbing-the-wire,- in-comparison-to-Saline-males.-VPA-females-show-a-significant- increase-in-time-spent-climbing-

the-wire,- in-comparison-to-Saline-females.-VPA-males-(n=34/34),-Saline-Males-(n=27/27),-VPA-females-(n=25/25),-

and-Saline-females-(n=30/30).-Data-expressed-as-scatterplot-and-mean-±-SEM-*-P<-0.05,-**-P<0.01,-***-P<0.001,-

twoMway-ANOVA.-
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1.4$VPA$mice$displayed$core$ASD$symptoms$(P30;$P35J$45)$
One of the hallmarks of ASD are deficits in social interactions (APA, 2013). Here, we 

implemented the three chambers test, a commonly used approach to assess the social behavior in 

5-6 weeks old male and female mice prenatally exposed to VPA or Saline. None of the treatment 

groups, regardless the sex, showed a preference to any of the chambers during the 10 minutes 

habituation (PHASE I) (Figure 23A). However, we detected a significant effect of chamber side 

on duration [Two-way ANOVA F (1, 128) = 243.8, p<0.0001] in phase II, when a naïve mouse 

was introduced to one of the chambers (social chamber). Indeed, while Saline mice spent more 

time in the social chamber than in the empty chamber (69% versus 31%, p<0.0001), VPA males 

spent similar time in both chambers (Figure 23B). This treatment effect was not observed in 

females that spent more time in the social chamber than in the empty chamber, regardless of the 

treatment. The differences were even more striking when expressed as sociability index (SI), as 

VPA males showed a 7 folds decrease in sociability (p<0.0001) when compared to Saline males, 

while females had similar SI regardless of the treatment. Indeed, we found a significant effect of 

the treatment [Two-way ANOVA F (1, 64) = 6.285, p=0.0147], sex [F (1, 64) = 5.453, 

p=0.0227] and treatment-sex interaction [F (1, 64) = 25.75, p<0.0001] on sociability index 

(Figure 23C). These results show significant impairments in sociability, a core feature in ASD, 

only in VPA males.  

We then assessed repetitive grooming and rearing behaviors in a new environment, using 

the Plexiglas cylinder test for 3 minutes. Time spent grooming was affected by treatment [Two-

way ANOVA, F (1, 112) = 26.47, p<0.0001] (Figure 23D). Tukey’s post-hoc analysis revealed a 

significant increase in the time spent grooming in both VPA males (+69%) (p<0.001) and 

females (+41%) (p<0.05). Additionally, there was an effect of treatment [Two-way ANOVA F 

(1, 112) = 11.99, p<0.001] and sex [F (1, 112) = 14.57, p<0.001] on rearing behavior (Figure 

23E). Indeed, VPA males, but not females, showed significant reduction in rearing behavior 

compared to Saline (-41%) (p<0.01) and to VPA females (-50%) (p<0.001). This is reminiscent 

of the previous results also showing reduced exploratory behavior in the same group. 
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Figure'23:'VPA'males'show'core'ASD'features.'
(A)-Histogram- showing-no- change- in- the- time- spent- in- nonsocial- chamberM1- (NSC1)- versus- nonsocial- chamberM2-

(NSC2)-regardless-the-treatment-in-both-males-(Left)-and-females-(Right)-in-PHASE-I-of-the-three-chambers-test.-(B)-

VPA-prenatal-treatment-induced-reduced-sociability-only-in-males-(Red-barsM-Left);-no-significant-difference-in-the-

time- spent- in- the- social- chamber- (SC1)- versus- the- nonsocial- chamberM2- (NSC2)- In- PHASE- II.- (C)- VPA- prenatally-

treated-males-show-a-significantly-decreased-sociability.-(D)-Scatterplot-of-time-spent-grooming.-VPA-males-show-a-

significant- increase- in- the- time- spent- grooming,- in- comparison- to- Saline- males- (Left).- VPA- females- show- a-

significant- increase- in- time- spent- grooming,- in- comparison- to- Saline- females- (Right).- (E)VPA- males- show- a-

significant- decrease- in- number- of- vertical- rears,- in- comparison- to- Saline-males.- VPA- females- show- a- significant-

increase- in-number-of- rears,- in- comparison- to-VPA-males.- For- three-chambers- test:-VPA-males- (n=27/34),- Saline-

Males- (n=10/27),-VPA- females- (n=16/25),-and-Saline- females- (n=15/30).- For- cylinder- test:-VPA-males- (n=34/34),-

Saline-Males-(n=27/27),-VPA-females-(n=25/25),-and-Saline-females-(n=30/30).-Data-expressed-as-scatterplots-and-

mean-±-SEM-*-P<0.05,-**-P<0.01,-***-P<0.001,-twoMway-ANOVA.-
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1.5$VPA$mice$displayed$significant$deficits$in$motor$coordination$and$gait$

(P33J$34)$$
Motor coordination was assessed using the challenging beam test following 2 days of 

training (Fleming et al., 2004). The “Challenging beam test” is an adaptation of the “beam 

walking test” developed by Drucker-Colin and Garcia-Hernandez (1991) to study motor deficits 

in aged rats. On the testing day, each animal (P-33) traversed the beam for 5 trials. Time needed 

to traverse the full length of the beam, errors per step, and errors at each section of the beam 

were counted and results were expressed as the mean of 5 trials. The time needed to traverse the 

beam sections was not affected by the treatment [Two-way ANOVA, F (1, 112) =0.0045, 

p=0.9462] (Figure 24A). However, the treatment affected errors per step, [F (1, 112) =67.04, 

p<0.0001] (Figure 24B). Tuckey’s post-hoc analysis revealed a significant increase in the errors 

per steps (+125%) in VPA males (p<0.0001) in comparison to Saline males. Interestingly a 

similar increase of (+110%) was also seen in VPA females (p<0.0001) when compared to Saline 

females. We have also found a significant effect of beam section [two-way ANOVA, F (3, 448) 

=101.0, p<0.0001], group [F (3, 448) =60.61, p<0.0001] and beam section x group interaction [F 

(9, 448) =3.135, p=0.0011] (Figure 24C). Indeed, male and female VPA treated mice showed a 

significant increase in the number of errors per beam section. Tuckey’s post-hoc analysis 

revealed significant differences on the second, third, and fourth beam sections (p<0.0001) in 

comparison to Saline males and females.  

Of interest, VPA females that displayed normal social behavior, displayed reduced motor 

coordination and ataxic gait. These results indicate that significant alterations in motor 

coordination are present in both male and female VPA mice.  
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Figure'24:'VPA'prenatal'treatment'altered'motor'coordination'on'the'challenging'beam'in'

both'males'and'females.'
A)-VPA-mice-needed-the-same-amount-of-time-to-traverse-the-beam.-(B)-VPA-mice-show-significant-increase-in-the-

number-of- errors-per- steps.-VPA-prenatally- treated-males- (Red-bars)- show- significant- increase- in- the-number-of-

errors-per-steps-on-the-second,-third,-and-fourth-sections-of-the-beam,-in-comparison-to-Saline-males-(White-bars).-

Similar-to-the-males,-VPA-females-(Light-Red-bars)-show-significant-increase-in-the-number-of-errors-per-steps-on-

the- second,- third,- and- fourth- sections- of- the- beam,- in- comparison- to- Saline- females- (Gray- bars).- VPA- males-

(n=34/34),- Saline- Males- (n=27/27),- VPA- females- (n=25/25),- and- Saline- females- (n=30/30).- Data- expressed- as-

scatterplots-and-mean-±-SEM-***-P<0.001,-twoMway-ANOVA.-
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As several findings in ASD patients clearly pointed to gait disturbances, including 

reduced stride length and increased base of support (Vilensky et al., 1981; Weiss et al., 2013), 

we analyzed gait in our mouse models with a special focus on stride length, pair base of support 

and pair gap. 

 We found a significant effect of group [Two-way ANOVA F (3, 220) =49.86, p<0.0001] 

on the increased pair gap (Figure 25A). Indeed, VPA males showed significant increase (≈ +2.3 

folds) in both right (p<0.0001) and left pair gap (p<0.0001) versus Saline males. Similarly, VPA 

females showed significant increase (≈ +1,62 folds) in both right (p<0.0001) and left (p<0.00) 

pair gap (Tuckey’s Post hoc). In addition, two-way ANOVA revealed a significant effect of the 

group [F (3, 220) =33.74, p<0.0001] on pair base of support (Figure 25B). Indeed, post-hoc 

analysis showed that both VPA males and females have a significant increase of (≈ +29 to 40) in 

both right and left pair base of support when compared to Saline littermates (p<0.0001). 

Similarly, we found an effect of treatment [F (1, 109) =46.39, p<0.0001] on stride length (Figure 

25C). Tuckey’s post-hoc analysis revealed a significant decrease (≈ -6.5%) in stride length in 

both VPA males and females (p<0.0001) in comparison to Saline controls. We report here that 

VPA treatment did not affect males or females paw area, nor speed or regularity of the run 

(Figure 25D-F), suggesting that the significant changes in gait parameters are not due to 

morphological factors (Paw area) nor to test parameters (Speed and Regularity of the run). 

These results indicate that a significant ataxic gait is present in both VPA males and 

females, in line with our results obtained in fine motor coordination tests and with observations 

in ASD patients.  
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Figure'25:'VPA'prenatal'treatment'provoked'ataxic'spatial'parameters'of'gait.'
Gait-analysis-was-assessed-using-the-Viewpoint-GaitMLab.-(A)-VPA-mice-show-significant-increase-in-both-right-and-

left-pair-gap-during-the-run-on-the-GaitMLab-Plexiglas-corridor-and-an-increase-in-both-right-and-left- limb-base-of-

support-(B)-and-a-decrease-in-stride-length-(C).-VPA-mice-show-no-significant-change-in-(D)-Area,-(E)-Speed,-and-(F)-

Regularity-of- the- run.-VPA-males- (n=32/34),- Saline-Males- (n=27/27),-VPA- females- (n=25/25),-and-Saline- females-

(n=30/30).-Data-expressed-as-scatterplots-and-mean-±-SEM-***-P<0.001,-oneMway-ANOVA,-twoMway-ANOVA.-
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Chapter$2:$Behavioral$screening$results$in$Poly$I:C$mice$

2.1$Poly$I:C$mice$displayed$delayed$postJnatal$development$
To examine the effect of prenatal exposure to poly I:C on general postnatal development, 

we investigated the delay in offspring eye opening and righting reflex at P6-P19.  

Two-way ANOVA revealed a significant effect of group [F (3, 370) =15.33, p<0.0001], age [F 

(4, 370) =642.8, p<0.0001], and group x age interaction [F (12, 370) =3.164, p=0.0003] on the 

mass gain. Tukey’s multiple comparison test showed a significant increase in mass gains in poly 

I:C females at P32 and P40 (P<0.05). Poly I:C males kept gaining mass normally till P40 (Figure 

26A). Regarding the righting reflex, two-way ANOVA showed a significant effect of treatment 

[F (3, 222) =15.30, p<0.0001], age [F (2, 222) =83.37, p<0.0001] and treatment x age 

interaction [F (6, 222) = 3.421, p=0.0030] (Figure 26B). Tukey’s post-hoc revealed a significant 

latency in righting in poly I:C males at P9 (p<0.0001) and P11 (p<0.05) compared to Saline 

littermates. Poly I:C females displayed an increase in the latency only at P9 (p<0.01). This is 

indicative of more pronounced developmental delays in poly I:C males compared to poly I:C 

females. Regarding the eye opening (Figure 26C), we found a significant effect of treatment 

[Two-way ANOVA F (3, 370) =9.348, p<0.0001], age [F (4, 370) =736.9, p<0.0001] and 

interaction between the treatment and age [F (12, 370) = 2.891, p=0.0008]. Tukey’s post-hoc 

analysis revealed a significant eye-opening delay in poly I:C males at P13 (p<0.001) and P14 

(p<0.01). The delay was observed in poly I:C females only at P14 (p<0.0001) indicating that the 

delay in eye opening appears earlier in poly I:C males (Figure 26C).  
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Figure'26:'Poly'I:C'prenatal'treatment'altered'developmental'milestones'mostly'in'males.''
(A)-Poly-I:C-prenatal-treatment-did-not-alter-mass-gain-between-P9-and-P40-in-males-(Left),-females-(Right)-showed-

normal-mass-gain-until-P32-where-a-significant-increase-in-mass-persisted-till-P40.-(B)-Poly-I:C-prenatal-treatment-

affected- neonatal- righting- reflex;- Poly- I:C- males- show- a- significant- increased- latency- to- righting- at- P9- in-

comparison- to- the- Saline- littermates.- The- significant- increased- latency- to- righting- persisted- until- P- 11.- Poly- I:C-

females-displayed-a-significant-increase-in-the-latency-to-righting-at-P9.-(C)-Poly-I:C-prenatal-treatment-provoked-a-

delayed-eye-opening.-At-P13-Poly-I:C-males-exhibited-delayed-eye-opening-that-persisted-until-P14.-Poly-I:C-females-

displayed- a- significant- delay- in- eye- opening- only- on- P- 14- in- comparison- to- Saline- littermates.- Poly- I:C- Males-

n=11/11;-Saline-Males-n=27/27;-Poly-I:C-Females-n=10/10;-Saline-Females-n=30/30.-Data-expressed-as-mean-±-SEM-

*-P<-0.05,-**-P<0.01,-***-P<0.001-twoMway-ANOVA.-
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2.2$Poly$I:C$males$displayed$faster$habituation$
One week after weaning, when mice were 4 weeks old, we tested the locomotor activity 

in infrared photocell-based detection actimeters activity chambers for 60 minutes on two 

consecutive days. The computer recorded beam crossings during 60 minutes by 5 minutes 

intervals. We found a significant effect of the group [Two-way ANOVA, F (3, 148) =5.054, 

p=0.0023], and day of test [F (1, 148) =7.726, p=0.0062]. Tukey’s post-hoc analysis revealed a 

significant decrease of 27% in LA in poly I:C males on day 2 (p<0.05). On the same day, Saline 

females had a significant decrease of 24% in LA in comparison to Saline males (p<0.01) (Figure 

27A). To examine the effect of prenatal exposure to poly I:C on exploratory behavior, we 

investigated the locomotor activity over the course of the 60 minutes session. On Day 1, we 

found a significant effect of the group [Two-way ANOVA F (3, 888) = 4.659, p=0.0031], and 

time [F (11, 888) = 39.20, p<0.0001]. Tuckey’s post-hoc analysis revealed a significant decrease 

in LA in Saline Females at t=50 minutes (p<0.01) (Figure 27B). Similarly, on Day 2 we found a 

significant effect of the group [Two-way ANOVA F (3, 888) =11.03, p<0.0001] and time [F 

(11, 888) =30.93, p<0.0001]. Tuckey’s post-hoc analysis revealed a significant decrease in LA 

in Saline females in comparison to Saline males at t=20 and t=30 minutes (p<0.05) (Figure 27C). 

We further analyzed the differences of LA in the last 30 minutes for each day, where most of the 

changes happen. Comparing the LA of poly I:C males on Day 1 to Day 2, we found a significant 

effect of the day [F (1, 10) =6.126, p<0.05], and the time [F (5, 50) =6.505, p<0.0001]. Sidak’s 

Post hoc analysis revealed no significant difference in the decrease in LA in poly I:C males on 

day 2 (Figure 28D). Taken together these results indicate that poly I:C provoked reduced 

exploratory in males. 
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Figure'27:'POLY'I:C'prenatal'treatment'altered'locomotor'activity'(LA)'in'activity'cages.'
(A)-On-DayM2-Poly-I:C-males-shows-reduced-Locomotor-Activity-(LA;-assessed-by-number-of-beam-crosses:-yMaxis)-in-

comparison-to-the-activity-in-Saline-males.-On-DayM2-Saline-females-shows-reduced-LA-relative-to-Saline-males.-(B)-

Saline- females-had-a- reduced-LA-at- t=50-mins-on-DayM1- in-comparison- to-Saline-males.- (C)-Saline- females-had-a-

reduced-LA-at-t=20-and-t=30-mins- in-comparison-to-Saline-males-on-DayM2.-Poly-I:C-Males-n=11/11;-Saline-Males-

n=27/27;-Poly-I:C-Females-n=10/10;-Saline-Females-n=30/30.-Data-expressed-as-mean-±-SEM.-*-P<-0.05,-**-P<0.01-

twoMway-ANOVA.-
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Figure'28:'LA'analysis'of'the'last'30'minutes'on'DayN1'and'DayN2'in'POLY'I:C'and'Saline.''
(A)- Graph- showing- no- significant- difference- in- LA- between- Poly- I:C- males- and- Saline- littermates- on- DayM1.- (B)-

Similarly,-no-significant-difference-was-found-between-both-groups-on-DayM2.-(C)-No-significant-difference-in-LA-in-

Saline-males- between- DayM1- and- DayM2.- (D)- Poly- I:C- prenatally- treated-males- shows- no- significant- decrease- in-

exploratory-LA-on-DayM2-compared-to-DayM1.-(E)-No-significant-difference-in-LA-between-Poly-I:C-females-and-Saline-

littermates-on-DayM1.- (F)-No-significant-change- in-activity- in-Poly- I:C-females,- in-comparison-to-Saline-females-on-

DayM- 2.- (G)- No- significant- difference- in- LA- in- Saline- females- between- DayM1- and- DayM2.- (H)- Poly- I:C- prenatally-

treated-females-show-no-significant-change-in- locomotor-activity-on-DayM2.-Poly-I:C-Males-n=11/11;-Saline-Males-

n=27/27;-Poly-I:C-Females-n=10/10;-Saline-Females-n=30/30Data-expressed-as-mean-±-SEM-twoMway-ANOVA.-
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2.3$Poly$I:C$mice$displayed$altered$behavior$in$SHIRPA$primary$Screen$
Time spent immobile following transfer to SHIRPA arena was assessed and two-way 

ANOVA revealed a significant effect of the treatment [F (1, 47) =25.50, p<0.0001] (Figure 

29A). Post-hoc analysis revealed that only poly I:C males showed 65% increase in immobility 

(p<0.0001). Directly after the transfer to the SHIRPA arena, locomotor activity was assessed. An 

effect of Treatment [F (1, 74) = 18.72, p<0.0001], and treatment x sex interaction [F (1, 74) 

=6.124, p=0.0156] on locomotor activity was revealed by two-way ANOVA (Figure 29B). 

Tukey’s post-hoc analysis revealed a significant (-24%) decrease in locomotor activity in poly 

I:C males versus Saline males (p<0.0001) while no such difference was observed in females. In 

comparison with Saline males, both Saline and poly I:C females showed significant reduced 

activity of 13% and 20% respectively (p<0.01). Here we tested postural stability and 

coordination in space using negative geotaxis measured as the time needed to turn and the time 

needed to climb a 45° inclined grid. We found an effect of treatment [Two-way ANOVA, F (1, 

74) =9.794, p=0.0025] on time needed to turn on the grid. However, Tukey’s post-hoc analysis 

revealed no significant change in time to turn in poly I:C mice (Figure 29C). In addition, only 

sex [F (1, 74) =4.486, p=0.0375] had an effect on the time needed to climb the grid. Indeed, poly 

I:C males spent significantly more time, than Saline females, to climb the grid (+18%) (p<0.01) 

(Figure 29D). Finally, we have implemented the wire maneuver test to assess coordination and 

muscle function. Two-way ANOVA revealed a significant effect of the treatment [F (1, 47) 

=7.509, p=0.0077], and sex [F (1, 47) =6.267, p=0.0145] on the time spent climbing the wire 

(Figure 29E). Indeed, Tukey’s post-hoc analysis showed that both poly I:C males were 

statistically different from Saline littermates as they spent (+18%) (p<0.05) more time to climb 

the wire. Furthermore, when compared to Saline females, poly I:C males showed a significant 

increase, of 19%, in time spent climbing the wire (p<0.01).  
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Figure'29:'Poly'I:C'treatment'altered'several'SHIRPA'parameters'in'males.'
(A)- scatterplot- of- time- spent- immobile-when- transferred- to- the- SHIRPA-arena.- Poly- I:C-males- show-a- significant-

increase-in-time-spent-freezing,-in-comparison-to-Saline-males-(Left).-When-transferred-to-the-SHIRPA-arena,-Poly-

I:C- females- (Right)- show-a- significant- increase- in- immobility- compared- to- Saline-males- (Left).- (B)- Poly- I:C-males-

show- reduced- LA- in- comparison- to- Saline-males.- Both- Saline- females- and- Poly- I:C- females- show- reduced- LA- in-

comparison-to-Saline-males.-(C)-scatterplot-of-time-to-turn-on-the-grid-in-the-wire-in-the-negative-geotaxis-test.--Poly-

I:C-mice-show-no-change-in-time-spent-turning-on-the-grid,-in-comparison-to-Saline-littermates.-(D)-Poly-I:C-males-

show-a-significant-increase-in-time-to-climb-on-the-grid,-in-comparison-to-Saline-females.-(E)-Poly-I:C-males-show-a-

significant- increase- in- time- spent- climbing- the- wire,- in- comparison- to- Saline-males- (Left)- and- females.- Poly- I:C-

Males- n=11/11;- Saline- Males- n=27/27;- Poly- I:C- Females- n=10/10;- Saline- Females- n=30/30.- Data- expressed- as-

scatterplot-and-mean-±-SEM-*-P<-0.05,-**-P<0.01-***-P<0.001-twoMway-ANOVA-Tukey’s-postMhoc.-
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2.4$Poly$I:C$males$displayed$reduced$sociability,$but$normal$repetitive$

behaviors$(P30;$P35J$45)$
We assessed sociability in 5-6 weeks old mice prenatally exposed to poly I:C or Saline. 

None of the treatment groups, regardless the sex, showed a preference to any of the chambers 

during the 10 minutes habituation (PHASE I) (Figure 30A). However, we detected a significant 

effect of chamber [Two-way ANOVA F (1, 32) = 76.40, p<0.0001] and treatment x chamber 

interaction [F (1, 32) =11.03, p=0.0022] in phase II. Indeed, while Saline males spent more time 

in the social chamber than in the empty chamber (69% versus 31%, p<0.0001), poly I:C males 

spent 58% in the social chamber versus 42% in the nonsocial chamber (p<0.01) (Figure 30B). 

Thus, poly I:C males presented a significant increase of 39% in the time spent in the non-social 

chamber when compared to Saline littermates (p<0.05). In females, we detected a significant 

effect of chamber [Two-way ANOVA F (1, 36) = 69.60, p<0.0001] and treatment x chamber 

interaction [F (1, 36) =4.241, p=0.0468] in phase II. Indeed, females spent more time in the 

social chamber than in the non-social chamber, regardless of the treatment.  

The effect of poly I:C on sociability was then expressed as sociability index. Indeed, 

although the two-way ANOVA failed to show a significant effect of the treatment [F (1, 34) = 

0.3266, p=0.5714], and sex [F (1, 34) = 0.7873, p=0.3812], there was an effect of treatment x 

sex interaction [F (1, 34) = 7.502, p=0.0097] on sociability index. Tukey’s post-hoc analysis 

showed no significant difference in the SI, were all the groups were compared to each other. 

However, when male and female groups were compared separately, Sidak’s post-hoc analysis 

showed that poly I:C males have a 57% decrease in sociability (p<0.05), while females had 

similar SI regardless of the treatment (Figure 30C).  

Then, repetitive and exploratory behaviors were assessed in Plexiglas cylinder. Time 

spent grooming was not affected by treatment [Two-way ANOVA, F (1, 47) = 2.240, p=0.1387] 

(Figure 30D). However, there was an effect of treatment [Two-way ANOVA F (1, 47) = 16.87, 

p<0.001] on rearing behavior (Figure 30E). Indeed, both male and female poly I:C mice showed 
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significant reduction in rearing behavior compared to Saline littermates (-47%) (p<0.05) and (-

38%) (p<0.05) respectively.  

All together, these results indicate that poly I:C induced reduced sociability in sex 

dependent manner. In addition, poly I:C prenatal exposure provoked normal grooming repetitive 

behavior, but reduced vertical rearing, a spontaneous exploratory behavior, which is in line with 

our previous results in automated LA and SHIRPA. 

 
Figure'30:'Poly'I:C'males'show'reduced'social'behavior.'
(A)-Histogram- showing-no- change- in- the- time- spent- in- nonsocial- chamberM1- (NSC1)- versus- nonsocial- chamberM2-

(NSC2)-regardless-the-treatment-in-both-males-(Left)-and-females-(Right)-in-PHASE-I-of-the-three-chambers-test.-(B)-

Poly- I:C- prenatal- treatment- induced- reduced- sociability- only- in- males- (green- barsM- Left).- (C)- Poly- I:C- prenatally-

treated-males- show-a- significantly- decreased- sociability- as- shown- in- the- Sociability- index- (SI).- (D)- Scatterplot- of-

time-spent-grooming.-Poly-I:C-mice-show-no-significant-change-in-the-time-spent-grooming,-in-comparison-to-Saline-

littermates.-(E)-Poly-I:C-males-show-a-significant-decrease-in-number-of-vertical-rears,-in-comparison-to-Saline-males-

and- Saline- females.- Poly- I:C- females- show- a- significant- decrease- in- number- of- rears,- in- comparison- to- Saline-

females.-For-the-three-chambers-test-of-sociability:-Poly-I:C-Males-n=8/11;-Saline-Males-n=10/27;-Poly-I:C-Females-

n=5/10;- Saline- Females- n=15/30;- For- the- cylinder- test:- Poly- I:C-Males- n=11/11;- Saline-Males- n=27/27;- Poly- I:C-

Females-n=10/10;-Saline-Females-n=30/30.-Data-expressed-as-scatterplots-and-mean-±-SEM-*-P<0.05,-**-P<0.01,-

***-P<0.001,-twoMway-ANOVA.-
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2.5$Poly$I:C$mice$displayed$normal$motor$coordination$and$gait$(P33J$34)$$
Motor coordination was assessed using the challenging beam test. The time needed to 

traverse the beam sections was not affected by the treatment [Two-way ANOVA, F (1, 47) 

=0.3317, p=0.5664] (Figure 31A). Moreover, errors per step was not affected by the treatment [F 

(1, 47) =0.4130, p=0.5224] as both poly I:C males and females showed no change in the errors 

per steps compared to Saline (Figure 31B). We have found a significant effect of beam section 

on all treatment groups [two-way ANOVA, F (3, 296) =34.19, p<0.0001] (Figure 31C). 

However, male and female poly I:C pretreated mice showed no significant change in the number 

of errors per beam section. Tukey’s post-hoc analysis revealed no significant differences on the 

first, second, third, and fourth beam sections in comparison to Saline males and females.  

We analyzed gait in our mouse models with a special focus on stride length, pair base of 

support and pair gap. However, we found a significant effect of group [Two-way ANOVA F (3, 

148) =49.86, p<0.0001] on the pair gap (Figure 32A). Indeed, when compared to Saline, poly 

I:C males showed significant increase (+1.97 folds and +1,76 folds) in both right (p<0.001) and 

left pair gap (p<0.05) respectively, (Tukey’s post-hoc). This effect was not observed in poly I:C 

females. In addition, two-way ANOVA revealed no significant effect of the group [F (3, 148) 

=0.7706, p=0.5122] on pair base of support (Figure 32B). Similarly, we found no effect of 

treatment [F (1, 47) =0.1638, p=0.6868] on stride length (Figure 32C). The two-way ANOVA 

showed an effect of sex [F (1, 47) =4.801, p=0.0316] on stride length. We report here that poly 

I:C treatment did not affect poly I:C males or females paw area, nor speed or regularity of the 

run (Figure 32D-F). 

In brief these results indicate that poly I:C prenatal exposure did not alter motor 

coordination in both males and females. 

'
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Figure'31:'Poly'I:C'had'no'effect'on'motor'coordination'on'the'challenging'beam'test.'
(A)- Poly- I:C-mice- needed- the- same- amount- of- time- to- traverse- the- beam.- (B)- Poly- I:C-mice- show- no- significant-

change-in-the-number-of-errors-per-steps.-(C)-Poly-I:C-prenatally-treated-males-(Green-bars)-show-no-change-in-the-

number-of- errors- per- steps-on- the-all- beam- sections,- in- comparison- to- Saline-males- (White-bars).- Similar- to- the-

males,-Poly-I:C-females-(Light-Green-bars)-show-no-change-in-the-number-of-errors-per-steps-on-all-the-sections,-in-

comparison-to-Saline-females-(Gray-bars).-Poly-I:C-Males-n=11/11;-Saline-Males-n=27/27;-Poly-I:C-Females-n=10/10;-

Saline-Females-n=30/30.-Data-expressed-as-scatterplot-and-mean-±-SEM-twoMway-ANOVA.-
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Figure'32:'Poly'I:C'prenatal'treatment'did'not'provoke'ataxic'gait.'
Gait-analysis-was-assessed-using-the-Viewpoint-GaitMLab.-(A)-Poly-I:C-males-show-significant-increase-in-both-right-

and-left-pair-gap-during-the-run-on-the-GaitMLab-Plexiglas-corridor.-(B)-Poly-I:C-mice-show-no-significant-change-in-

both-right-and-left-limb-base-of-support-and-(C)-stride-length.-Poly-I:C-mice-show-no-significant-change-in-(D)-Area,-

(E)-Speed,-and-(F)-Regularity-of-the-run.-Poly-I:C-Males-n=11/11;-Saline-Males-n=27/27;-Poly-I:C-Females-n=10/10;-

Saline-Females-n=30/30.-Data-shows-mean-±-SEM-*-P<0.05,-**-P<0.01,-oneMway-ANOVA/-twoMway-ANOVA.-

'
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Chapter$1:$Discussion$

1.1$General$Discussion$
 

We characterized sociability deficits, repetitive behavior, and motor coordination and 

gait in VPA and Poly I:C mouse models, in line with two main etiologies in environmental 

factors inducing ASD: 1) prenatal exposure to antiepileptic treatment and 2) MIA. Regarding the 

two diagnostic criteria of ASD, (i) social deficits and (ii) restricted interest and stereotyped 

behavior, the VPA mouse model presents a sex-dependent reduced sociability and behaviors 

resembling stereotypes in both males and females. In addition, early developmental trajectories 

and mid-postnatal motor deficits where observed in both sexes in the VPA model. The Poly I:C 

mouse model presented minor reduction in sociability in males and no changes in motor 

behaviors in both sexes. Our work indicates that the behavioral phenotype of VPA mouse model 

shares, in a sex dependent manner, ASD-like traits observed in patients with ASD. In both 

models, we have characterized differences between males and females, in line with our initial 

hypothesis aimed at unpinning sex differences in behavior after prenatal exposure to VPA or 

Poly I:C. We have demonstrated in this work that in utero environmental insults can induce early 

developmental delays suggesting alterations in brain development of the fetus. Significant and 

consistent epidemiologic evidence has already indicated an increased risk of ASD with (i) 

exposure to the antiepileptic treatment VPA and (ii) viral infection during pregnancy. However, 

to date, there was little or no experimental data to support the presence of early motor delays, 

reduced motor coordination, and gait troubles in these two models of ASD. Today, the model of 

prenatal exposure to VPA provides the first experimental data indicating the relevance of 

examining motor behavior, not only for being precise, quantitative and reproducible, but also 

because of being expressed equally by both males and females. The results associated with this 

preclinical model may also indicate that the high prevalence of ASD in males might be due to 

the focus on the social behavior, thus underestimating other behavioral deficits in females. 
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1.2$Relevance$of$behavioral$protocols$used$
We have chosen to develop a series of specific behavioral tests for the observation of 

ASD behaviors in mice. We relied on the diagnostic criteria and behavioral traits frequently 

associated with ASD in the literature to test the behaviors in our the VPA and Poly I:C mouse 

models. We also developed specific tests to assess motor behavior, fine motor skills, motor 

coordination and gait. Subsequently, based on the literature review of neurobehavioral alteration 

models, and based on our hypothesis regarding motor deficits in ASD, we selected relevant tests 

for our study. Each test was therefore chosen based on the behaviors analyzed in relevance to 

ASD behaviors observed in humans (Table XI). 

 

To test sociability in our mice we adopted the 3 chambers test, the most widely used test 

for characterization of social behavior in rodents (Moy et al., 2004). The cylinder test was 

employed to assess repetitive behavior and vertical exploration in new environment (Fleming et 

al., 2013). In addition, “restricted interests” behaviors were assessed in the locomotor activity 

and SHIRPA battery (Brooks and Dunnett, 2009), where cognitive and motor functions where 

assessed. We were also inspired by the protocols validated and used elsewhere in the domains of 

motor behavior deficits including the “challenging beam test” of motor coordination (Fleming 

et al., 2004), Gait lab analysis of walk (Tsai et al., 2013). Most of these tests were developed, 

tuned and/ or validated in our laboratory specifically for this project. Finally, we reproduced the 

mouse model exposed to VPA and Poly I:C in the process of developing and/or validate the 

selected tests. 
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' Human'

Behavior'

Behavioral'

test'used'

Behavior'tested'in'mouse'

ASD'Diagnostic'

criteria'

Social#deficits#
Three#

chambers#test#
Social#interaction#

Repetitive#

behavior#
Cylinder#test#

Stereotypic#movements#(SelfO

Grooming)#

Restricted#

interests#

Locomotor#

activity#
Exploration/#habituation#

SHIRPA#

Spontaneous#activity#in#new#

environment#(freezing,#

exploration...)#

Cylinder#test# Vertical#exploration#(Rearing)#

Motor'Behavior#

'

Motor#

coordination#

Ataxia#

Challenging#

beam#test#
Motor#coordination#

Gait#Lab# Ataxia#

SHIRPA#
General#motor#abilities#

Motor#coordination#

Table'XI:'Behavioral'tests'selected'to'study'ASD'in'mouse'models'in'relevance'with'diagnostic'

criteria'symptoms'of'ASD'in'humans.'
With- dark- shading,- tests- previously- developed- and- used- in- ASD- research;- with- light- shading- validates- tests-

previously-developed-and-used-in-behavioral-characterization-of-animal-models-of-other-disorders.-

 

1.3$Stress$affects$the$behavior$of$the$animals$
 

Many factors can induce short, medium, or long-term stress in animals. It is therefore 

essential to take this into account when planning, carrying out and analyzing the experiments. It 

has been shown that the so called "routine" procedures, such as animal transport, can cause 

significant stress. After a 3 hours road transport, changes in corticosterone levels, heart rate, and 

blood pressure were observed in the rat, which lasted up to 16 days after the event. Behavioral 

changes were also observed with an increase in grooming behaviors and a decrease in social 

interaction and motor activity (Arts et al., 2012). Behavioral changes or physiological 

parameters related to stress caused by daily or routine procedures have also been demonstrated 

during cage changes, gavage procedures, blood sampling (see Balcombe et al., 2004). It is 

therefore essential to minimize the disturbances of animals when unnecessary and to take into 
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consideration that every manipulation or external event can influence the behavior of the 

animals. Since stress can alter physiological parameters and behavior of animals with "simple" 

routine procedures, it is therefore important to question the stress intrinsically caused by the 

environment of the tests we administer to animals. Many tests use specific devices and therefore 

represent a new environment for the animal that can be stressful, and therefore the animal's 

priority will be to carefully explore the new environment in order to ensure the absence of 

threats (Suckow et al., 2005). 

We have undergone the following procedures to minimize the stress caused by standard 

manipulations: (i) performing biweekly cage changes after administering the tests or at least 2 

days before the test day, (ii) one person is assigned to daily care, from the arrival of mice, there 

timed mating, intra uterine treatment, until birth and the administration of all the behavioral tests 

in order to increase the familiarity of the animals with the experimenter, and (iii) use a single 

experimentation room to which animals are accustomed very early.  

In locomotor activity test, cylinder test, and certain parameters of SHIRPA battery, the 

test is based on instinctive reaction and this is precisely the behavior we aimed to analyze. 

However, in a test such as that of social interactions, this stress component is to be taken into 

consideration. Pretest familiarization and habituation periods are very useful in this regard but 

very little documented, which can lead to arbitrary decisions as to their implementation. From 

one laboratory to another, these procedures vary enormously in form and duration, while they 

can have a considerable impact on the interpretation and reproducibility of the data. Other forms 

of stress can occur when performing a test. This is the case, for example, of the maternal odor 

recognition test, where the pups are separated from their mothers, albeit for a short time, thus 

causing distress behavior, which can have long term consequences (Marais et al., 2008). 

Moreover, it is known that the restraint of the animal creates an important stress. It is one of the 

methods frequently used to study the effects of stress in rodents (Campos et al., 2013). Any 

subsequent test would then prove unusable due to animal fatigue. The time required for the 
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animal to "recover" from a test is also very poorly documented. We therefore chose to leave a 

period of minimum 2 days between some manipulations of the animal in order to allow them 

time to rest, based on pilot studies that proceeded this work. It would therefore be beneficial for 

the reliability and reproducibility of the results to continue investigating the consequences of the 

daily manipulations of laboratory animals. 

1.4$VPA$provokes$ASD$in$human$and$rodents$
There are many examples of drugs that have major teratogenic effects on in utero 

exposure. This is the case, for example, of thalidomide, a sedative and anti-nausea drug that was 

used mainly by pregnant women in the 1950s and was withdrawn from the market in 1961 

because of its teratogenic effects. Indeed, several reports indicated that up to 30% of the children 

who were exposed between 21
st
 and 24

th 
gestation days developed ASD (Strömland et al., 1994). 

This period corresponds to a very critical developmental stage, the neural tube closure (Lemire, 

1988). VPA, or valproate, or 2-propylpentanoic acid, has been discovered for its anticonvulsant 

properties (Meunier et al., 1963), and was since then a widely used antiepileptic drug. It is 

prescribed primarily for the treatment of epilepsy, manic episodes, bipolar disorders, and 

migraine (Christensen et al., 2013). The first behavioral study of a rodent model exposed to VPA 

was published in 2001 (Schneider and Przewłocki, 2001). Four years later, a more detailed 

phenotypic behavioral characterization was published by the same team (Schneider and 

Przewłocki, 2005). Because of the behavioral resemblance between the rodent model and the 

symptoms observed in individuals with ASD, this rodent model rapidly became a “reference 

model” used in experimental research on ASD. 

The scientific consensus of this model stands on the data associated in line with the 

concordant clinical consequences in humans with ASD. In utero exposure to VPA is associated 

with neural tube defects, spina bifida, facial anomalies, major organ abnormalities including 

respiratory, cardiovascular, gastrointestinal, genitourinary, and skeletal (Iwata et al., 2010). As 

early as 1980, the teratogenic effects of this drug were demonstrated (Brown et al., 1980), and as 
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early as 1984, they were termed as fetal valproate syndrome (DiLiberti et al., 1984). The first 

epidemiological report of a possible association between VPA and ASD dates back to 1994 

(Christianson et al., 1994). The authors described in this study four children exposed in utero to 

the VPA all of which showed a developmental delay and one of these children has severe ASD. 

Since then, many studies have come to support this association (for review: Chomiak et al., 

2013, Roullet et al., 2013). According to Christensen et al. (2013), the risk of developing ASD is 

multiplied by 5 in children who have been exposed in utero to VPA. It is interesting to note that 

this increase in the risk of ASD is specific to VPA and not to in utero exposure to antiepileptic 

treatments in general (Wood et al., 2015).  

All VPA rodent prenatal studies proposed an exposure between the 11th and 13th 

embryonic days (E11 to E13) that corresponds to the period of the neural tube closure in 

rodents (Morriss-Kay et al., 1993). One study compared this exposure period with two earlier 

exposures at E7 and E9.5 and a late exposure at E15 (Kim et al., 2011). In addition, three studies 

used exposure just prior to tube closure period (Dufour-Rainfray et al., 2010; Narita et al., 2010; 

Nakasato et al., 2008). Thus, it is widely admitted that exposure at E12,5 induced the most solid 

ASD symptoms in rodents. The vast majority of studies used a single dose of 600 mg/kg per 

intraperitoneal injection, as described at the outset by Schneider et al. (2005, 2001), but the 

doses used ranged from 350 mg/kg (Cohen et al., 2013) to 800 mg/kg (Raza et al., 2015; 

Nakasato et al. 2008). It should be noted that some studies also presented an after birth VPA 

exposure as a model of ASD. This is a much less well characterized model, and post-natal 

exposure to VPA varies greatly from study to study: between P6 and P20, with doses ranging 

from a single exposure of 200 mg/kg (Wang et al., 2015) to a daily exposure of 150 mg/kg for 

two weeks (Chomiak et al., 2010). We are mainly interested in prenatal treatment paradigm, so 

we will not develop on these models in more detail in the next sections. A single injection of 450 

mg/kg VPA at E12.5 is widely recognized in the literature to be sufficient to induce ASD-like 

features in offspring. 
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In the next sections of the discussion, we will go through studies presenting behavioral 

characterization of this VPA model. Developmental data will be presented first; then the 

behavioral observations related to the main symptoms used for the diagnosis of ASD: sociability, 

communication, stereotypies, and sensory sensitivity; finally, the behavioral observations 

associated with frequent comorbidities of ASD. 

1.4.1$Characterization$of$VPA$model$in$rodents:$Developmental$observations$

(teratogenicity$markers)$

Most studies show at least one teratogenic effect following prenatal exposure to VPA, 

such as developmental delays or malformations (Olde Loohuis et al., 2015; Banerjee et al., 2014; 

Foley et al., 2014; Wellmann et al., 2014; Favre et al., 2013; Dendrinos et al., 2011; Dufour-

Rainfray et al., 2010; Markram et al., 2008; Schneider & Przewłocki, 2005). Some studies have 

shown no difference in development (Kumar and Sharma, 2016; Raza et al., 2015; Nakasato et 

al., 2008), and many studies do not provide information on litter development (Zhao et al. 2015; 

Olexová et al., 2013; Wang et al., 2013; Schneider et al., 2006). Few data are available on the 

acquisition of neonatal reflexes. Some have shown a standard acquisition of the reversal reflex in 

the negative geotaxis test between P7 and P12 (Dufour-Rainfray et al., 2010; Nakasato et al., 

2008; Schneider and Przewłocki, 2005). However, two studies have found motor function 

acquisition deficits evaluated in a forced swimming test (Sandhya et al., 2012; Schneider and 

Przewłocki, 2005). In summary, there is little data available on neonatal development, but the 

teratogenic effect of VPA at the time of neural tube closure is very common. 

1.4.2$Characterization$of$VPA$model$in$rodents:$Behavioral$observations$and$tests$

previously$used$

 

Although some studies do not follow the general trend (Cohen et al., 2013; Dendrinos et 

al., 2011), it appears that the dose and the window exposure are important determinants of the 

changes in sociability. Sociability is the most studied behavior in the VPA models with very 

consistent results. The study of rat sociability is most often carried out according to one of the 

following tests of social interaction: (i) the three chambers test and (ii) the test in pairs. For the 
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pair test, two age and sex matched mice are allowed to freely interact in a cage and all social 

interactions are assessed manually or by computer software. There are also some variations: use 

of rectangular or circular cage, adding a partition in the middle to make two rooms with enough 

space for one mouse to freely move between the two chambers, with the presence of a tube to 

hide from the other congener. Tests that are directly related to communication are more rarely 

used because they are more difficult to implement and the results are more difficult to interpret. 

Two studies have focused on communication in VPA mice, especially during a social 

interactions test (Raza et al., 2015; Wellmann et al., 2014). Microphones placed around and 

above the cages allowed to record the ultrasonic vocalizations of animals. The first study showed 

a decrease in social interactions in the VPA group, that was also associated with a 

communication deficit, with a greater latency to initiate the first ultrasonic call and fewer calls 

exchanged between the animals. The latter did not show any such social and communication 

differences in VPA, but it should be noted that VPA animals studied were all females. 

Tests related to motor skills and symptoms such as repetitive activities and stereotypies, 

novelty (exploration), as well as common comorbidities such as hyperactivity are present in the 

behavioral characterizations of the VPA rodent model. The paradigms set up in the tests varies, 

the age of the animal at the time of the test can have a strong influence on the results, and the 

behaviors studied can vary in the same test. However, there is a trend, namely an increase in 

motor activity characterized in previous VPA rat studies (Zhao et al., 2015; Sandhya et al., 2012; 

Schneider et al., 2008; Schneider and Przewłocki, 2005), accompanied by a decrease in constant 

exploration behavior (Kumar and Sharma, 2016; Favre et al., 2015; Olexová et al., 2013; 

Markram et al., 2008; Schneider et al., 2006; Schneider and Przewłocki, 2005). One study 

reported a decrease in motor activity (Olexová et al., 2013) and in three studies of the team that 

originally developed this model, stereotypical behaviors were observed in these VPA rats 

(Schneider et al., 2008, 2006; Schneider & Przewłocki, 2005).  
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The open field test is a simple test widely used in behavioral studies since it allows to 

inspect many parameters including motor activity, distance traveled and exploratory activity. 

However, when used alone, results must be interpreted with caution as animal activity includes 

locomotor activity, exploration, anxiety, and stereotypy (Tanaka et al., 2012); all factors that can 

influence the interpretation of results. For this test, the mouse is placed in a cage and a camera 

records all the trajectories of the mouse during the test, which can vary from 1 to 60 minutes. 

This open field test allows to quantify locomotor activity and spontaneous exploration in a new 

environment. Many variations of this test exist, for example, the use of cage with ground 

infrared beams or actimeters, that count beam crosses. This makes it possible to study 

habituation with time course. Other less frequently used tests were also employed to characterize 

the motor and exploratory abilities of mice exposed to VPA. The test of the rotarod consists of a 

wheel on which the mouse is deposited and which rotates faster and faster. This test normally 

evaluates the animal’s forced motor skills, motor coordination and endurance, but it can also 

impose a rhythm and might have effects on plasticity if training paradigms were involved. There 

are also tests of motor reflexes such as the neonatal walking test, where a circle is drawn on a 

paper and the pup is placed over and the time needed to walk outside the drawn region is 

recorded. In the same category, the gripping test where a pup is suspended and the time needed 

to grip is recorded. We did not use these two tests as they oblige the isolation of pups from their 

mothers. The Y-maze test is a test that presents a very interesting paradigm in the study of ASD. 

This test makes it possible to study whether the animal prefers to explore new territories 

(classical behavior of animals), or if they prefer a certain routine, associated with repeated 

behaviors and a need for immutability characteristic of ASD.  

To evaluate repetitive behavior, we adopted the cylinder test (Fleming et al., 2013). This 

approach makes it possible to record the spontaneous and exploratory activity in novel 

environment in addition to repetitive behavior. 
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1.5$Relevance$of$VPA$behavioral$data$in$comparison$to$previous$studies$
We have evaluated the developmental, social, cognitive and motor behavior in mice that 

received a single injection of 450mg/kg to VPA on day 12.5 of gestation. Our study is the first to 

examine gait impairments and motor coordination deficits, in addition to autistic-like traits, in 

both male and female mice prenatally treated with VPA. Our results show that prenatal exposure 

to VPA substantially alters early developmental trajectories, social cognitive and motor 

behaviors in offspring in a sex dependent manner. VPA offspring showed early developmental 

delays in open eyes and righting reflex. In addition, VPA males expressed reduced locomotor 

activity early adolescence. Furthermore, VPA males expressed reduced sociability and increased 

repetitive behavior, two core features of ASD. However, the sociability was intact in VPA 

females that expressed repetitive behavior. Interestingly, early motor coordination deficits and 

ataxic gait were observed alike in both male and female VPA offspring (Recap.  Table XII).  

The VPA animal model has been extensively used with a major interest that VPA is 

already known to raise 5-folds the risk of ASD in children (Christensen et al., 2013). Moreover, 

many human ASD-relevant behaviors have now been portrayed for this model (Nicolini and 

Fahnestock, 2017; Roullet et al., 2013). Thus, using this model in our study allows us to unpin 

motor behavior in relevance to ASD. We used a dose of VPA generally and widely accepted in 

the literature as being appropriate to model ASD-like behavior in mice, asingle i.p. injection of 

450mg/kg at E12.5. This dose sufficiently induces ASD behavior in mouse offspring, and also 

alters their embryonic development. Upon VPA exposure, ASD-like behaviors can been 

observed in early development (Reynolds et al., 2012). Indeed, in the current study, 

developmental aberrations were observed as delays in general development. In agreement with 

previous results, VPA prenatally exposed males and females displayed a delay in eye opening 

(Roullet et al., 2010) and an increased latency to righting (Podgorac et al., 2016; Iijima et al., 

2016). These results suggest that VPA prenatal exposure affects postnatal development and 

motor reflexes during the first weeks. 
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Cluster( Day( Test( Behavior(
tested(

VPA( Poly(I:C((

Teratogenic(
features(

P9#
to#

P16#

Righting#reflex#
Open#eyes#

Developmental#
trajectories#

⬇⬇ ######⬇ #

⬇⬇ ######⬇ #

⬇ ######=# #

⬇⬇ ####⬇ #

Motor(
behavior(

P#30# Wire#

maneuver#
#

Motor#

coordination#
⬇⬇ ####⬇⬇ # ⬇ ######=# #

P30# Negative#

Geotaxis#

Posture/#

coordination#in#

space#

⬇⬇ ######⬇ # =# ######=# #

P33# Challenging#

beam#test#

#

Motor#

coordination#
⬇⬇ ####⬇⬇ # =# ######=# #

P34# Gait#analysis# Gait#
#

⬇⬇ ####⬇⬇ # =# ######=# #

Stereotypes(
P30# Repetitive#

Grooming#

#

Repetitive#

behavior#*#
⬆⬆ ####⬆⬆ # ⬆⬆ ####=# #

Sociability(
P#35#to#

P45#

Three#

chambers#test#

#

Sociability#*# ⬇⬇ #####=# # ⬇ #######= #

Cognitive(
functions(

P28O#
P29#

Locomotor#
activity#

#

Exploration/#
habituation#

⬇⬇ #####=# # =# ######=# #

P30# Immobility#

(TRO#SHIRPA)#

Spontaneous#
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⬇:#Reduced;#⬆:#Increased;#=#No#change.#

 

 

In addition, the current study shows that mice prenatally exposed to VPA exhibit 

decreased locomotor activity one week after weaning. Of note, Kataoka et al. (2013) found that 

VPA-exposed mice displayed reduced locomotor activity at the age of 4 weeks. VPA rats 

showed decreased locomotor activity in puberty and adulthood (Olexova et al., 2013). In 

addition, it was recently shown that CD1 mice males prenatally exposed to 500 mg/kg (E12.5) 
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display reduced locomotor activity on P28 (Yamagushi et al., 2017). These results might be 

indicative of reduced interest of new environment. Reminiscent to the reduced locomotor 

activity, VPA males displayed reduced rearing in the cylinder, increased immobility, and 

reduced locomotor activity in the SHIRPA arena (P30). Of interest, Yamaghushi et al., (2017) 

reported reducing rearing expoloratory behavior in VPA mice at 4 weeks of age. This is in line 

with the clinical settings where it has been shown that Children with ASD spend less time by 

active exploration (Pierce and Courchesne, 2001). 

Motor stereotypes are one of the core symptoms of ASD. These are repetitive motor 

behaviors, which seem incontrollable, and are not directed towards a functional goal (APA, 

2013). These may be hand and finger mannerisms, arm beating, or complex body movements 

(Lord et al., 1994). Grooming behavior in rodents is often suggested to reflect 

repetitive/stereotypic behavior and anxiety (Kalueff et al., 2016; Lewis et al., 2007). In our study 

VPA mice show increased self-grooming, a finding similar to previous reports (Kang and Kim 

2015; Gandal et al., 2010). It is important to note here that repetitive behavior have been also 

assessed by marble burying test and it has been shown that VPA males prenataly treated with 

600 mg/kg (E11) buried more marble and expressed increased self-grooming (Castro et al., 

2016).  

Furthermore, the present study shows a sex difference in the effect of VPA exposure on 

the social behavior. Indeed, deficits in social interaction are among the core symptoms in 

patients with ASD (Kim et al., 2011; Nadel and POSS, 2007; Adrien et al., 1992). Several 

studies have demonstrated deficits in social behavior in rat (kim et al., 2014a; kim et al., 2011; 

Markram et al., 2008; Schneider and Prezewlocki, 2005) and mouse VPA models of ASD (Kim 

et al 2014b; Kataoka et al., 2013; Moldrich et al., 2013; Roullet et al., 2010). The present study 

showed the presence of decreased sociability in male mice prenatally exposed to VPA. In 

contrast, the VPA-exposed females showed normal sociability at age of 5-6 weeks. This is in 

relevance to recently published reports in VPA mouse (Hara et al., 2017b; de Theije et al., 2014) 
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and rat models (Kim et al., 2013).  This finding may be in agreement with the higher prevalence 

of ASD in males. Our hypothesis to explain the sex dependent difference observed in our 

behavioral results rely on the fact that CNS networks involved in sex-dependent behavior 

depend on uterine testosterone and estradiol balance (Peper and Koolschijn, 2012). In neural and 

glial cells, testosterone in transformed to estradiol by aromatase (Montelli et al., 2012). 

Aromatase activity and expression appears to be modulated by the brain in a sexual dimorphic 

manner in specific brain regions and at sensitive times during development (Vizziano-Cantonnet 

et al., 2011). Fetal testis produce major amounts of testosterone that peaks around the second 

trimester. In male rat fetus, this peak of testosterone production starts at E15 (Kalat, 2015). In 

mouse fetus, gonad differentiates sexually between E11 to E12 (Munger et al., 2013). This peak 

of testosterone production is crucial for the development of male typical behaviors rather 

referred as “brain masculinization”. With minor testosterone production, the development of the 

brain in female fetus depends less on this testosterone/aromatase pathway (Schwarz & 

McCarthy, 2008). Thus, VPA exposure at sensitive time point in early embryonic development 

might have the potential to alter testosterone levels in CNS cells during brain development, and 

consequently induce male-specific behavioral alterations. 

In the SHIRPA primary screen, our results show significant impairments in fine motor 

skills in both males and females treated with VPA. Motor coordination deficits where observed 

as early as P30, both VPA males and females spent more time climbing the wire. This is 

indicative of reduced motor coordination in the wire maneuver test. One might argue that the 

extra time spent might be due to reduced grip or muscle functions. However, it is not the case 

here as the VPA mice had normal growth (mass gain), normal grip, and muscle functions 

assessed by the SHIRPA primary screen. 

Interestingly, the current study demonstrated for the first time the effect of prenatal 

exposure to VPA on motor coordination using a static beam. The challenging beam test was 

useful to show precise motor performance and coordination. VPA prenatal treatment altered 
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motor coordination in both males and females highlighting the importance of evaluating the 

behavior in both sex groups. In addition to motor coordination deficits, VPA mice had shorter 

stride length and an increased pair gap and pair base-of-support. These results are in line to 

previously published results in VPA repeated prenatal exposure rat model of ASD (Main and 

Kulesza, 2017), where an oral administration of 800 mg/kg VPA at E10 and E12 induced motor 

deficits. Ataxic gait with reduced stride length and increased stride width was previously shown 

in Tsc1 mutant mice, where sociability and Purkinje cells counts where reduced in the same 

group (Tsai et al., 2012). 

Currently there is no drug approved to treat social deficits in ASD patients. Of interest, 

recent preclinical data suggests that the VPA rodent model displays predictive validity. Much 

attention has been recently paid to ameliorate the ASD behaviors in VPA rodent models. For 

instance, chronic administration of Risperidone and Aripiprazole improved the VPA induced 

sociability deficits and memory impairments in mouse (Hara et al., 2017c). In another study, 

single intranasal administration of oxytocin corrected social interaction deficits in VPA males 

(Hara et al., 2017). In addition, increased grooming and marble burying was reversed with 

MPEP, mGluR antagonist, in mice prenataly exposed to 600 mg/kg VPA at E11. Donepezil 

hydrochloride monohydrate corrected social interaction deficits and repetitive behavior in VPA 

rat and mouse (Foley et al., 2014). Similar encouraging results were also obtained in another 

VPA rat study, where prenatal administration of resveratrol (RSV) prevented the VPA- induced 

social deficits (Bambini-junior et al., 2014). 

 

In conclusion, the results of our behavioral studies demonstrated an experimental 

evidence of the consequences of VPA exposure on early postnatal development and motor 

behavior. In spite of the sex-dependent effect of the treatment on sociability, the delayed central 

nervous system development and immature motor system was present in VPA males and 

females. Considering the early detection of disturbed motor behavior, the fact that these deficits 
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are quantitative and present in both sexes, and their correlation with social deficits suggest the 

valuable contribution that these parameters, having a better understanding the physiopathology 

underlying ASD, with potential earlier detection, as well as better treatment strategies. 

1.6$Prenatal$infections$and$psychiatric$disorders$
Prenatal exposure to viral infections is a recognized risk factor for developmental 

psychiatric disorders (Vuillermot et al., 2017). Birth in spring or winter seasons is a risk factor 

for schizophrenia (Tochigi et al., 2004). Many studies have examined schizophrenia incidence 

following influenza epidemics, and the majority have discovered an increased incidence of 

schizophrenia amid exposed offspring. Moreover, Brown et al., (2006, 2004, 2002) analyzed the 

medical records of 12,000 pregnant women and concluded that respiratory infection in the 2
nd

 

trimester of pregnancy increases the risk for schizophrenia, 3 to 7 folds, in newborns. They 

suggest that 14 to 21% of the schizophrenia cases analyzed were induced by maternal infection, 

i.e. influenza infection. These outcomes are also reinforced by an association between elevated 

anti-influenza antibodies in the maternal serum and schizophrenia in the offspring (Brown et al., 

2004). 

A link has also been associated between maternal infection and the increased risk of ASD 

in children. Rubella epidemics were associated with increased risk for autism in offspring with 

prior in utero exposure to rubella (Chess, 1977; Desmond et al., 1967). Scarcer cases of rubella 

infection were seen after the rubella vaccine was developed. Since then, evidence has gathered to 

support the fact that prenatal exposure to viral infection is a risk factor for ASD in the offspring 

(Patterson, 2011; Meyer et al., 2011). For instance, a 3-fold increase in ASD diagnosis was 

reported in children born to mothers hospitalized, during pregnancy, for viral infections 

(Atladottir et al., 2010). 

 

1.6.1$Poly$I:C$model$of$MIA$

The variety of infections associated as risk factors for psychiatric developmental 

disorders have no direct effects on the fetus, but rather the maternal immune system is 
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accountable for the increased incidence of these disorders in offspring (Patterson, 2005, 2002). 

Animal models of prenatal exposure to infections were generated and have shown that MIA is 

capable of inducing various behavioral and histological alterations in the brains of the offspring.  

The innate immune system recognizes RNA as a viral infection. Poly I:C, a double 

stranded RNA, is potent against TLR3 that induces inflammatory cascade that ends in the 

production of cytokines. Thus, injection of poly I:C in pregnant mice mimics a flu infection. 

Offspring prenatally exposed to poly I:C show deficits in sensory-motor gating, latent inhibition, 

sociability, and explorations in open field (Smith et al., 2007; Shi et al., 2003; Zuckerman et al., 

2003). Interestingly, poly I:C causes PC deficits in cerebellar lobule VII (Naviaux et al., 2013; 

Shi et al., 2009), in line to anatomical findings in ASD patients. 

MIA by Poly I:C is known to provoke various defects in the offspring’s behavior and 

neuroanatomy. This treatment mimics maternal infection; upon injection of Poly I:C, it binds to 

the toll-like receptor 3 (Alexopoulou et al., 2001) stimulating the production of the inflammatory 

cytokines like IL-1β, IL-6, andTNF-α as well as interferons like IFN-α and IFN-β (Bilbo et al., 

2017). This mimics the acute phase response to a viral infection (Traynor et al., 2004). In our 

experiments, Poly I:C treated pregnant females were reported to lose body mass 24 hours post-

injection, confirming that the treatment had an anticipated influence. This is in relevance to 

previously shown results demonstrating that Poly I:C treatment provokes short-term sickness 

behaviors in the treated pregnant dams that are easy to monitor and include reduced activity, 

reduced food intake, and mass loss (Ballendine et al. 2015). In addition, poly I:C treatment 

induced a reduction in the litter size which is in line with the previously published evidence in 

both rat (Ballendine et al. 2015; Yee et al. 2011) and mouse models of poly I:C (Naviaux et al., 

2013). Despite these acute effects induced by poly I:C treatment, adult mice prenatally exposed 

to poly I:C were indistinguishable from Saline controls in terms of mass gain and, gross 

behavior, and general appearance. 
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1.7$Relevance$of$Poly$I:C$behavioral$data$in$relevance$to$previous$studies$
 

The current study reports previously demonstrated changes in poly I:C mice in many 

behaviors relevant to ASD. Indeed, our results show that a single poly I:C i.p. injection at E 12.5 

can induce reduced sociability only in males. In addition, in developmental trajectories poly I:C 

males exhibit increased time in righting reflex and delays in eye opening, a feature that was less 

prominent in the poly I:C females. Interestingly, the behavioral deficits observed after MIA in 

poly I:C males included restricted behaviors as evidenced by increased immobility in new 

environment, reduced locomotor activity, two parameters assessed in the SHIRPA arena, and 

reduced horizontal exploration in the cylinder. However, our study is the first to explore fine 

motor skills, coordination, and gait in this model. 

 

Previous studies in poly I:C mouse models has underscored the presence of ASD-like 

behaviors in these mice (for example see: Malkova et al. 2012). Many of the behavioral results 

presented by the poly I:C mice in the current study are in line with previously reported 

outcomes, including decreased social interaction. For instance, Schwartzer et al., (2013) reported 

reduced social preference and normal grooming behavior of mice offspring born to females 

treated with 20 mg/kg poly I:C at E12.5. In their study Saline mice displayed a strong preference 

for the social chamber. In contrast, poly I:C mice showed decreased preference for the social 

chamber (Schwartzer et al., 2013). However, similar to our results, the preference for the social 

chamber remained significantly greater than the preference for the non-social chamber in poly 

I:C mice (Schwartzer et al., 2013). In addition, normal repetitive grooming was reported, similar 

to our findings. However, increased marble burying was reported, that might be indicative of 

increased stereotypic behavior (Schwartzer et al., 2013). It is important to note that the mice 

were assessed for social interaction at P70, and one week later marble burying tests and 

repetitive grooming were assessed. In contrast, we assessed social interaction at P45 and 

repetitive grooming at P30. 
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Interestingly, prior research using similar dose and time of exposure of poly I:C have 

found that poly I:C mice show decreased exploration in open-field 10-minutes session as well as 

reduced preference for the social chamber in three chambers test (Smith et al., 2007). Our results 

are in line with these findings where poly I:C mice displayed: (i) increased freezing time and 

decreased locomotor activity in the SHIRPA, (ii) decreased rearing in the cylinder, and (iii) 

reduced sociability. 

 

The finding that gestational MIA can induce postnatal behavior deficits underlines the 

roles played by the prenatal environment in shaping brain development and in provoking lasting 

complex behaviors. Gestation is a critical and sensitive developmental period where 

environmental insults can alter neuronal migration and maturation through the CNS (Rice and 

Barone, 2000). The differential effect induced by these environmental insults on the brain, 

depends on the window of time of exposure. Indeed, it has been previously shown that MIA with 

poly I:C prompt distinct behaviors in offspring depending on early or late embryonic exposure. 

For example, poly I:C exposure on E9 produced offspring exhibiting reduced sensorimotor 

gating, whereas pregnant mice injected with poly I:C on E17 produced offspring displaying 

impairments in working memory (Meyer et al., 2008).  These behavioral changes caused by 

MIA, early or late in gestation, suggest: (i) the presence of sensitive period of development and 

(ii) highlight the various behavioral results that can be induced with environmental insults. Poly 

I:C mouse model was adjusted in severity by modulating the dose of poly I:C used, and the 

window of time of exposure. For instance, Naviaux et al (2013) used either single (2 mg/kg 

E12.5) or double (3 mg/kg on E12.5 and 1.5 mg/kg on E17.5) i.p. injections of poly I:C. they 

reported that the later administration of double injection resulted in reduced fecundity of 40%. 

However, the single exposure paradigm of poly I:C at E12.5 induced biochemical abnormalities, 

but less behavioral deficits. The double exposure at E12.5 and E17.5 augmented these outcomes 

and induced ASD-like behaviors. Poly I:C males showed 54% reduction in social preference and 

a 28% decrease in sensorimotor coordination as measured by latency to fall on rotarod test. In 
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another study, pregnant mice were exposed to 5 mg/kg by means of i.v. injection at E9 

(Vuillermot et al., 2017). Similar to our results in social interaction, this study demonstrated that 

poly I:C males show a significant decrease in sociability. Interestingly, and similar to our 

protocol the behavioral approaches where applied in pre-pubertal offspring (Vuillermot et al., 

2017). 

It is important to note strains can react differently to poly I:C induced MIA, as normal 

social behavior was observed in poly I:C mice born to C57BL/6Ncrl dams that were exposed to 

20 mg i.p. poly I:C at E12.5 (Ehninger et al., 2012). In our pilot study, we used mice of 

C57BL/6NRj genetic background and observed deficits in motor coordination in the challenging 

beam test (data not shown), In contrast to normal motor coordination in poly I:C C57BL/6 mice. 

Some of the behavioral and cognitive deficits reported in MIA offspring may also be in 

relevance to other psychiatric disorders such as schizophrenia. However, the fact that poly I:C 

provoked reduced sociability at periadolescent to pre-pubertal period, suggests the more 

translationally relevant age to ASD. In addition, the presence of behavioral deficits usually not 

associated with schizophrenia such as increased repetitive behavior and reduced exploration 

suggest that this MIA model may have a better relevance to ASD. 

In this study, we have performed a detailed exploration of motor behaviors in male and 

female offspring prenatally exposed to poly I:C which has not been explored before. Our results 

demonstrate the presence of early developmental delays and motor abilities. However, normal 

motor coordination and gait were observed in these mice. Unlike the poly I:C mice, the VPA 

mice displayed motor coordination deficits and ataxic gait, suggesting that prenatal exposure to 

different environmental insults yields different postnatal behaviors. This may be in relevance to 

the heterogeneity of the ASD that comprises spectrum of disorders and severity. 

 

In summary, our results demonstrate that MIA, by exposure to poly I:C on E12.5, 

induces: (i) early developmental delays, (ii) cognitive deficits, and (ii) reduced sociability in 

offspring in a sex-dependent manner. These data further designate the need to study how gender 
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may protect against the effects of MIA in ASD and emphasize the importance of assessing 

behavioral phenotypes in both sexes in animal models relevant to neurodevelopmental disorders 

as the ASD. 

1.8$Critical$discussion$of$the$Poly$I:C$and$VPA$models$
Mouse pretreatment with prenatal VPA and Poly I:C involves two different mechanisms 

that contribute to the underlying etiology of ASD in humans. Therefore, studying these two 

environmental factors has an advantage of achieving a better understanding of the 

pathophysiology of ASD and the motor and non-motor behaviors associated to the disorder.  

 

The behavioral characterization of both prenatal exposure to VPA and MIA-inducing 

poly I:C also served the goal of inducing robust and various changes, which is valuable in 

understanding phenotypically heterogenic disorders such as ASD. Indeed, much of the research 

published in animal models of ASD propose single model characterization approaches, often 

only in males, which leads to a “superficiality” in addressing ASD that is associated with 

complex behaviors. Thus, we suggest that designing multi-model studies in ASD research may 

be valuable approach that requires vast exploration of several environmental (and or genetic) 

factors that are most commonly associated with the etiology of ASD in humans. While our 

outcomes may argue for the added value of the two-model approach, our work also exposed 

some limitations. An important factor that has to be addressed critically is the sample size 

needed to sufficiently power the statistical analysis. This in turn is dependent on the magnitude 

of the deleterious effects generated by the VPA and Poly I:C treatments. For instance, it has been 

previously reported that Poly I:C treated females commonly deliver reduced litter size (Naviaux 

et al., 2013), and in some cases strong sickness provokes fetal resorption and abortion. Others 

reported the death of pregnant dams due to VPA treatment (Baronio et al., 2015). Here we report 

that VPA treatment induced 25% frank abortion and 36.3% fetal resorption (Figure 33). These 

outcomes are in line with negative pregnancy effects observed in the clinical settings following 
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VPA therapy in pregnancy. Abortion rate, as high as 25%, has been reported following a VPA 

monotherapy (Pittschieler et al., 2008). Furthermore, fetal malformations due to VPA in utero 

exposure were observed at a high rate of 16% in comparison to lower rates (2.38%) with other 

antiepileptic treatments (Vajda et al., 2004).  

 

Figure'33:'Effects'of'VPA'and'Poly'I:C'treatments'on'embryonic'development.''

(A)-Percentage-of-frank-abortions.-(B)-Percentage-of-fetal-resorption.-

Poly I:C induced higher rates of abortion (47.3%), and 40% fetal resorption. Indeed, 

routine study of neurodevelopmental models implies designing studies where the generation of a 

lot of pregnant females is a must to empower the study with a desired count of offspring. 

Required sample sizes are expected to be high due to a relatively low effect size of such models. 

This underscores the heavy effect induced by prenatal exposure that should be critically 

discussed from the animal welfare prospective. To avoid huge loss of animals, one could use 

animals with a genetic predisposition to ASD that can enhance certain aspects of poly I:C and 

VPA treatment. In addition, one can also manage to test the effect of the prenatal treatment on 

different lineage of mice; this is highly recommended as we have previously observed lower 

abortion rate due to poly I:C treatments when C57BL/6NRj – (JANVIER LABS- France) were 

used (Data not shown- pilot study). 
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Aiming to trace the developmental trajectories in VPA and poly I:C mouse models of 

ASD, we focused on longitudinal aspects of the models; this has in turn served the goal of 

increasing the models’ robustness. On one hand, developmental animal models necessitate 

functional assessments to be made recurrently and at different time points through development 

in order to inspect the trajectories of the pathology and to unpin and propose novel therapeutic 

interventions. This discussion underscores the need for behavioral tests that are reproducible, 

accurate, and do not impose practice effects. This argument is essential when the behaviors of 

interest are clustered to “motor behaviors” of motor coordination and gait. An example of such a 

test is the challenging beam test, as demonstrated in this thesis, as it enables inspecting motor 

coordination in freely walking mice without imposing a rhythm or training effect as it is the case 

with the rotarod, the commonly used instrument in assessing motor coordination. On the other 

hand, and to avoid any potential biases, the following approaches were applied: 

•# Littermate effect was avoided and thus one pup was selected, at P21, from each litter and 

mixed to 3 other pups (matched by sex and treatment). 

•# Different apparatus, when applicable, were employed in testing behavior of males and 

females; if not males where tested first and then females where tested. 

•# Test apparatus where cleaned between cages. 

•# Test apparatus where washed with detergent and then cleaned with 70% ethanol at the 

end of the testing day. 

•# Mice where habituated to the testing room at least one hour before the behavioral tests. 

•# Mice were handled starting early postnatal life. 

•# Ear tagging, tail tattoos were avoided; instead tail color were applied to identify the mice. 

•# The experimenter was blind to the treatment. 

•# The experimenter changed the cages. 

•# The behavioral tests were applied in the least stressing order. 

•# The 3 chambers test was employed at the end of the battery. 

•# The testing environment was not stressing. 

•# Behavioral tests were replicated 3 times and applied to the different treatments on the 

same time points. 

These are important practices that enable a “truly” prospective study. We have applied 

correlation analyses, to parallel behavioral deficits to anatomical cell loss affected by the 

environmental insults. The observed behavioral abnormalities resonate well with findings 

obtained in our group showing decreased cell counts in sob-lobules of the cerebellum. This is the 

first study showing, that developmental milestones, sociability, motor coordination, and gait 
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deficits where strongly correlated to reduced cell counts in Crus-I. In addition, motor 

coordination and gait impairments were correlated to the reduced social interaction in VPA 

males (Table XIII; Annex 1). 

 

Exposure to prior developmental insults during early embryonic life induce a time-course 

progressing “disease-state” in animals’ offspring. While long durations between sickness-

stimulating environmental insults and the behavioral assessments are likely to impose negative 

influence on the robustness of the neurodevelopmental animal model, this time window is very 

valuable as it allows the generation of novel therapeutic approaches. For instance, in 

adolescence, vast changes in the brain systems characterize this developmental stage (Brenhouse 

and Andersen 2011). Thus, one might propose that intervention before this stage can be of 

interest as it might stop further development of neurodevelopmental disorders and reduce 

associated behavioral deficits observed at later stages. Although, we are still far from a rigid 

framework of early diagnosis of ASD, there is an urging need to develop interventions for 

patients at risk or in the “prodromal phase” of ASD. To this regard, our study in environmental 

animal models of ASD provide initial proof for the possibility to earlier “discovery” of ASD by 

focusing on motor behaviors. Hopefully, this might pave the road to better “prevent” the 

emergence of the spectrum of behavioral defeats observed in ASD. 

 

According to our findings, both the VPA and the Poly I:C mouse models of ASD are 

appropriate to study motor behavior deficits in ASD. These developmental models have been 

used in the “cognitive approach” of studying ASD and are shown here to be beneficial in 

understanding the impact of environmental factors on “motor signatures” implicated in the 

pathophysiology of ASD. This approach would enrich the research of early behavioral markers 

and the development of novel therapeutic approaches. 
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Chapter$2:$Perspective$
The etiology of ASD still remains not well identified, however a number of specific genetic and 

environmental factors have been associated with the risk of developing the disorder. The core features of 

ASD include delayed and disturbed language skills, impaired social interaction, restricted interests, and 

an insistence on sameness. Individuals with ASD also exhibit fine and gross motor skills dysfunctions. In 

that regard, the cerebellum and connected brain areas including the prefrontal cortex, and striatum have 

been consistently reported to show abnormal structure in ASD, and may be associated with motor skills 

dysfunctions observed in this disease. For instance, the majority of postmortem studies on individuals 

diagnosed with ASD, regardless of age, sex, and cognitive ability, have reported a significant decrease in 

the number of PC in the cerebellum. There is a need to better understand the motor phenotype present in 

patients with ASD. Which motor abnormalities can be predictive of social difficulties? How loss of PC 

occurs, and what are the behavioral and cellular consequences of this loss? What are the genes and 

environmental factors that can alter the symptoms? Can we compensate for PC cell loss and will that 

have an effect on behavior? Answering these questions, we will be able to identify and develop new 

diagnostic and therapeutic strategies in ASD. 

2.1$Therapeutic$interventions$in$ASD$
There is no current consensus on ASD treatment, except in rare cases where autism 

results from an identified pathology (eg, metabolic disease, cerebellar lesion…). After 

psychoanalysis or psychotherapy, researchers turned to drug trials targeting ASD behaviors. 

Although it is possible to alleviate some of the symptoms, for example by improving behavior, 

or by treating the associated syndromes, there are no specific medications for ASD. In addition, 

and under the influence of parents, educational methods have finally appeared. These include: (i) 

Sensory Integration Therapy (Ayres, 1972), (ii) Therapy of Exchange and Development 

(Thérapie d’Echange et de Développement: TED (Bonnet-Brilhault and Barthélémy, 2012; 

Barthélémy, et al., 1995; Lelord et al., 1978), and (iii) Cognitive-behavioral therapies CBT 

(Myers and Johnson, 2007). 
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2.2$NonJinvasive$Brain$stimulation$
Encouraging outcomes of non-invasive brain stimulation (NIBS) in adult psychiatric 

disorders are appealing for the application of transcranial stimulations techniques in children. In 

transcranial magnetic stimulation (TMS), electrical currents are conducted to the cortex by extra-

cranial magnetic fields source. However, in transcranial direct current stimulation (tDCS) 

electrical currents are induced constantly by contact electrodes that are attached to the head. 

Being tolerated by adults, adolescents and children, both tools have the ability to adjust local 

excitability in cortex (Palm et al., 2016; Rajapakse and kitron, 2013). TMS has investigational, 

analytic and therapeutic potential. This technique offers the experimenter the ability to either 

quantify or regulate cortical excitability. This is highlighted by the fact that TMS has gained the 

FDA approval for motor and language mapping (Eldaief et al., 2013), and treatment of major 

depression (Eldaief et al., 2013), pain (Klein et al., 2015) and migraine (Schwedt and Vargas, 

2015). TMS is a valuable tool that is rapidly gaining major interest, in clinical conditions, for its 

efficiency and safety. Repetitive transcranial magnetic stimulation (rTMS) is a very efficient 

technique that can be applied, on children, to either enhance or depress the excitability of 

deficient localized networks (Rajapakse and kitron, 2013; Frye et al., 2008). Thus, cortical 

excitability may be manipulated by chains of TMS or rTMS. rTMS modulates cortical 

excitability, by altering GABAergic activity and induction of LTP or LTD-like changes in 

excitatory synapse, according to the protocol used (usually protocols differ by altering location 

of stimulation and its frequency and intensity) (Oberman et al., 2016; Trippe et al., 2009; Ahmed 

et al., 2006). Although to date none of the tDCS instruments has yet been approved by the FDA, 

the devices are undergoing examination for possible satisfying applications that can be applied 

in various psychiatric disorders (Palm et al., 2016). Of major interest, many studies have 

targeted, by rTMS, different brain regions in patients with ASD. It has been lately shown that 6 

sessions of low frequency rTMS resulted in suppressing the cortical excitability when applied 

over the left dorsolateral prefrontal cortex (L-DLPFC), as well as reducing: (i) repetitive 

behaviors (checked by RBR-R); (ii) Aberrant Behavior Checklist (ABC); (iii) autonomic 
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measures (Oberman et al., 2016). In another controlled, randomized, and partial cross over trial, 

24 ASD children received twenty sessions of Non-invasive brain stimulation (NIBS) over the L-

DLPFC (Gómez et al., 2017). Children aged 11 to 13 received rTMS, while tDCS was used with 

patients aged less than 11. Interestingly, a significant decrease in the ABC, Autism Treatment 

Evaluation Checklist (ATEC), and the Autism Diagnostic Interview-Revised (ADI-R) was 

observed one month after the treatment and persisted six months. 

Cerebellar Transcranial Direct Current Stimulation (ctDCS) have been recently 

developed to manipulate the cerebellar excitability. For instance, this technique is used to assess 

connectivity measures between the cerebellum and the primary motor cortex. Importantly ctDCS 

can ameliorate motor and cognitive behavior as reported in studies of processing emotional 

facial expression (Ferrucci et al., 2012) and cerebellar ataxia (Grimaldi and Manto, 2013). 

In conclusion, the field of NIBS is gaining more attention due to its efficiency and safety. 

The flexibility of protocols used upon application makes this technique a promising therapeutic 

approach, especially for motor troubles in ASD, to disorders lacking other treatment options. 

While significant improvement has been achieved in the search for non-invasive stimulation 

treatments, intensive early behavioral interventions seem to be effective for some children with 

ASD (Warren et al., 2011). The Agency for Health Care Research and Quality (US department 

of Health & Human Services) evaluated the data supporting both applied behavior analysis and 

the Denver Model, and concluded that “... improvements occur in some aspects of language, 

cognitive ability, adaptive behavior, challenging behaviors, and potentially, educational 

attainment, for some children” (Warren et al., 2011). The fact that these approaches are: (i) 

efficient on a group of ASD children, and (ii) efficient only when applied early, shed the light on 

other cost-effective therapeutic approaches. The enriched environment stands out as an efficient 

low-cost ASD management tool, ameliorating ASD symptoms, and promising to be effective at 

a wider age window.  
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2.3$Enriched$Environment$
After its beneficial effect in animal models of ASD, EE was suggested as a probable 

treatment for children with ASD (Schneider et al., 2006; Schneider and Prezewlocki, 2005). In 

this section, we will discuss the enriched environment EE clinical trials in children with ASD. 

Fascinated by the animal studies results and expecting that sensorimotor enrichment will 

enhance the behavioral functions in ASD children, the group of Michael Leon (University of 

California Irvine- the Center for Autism Research and Treatment) translated the EE approach 

applied in animal models to ASD children. In a randomized controlled trial, 28 male children 

with autism were assigned to either sensorimotor enrichment group or to standard care group 

(Woo and Leon, 2013). The EE group were exposed daily to different sensorimotor stimulations, 

regularly throughout the day. These sensorimotor enrichment exercises involved different 

aspects of cognitive and motor stimulations; with increasing challenges during the course of the 

6 months the EE exercises and that involved motor, balance, tactile, auditory, visual, thermal, 

language, and cognitive activities. As determined by the Childhood Autism Rating Scale 

(CARS), 42% of the EE group and 7% of standard care group showed an improvement of 5 

points on that scale. Maladaptive behavior ameliorated in the EE group especially in behavioral 

responses examined in this scale (emotional response, body use, general impressions, adaptation 

to change, etc…). In addition, EE resulted in enhancements in cognitive domains in autism 

children when assessed by the Leiter score (Leiter international Performance Scale-revised). In 

an attempt to replicate the results and extend the conclusion of the previously mentioned study, 

the group of Michael Leon studied the effect of sensorimotor enrichment in a second cohort of 

children with ASD by applying objective assessment of the symptoms (Woo et al., 2015). After 

six months, the 28 ASD-children exposed to sensorimotor enrichment displayed enhancements 

in their: (i) IQ scores, (ii) a significant decrease in atypical sensory response, and (iii) 

improvements in receptive language performances. Furthermore, 21% of enriched children who 

were classified with autism, using the ADOS scale, no longer met the criteria for classic autism 

(Woo et al., 2015). Therefore, EE by means of sensorimotor enrichment, seems to stand out in 
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the treatment of children with ASD. The approach is cost-effective and efficient in treating a 

wide range of symptoms by engaging ASD children, on a daily basis, to an umbrella of 

sensorimotor enrichment exercises. It is important to determine whether the effects of EE are 

long lasting and if continued therapy can offer any progress in the management of the symptoms. 

It is also of interest to determine if this approach can ameliorate gait and motor coordination in 

ASD- children of both sexes. Finally, it is also important to understand how EE changes 

plasticity and how EE beneficial effects are obtained. 

2.4$The$translation$of$data$to$clinical$research$
The goal of a work such as the one presented here is to be able to bring data that may be 

of relevance to the clinical field, especially for the purpose of earlier and better management of 

ASD. The first difficulty in addressing data portability concerns the comparability of rodent 

prenatal and neonatal brain development with humans. Rodents are the species most commonly 

used in experimental models of neurodevelopment disorders (Romijn et al.,1991). However, 

there are recognized differences in cerebral maturation of rodents and humans. By determining 

points of equivalence in the development of the brain, we will be able to translate into clinical 

settings the experimental data obtained in animal studies. Rodents are born at a relatively early 

stage of maturation, making it very useful for studying the direct effects of early experimental 

manipulations on cerebral development (Pressler and Auvin, 2013). Different criteria are used to 

compare the degree of cerebral maturation btween the two species, such as, cerebral growth, 

neurogenesis, synaptogenesis. For example, neural tube closes in mouse at 12 days of gestation 

which corresponds to that of 4 to 5 weeks of gestation in humans (Bayer et al., 1993). Thus, 

early environmental insults at this very specific period of time seem to have a direct effect on the 

development of the nervous system. 

Other parameters are to be considered such as functional measures of postnatal development, 

as is the case for example for the acquisition of the walk. Rat locomotion skills develop during 

the first few weeks of life. The rat pup begins to be able to crawl through a traction of its front 
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which allows it to raise its torso and its head starting the 3rd or 4th day of life, with a peak 

towards the 7th day. It is only from days 8-10 that the rat pup is able to completely clear its 

abdomen from the ground, and around the days P12-13, that the rat will be able to walk with all 

its weight on its limbs so that finally the action of crawling disappears completely in favor of 

walking towards the 15th day of life (Wood et al., 2003). Locomotion abilities develop in mice 

around P7 as well, that can walk before they even have their eyes open. The acquisition of 

walking in children develops at a much later period, around the age of 13 months. A child is able 

to support his weight standing on his feet around the age of 24-28 weeks if someone holds his 

hands, and can move, standing on furniture for example at about 48 weeks (Wood et al., 2003). 

Using these types of criteria, and many others as acquisition of reflexes, it is now commonly 

accepted that the brain development of a rat pup at P12 corresponds approximately to that of a 

human newborn child (Romijn et al., 1991). In the case of our experiments with VPA and Poly 

I:C, at E=12.5, this would correspond to an exposure of the first trimester of pregnancy in 

humans. All these points of discussion highlight the need of the reproducibility of the data from 

one study to another, in particular in the field of neurodevelopment and behavior. It is important 

to develop a discussion of good laboratory practice in the study of animal behavioral models. It 

would also be interesting to have more detailed descriptions of the tests and standarized 

protocols set up in the studies (habituation, lighting, frequency of animal handling) in order to be 

aware of the limitations of each study. In addition, it is essential to always adapt the analysis of 

the data to the nature of the pathology studied. Indeed, all studies employing behavioral tests do 

not have the same goal nor do they concern the same pathologies, therefore, a test is validated in 

a field of study, its interpretation or analysis will not necessarily be valid in another field. In 

addition, the absence of standard data and protocols on habituation periods, test age, housing 

conditions, and test illumination conditions can have a very strong influence on the data and 

limit their reproducibility. However, in the field of science, the reproducibility of the results is 

indispensable for obtaining scientific consensus. A scientific consensus is reached when we have 
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the necessary level of evidence, and this level of evidence will be achieved through 

reproducibility of the results. Only once this scientific consensus has been reached, can adequate 

translational measures be taken. 

The work presented here is a part of a major work including a cohort of clinical study in 

children with ASD (Figure 34). The aim of the project is to associate animal experiments and 

patient research in order to characterize the motor behavior, which has not been done much 

before, and to determine the neural networks involved in this disorder at the anatomical, cellular, 

molecular and neurochemical levels with particular attention to motor structures such as 

cerebellum, striatum and motor cortex. We hypothesize that this approach can open a new way 

in the early and quantitative diagnosis of these disorders, potentially identifying the common 

neural networks that underlie the cognitive and motor impairments characteristic of autism and 

opening up new therapeutic pathways targeting specifically the cerebellum. The specific aims of 

the team’s general project are: (i) to characterize motor dysfunctions in a cohort of patients with 

ASD, (ii) to determine which motor abnormalities can be predictive of social difficulties, (iii) to 

decipher physiological disturbances underlying motor symptoms in animal models of ASD. To 

achieve these aims some tasks needs to be addressed. The main task of this project, that is to 

characterize the motor dysfunction in ASD patients following social and diagnostic criteria 

application. To assess different motor components related to the cerebellum, isolated sub-tasks 

will be performed to evaluate: (i) integration of sensorial information, (ii) programing of motor 

sequence, (iii) psychomotor function evaluation (Gross motor; balance; rhythm following; 

manual abilities), and (iv) kinematics movement analysis. The study will propose new 

methodology of evaluation in order to better characterize and identify components of motor 

phenotypes disrupted at early stages of ASD.  
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Figure'34:'The'bigger'project-

 

This project is in collaboration with researchers and institutions from different backgrounds and 

cultures but perfectly complementary in a unique translational approach that addresses the ASD 

in these mechanistic aspects: 

•# In mechanical physics (PP ': Institute for research and engineering for transport and the 

environment, CNRS UPR 3346). 

•# In cognitive sciences (Center for research of cognition and learning, CERCA, CNRS UMR 

7295). 

•# In activity and research Clinic (Autism Resource Center Vienne of the psychiatric hospital of 

Poitiers). 

•# In neurosciences (Laboratory of Experimental and Clinical Neurosciences, Inserm UMR_S 

1084). 

•# Associations of patients such as Association Autisme Vienne.  

2.5$Implications$of$this$work$in$the$understanding$of$ASD$
As presented previously, it is important to bear in mind that ASD have a very high 

phenotypic variability of symptoms and severity which is surely indicative of a great etiological 

variability since it is not a unique pathology but a spectrum. From one end of the autistic 

spectrum to the other, it is therefore probable that there is also an etiological spectrum where 
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different factors have to be combined to obtain a multitude of possible combinations: 

environmental factors, windows of impaired developmental susceptibility, the genetic 

susceptibilities, the mechanisms involved. This work made it possible to highlight different 

environmental exposures in utero which led to the development of autistic traits in mice, with 

particular characteristics specific to each model and sex. Our results are consistent with a 

number of scientific (epidemiological and preclinical) evidence. This supports a number of 

biologically plausible etiological hypotheses and reinforces scientific advocacy to address the 

etiologic research of ASD by approaching different categories of behaviors. 

 

 

This project contributes to the identification of motor behavior induced by 

environmental risk factors in the development of ASD and opens up prospects for significant 

societal benefits. By supporting a level of mainly epidemiological scientific evidence, we bring 

for the first-time experimental data that support the presence of early motor endophenotypes 

often under seen in the diagnosis of ASD. The causal links being verified and admitted by 

scientific consensus, this project may help in influencing future research initiatives and 

hopefully public health policies aimed at early diagnosis of ASD and introducing new 

therapeutic avenues. 
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ANNEX$1$
 

 
Table'XIII:'correlation'between'behavioral'deficits'and'anatomical'changes.'
Developmental millstones: OE= open eyes; RR= mean of time of the righting reflex on P9 and P11; Motor 

parameters: TR= transfer reaction (time of immobility); LA= locomotor activity (11x11 cm crossed in SHIRPA); 

WM= wire maneuver time to climb; NG1= negative geotaxis time to turn on the grid; NG2: time to climb the grid; 

EPS= errors per step made in the challenging beam test; SL= stride length; LPG= left pair gap; RPG= right pair 

gap; LLBS= left limbs base of support; RLBS= right limbs base of support; Sociability: SI= social index: 

calculated from the three-chambers test; Anatomical findings: Crus I, CrusII: PC counts in each sub-lobule of the 

cerebellum; M1/M2: number of neurons in the motor cortex. Blue filled cells present significant correlations in VPA 

males, and pink in VPA females. Strong correlations in the developmental milestones, motor coordination, gait and, 

social interaction deficits and neuronal loss in males. *: p<0.05, **: p<0.01; Coeff: correlation coefficient r. 

Pearson’s correlation. 

$

SOCIAL

WIRE BEAM 3CT

OE RR TR LA WM NG1 NG2 EPS SL LPG RPG LLBS RLBS SI Crus4I Crus4II M1/M2

coeff. ,414 ,596
**

;,530
* ,066 ,148 ,468

* ,370 ),167 ,456
* ,289 ,179 ,350 ),474 ;,535

* ,269 ;,649
**

p'= ,070 ,006 ,016 ,781 ,534 ,037 ,108 ,482 ,044 ,216 ,450 ,131 ,197 ,018 ,266 ,002

,143 ,643
**
;,586

** ),212 ,042 ,423 ,340 ),030 ,270 ,624
** ,152 ,406 ;,840

** ),254 ),144 ;,569
**

,558 ,002 ,007 ,368 ,859 ,063 ,143 ,901 ,249 ,003 ,522 ,076 ,005 ,294 ,556 ,009

,321 ,357 ;,776
** ,217 ,209 ,685

**
,713

** ),285 ,480
* ,401 ,566

** ,386 ;,851
**
;,602

** ),247 ;,634
**

,181 ,134 ,000 ,358 ,377 ,001 ,000 ,223 ,032 ,080 ,009 ,093 ,004 ,006 ,308 ,003

),068 ,050 ,040 ),312 ),125 ;,795
**

;,521
* ,050 ;,560

*
;,555

* ),394 ;,487
*

,690
* ,444 ,189 ,468

*

,781 ,837 ,871 ,180 ,600 ,000 ,018 ,834 ,010 ,011 ,086 ,029 ,040 ,057 ,438 ,038

,257 ,270 ,020 ;,482
* ),384 ,207 ),145 ,219 ,233 ,173 ,392 ,001 ),397 ),020 ,044 ),021

,289 ,263 ,937 ,036 ,095 ,381 ,543 ,353 ,322 ,465 ,088 ,997 ,290 ,937 ,858 ,930

),250 ,379 ),167 ),421 ,533
* ,288 ,617

** ),315 ),356 ),392 ,106 ),077 ;,724
* ),241 ,102 ,025

,302 ,109 ,495 ,073 ,019 ,218 ,004 ,176 ,123 ,087 ,657 ,746 ,027 ,320 ,678 ,916

,021 ,179 ),148 ),362 ,738
**

,777
**

,635
** ),337 ,411 ,342 ,469

*
,489

*
;,705

*
;,635

** ),120 ;,542
*

,932 ,464 ,546 ,127 ,000 ,000 ,003 ,147 ,072 ,141 ,037 ,029 ,034 ,004 ,623 ,013

),307 ,336 ,344 ,219 ),223 ),006 ),022 ;,566
** ,158 ,046 ,388 ,150 ;,902

**
;,704

** ),218 ),339

,202 ,160 ,149 ,367 ,359 ,980 ,930 ,009 ,506 ,846 ,091 ,529 ,001 ,001 ,370 ,144

),077 ),327 ),124 ),200 ),184 ,052 ),264 ),127 ),060 ,347 ),296 ),270 ,368 ,847
** ,044 ,264

,754 ,172 ,613 ,412 ,450 ,832 ,275 ,605 ,803 ,134 ,206 ,250 ,330 ,000 ,858 ,261

),125 ,042 ,510
* ,041 ),044 ),022 ),237 ,161 ,186 ,480

* ,178 ,523
* ),590 ),340 ),123 ;,534

*

,611 ,863 ,026 ,866 ,857 ,930 ,328 ,511 ,445 ,032 ,453 ,018 ,094 ,154 ,616 ,015

),012 ,300 ,296 ),090 ,322 ,329 ,412 ,443 ),187 ,274 ,076 ,279 ;,697
* ),002 ),246 ;,470

*

,962 ,212 ,219 ,713 ,179 ,169 ,080 ,058 ,444 ,255 ,752 ,234 ,037 ,993 ,311 ,037

),184 ,362 ),007 ),064 ,430 ,167 ,197 ,191 ),072 ),025 ,349 ,017 ),217 ),427 ,022 ),278

,450 ,128 ,977 ,796 ,066 ,495 ,418 ,434 ,769 ,918 ,144 ,943 ,575 ,068 ,927 ,235

),028 ,361 ,063 ,102 ,310 ,531
*

,591
** ,177 ),286 ),109 ,482

* ),012 ),515 ;,489
* ),305 ),420

,908 ,128 ,798 ,679 ,196 ,019 ,008 ,468 ,235 ,657 ,036 ,960 ,156 ,034 ,205 ,066

,341 ,868
** ,293 ),585 ,759

* ,627 ,920
** ,178 ),073 ,171 ,465 ,487 ,011 ,681

* ),219 ,708
*

,409 ,005 ,482 ,128 ,029 ,096 ,001 ,673 ,864 ,686 ,245 ,221 ,980 ,044 ,570 ,033

),249 ;,557
* ),138 ),120 ),110 ),028 ),179 ),295 ,510

* ,268 ),064 ),346 ,062 ;,849
** ,021 ,443

,319 ,016 ,585 ,635 ,664 ,912 ,478 ,234 ,031 ,281 ,802 ,160 ,806 ,008 ,935 ,057

),191 ),317 ),325 ,228 ;,484
* ),050 ),425 ),380 ,554

* ,089 ),374 ),411 ),133 ),397 ,455 ,067

,448 ,200 ,188 ,363 ,042 ,843 ,079 ,120 ,017 ,724 ,126 ,090 ,600 ,331 ,058 ,785

),162 ,444 ,202 ,076 ),137 ),149 ),264 ,585
** ),187 ,232 ,168 ,185 ),126 ,558 ),467 ),235

,508 ,057 ,408 ,758 ,577 ,542 ,276 ,009 ,444 ,340 ,493 ,449 ,607 ,151 ,051 ,348

DVPMT
Gait5lab

MOTOR

CYLINDER
HISTO

GRID

OE

RR

TR

LA

WM

NG1

NG2

EPS

SL

LPG

RPG

LLBS

RLBS

SI

HISTO

SOCIAL

M

A

L

E

S

FEMALES

DVPMT

MOTOR

Crus5I

Crus5II

M1/M2



 138 

 

 

$
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Part$V.$REFERENCES$$
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 139 

 

~A~ 
Adrien! JL,!Perrot!A,! Sauvage!D,!Leddet! I,! Larmande!C,!Hameury!L,! et! al.! (1992)!Early!
symptoms!in!autism!from!family!home!movies.!Evaluation!and!comparison!between!1st!
and!2nd!year!of!life!using!I.B.S.E.!scale.!Acta!Paedopsychiatrica.!55:71–75.!
!
Ahmed!Z,!Wieraszko!A.!Modulation!of!learning!and!hippocampal,!neuronal!plasticity!by!
repetitive!transcranial!magnetic!stimulation!(rTMS)!(2006)!
Bioelectromagnetics.27(4):288–94.!
!
Aldinger! K.! A.,! Kogan! J.,! Kimonis! V.,! Fernandez! B.,! Horn! D.,! Klopocki! E.! et! al.! (2013)!
Cerebellar! and! posterior! fossa! malformations! in! patients! with! autism]associated!
chromosome!22q13!terminal!deletion.!Am!J!Med!Genet!A.!Jan;161A!(1):131]6.!
!
Alexopoulou!L,!Holt!AC,!Medzhitov!R,!Flavell!RA!(2001)!Recognition!of!double]stranded!
RNA!and!activation!of!NF]kappaB!by!Toll]like!receptor!3.!Nature!413:732]738.!
!
Altman!J,!Bayer!SA!(1977)!Time!of!origin!and!distribution!of!a!new!cell!type!in!the!rat!
cerebellar!cortex.!Exp!Brain!Res!29:!265]274.!
!
Aman!M.!G.,! Singh!N.!N.,! Stewart!A.!W.,! and!Field!C.! J.! (1985).! The! aberrant! behavior!
checklist:! a! behavior! rating! scale! for! the! assessment! of! treatment! effects.! American!
Journal! of! Mental! Deficiency.! Retrieved! from! http://psycnet.apa.org/psycinfo/! 1985]
19035]001.!
!
American!Psychiatric!Association.! (2013).!Diagnostic!and!statistical!manual!of!mental!
disorders!(5th!ed.).!Arlington,!VA:!American!Psychiatric!Publishing.!
!
Andersen!S.L.,!Laurberg!P.,!Wu!C.S.,!and!Olsen!J.!(2014).!Attention!deficit!hyperactivity!
disorder! and! autism! spectrum! disorder! in! children! born! to! mothers! with! thyroid!
dysfunction:! a! Danish! nationwide! cohort! study.! BJOG! Int.! J.! Obstet.! Gynaecol.! 121,!
1365–1374.!
!
Andersson! G,! Oscarsson! O! (1978)! Projections! to! lateral! vestibular! nucleus! from!
cerebellar!climbing!fiber!zones.!Exp!Brain!Res!32:!549]564.!
!
Apps! and! Garwicz,! (2005)! Anatomical! and! physiological! foundations! of! cerebellar!
information!processing.!Nature!Reviews!Neuroscience!6,!297–311!
!
Arin!DM,!Bauman!ML,!Kemper!TL.!(1991)!The!distribution!of!Purkinje!cell! loss! in!the!
cerebellum!in!autism.!Neurology.!1991;41(Suppl):307.!
!
Arndt! T.! L.,! Stodgell! C.! J.,! Rodier! P.! M.! (2005)! The! teratology! of! autism.! Int.! J.! Dev.!
Neurosci.!23,!189–199!10.1016/j.ijdevneu.2004.11.001.!
!
Arts! J.!W.!M.,! Kramer!K.,! Arndt! S.! S.,! and!Ohl! F.! (2012)! The! impact! of! transportation!
onphysiological! and! behavioral! parameters! in! Wistar! rats:! implications!
foracclimatization! periods.! ILAR! Journal! /! National! Research! Council,! Institute!
ofLaboratory!Animal!Resources,!53(1),!E82]98.!
!



 140 

Ashwood!P.,!Krakowiak!P.,!Hertz]Picciotto!I.,!Hansen!R.,!Pessah!I.!and!Van!de!Water!J.!
(2011)! Elevated! plasma! cytokines! in! autism! spectrum!disorders! provide! evidence! of!
immune! dysfunction! and! are! associated! with! impaired! behavioral! outcome.! Brain!
Behav.!Immun.!25,!40]45. !
!
Asperger!H!(1938).![Das!psychisch!abnormale!Kind].!Wiener!Klinische!Wochenschrift,!
51:!1314–1317.!
!
Asperger! H! (1944).! [Die! “Autistischen! Psychopathen”im! Kindesalter].! Archiv! für!
psychiatrie!und!nervenkrankheiten,!117:!76–136.!Translated!and!annotated!by!Frith!U!
(1991).! Autistic! psychopathyin! childhood.! In! Frith! U! (ed),! Autism! and! Asperger!
Syndrome.!Cambridge,!UK:!Cambridge!University!Press,!pp37–92.!
 

Atladottir!HO,!Thorsen!P,!Ostergaard!L,!Schendel!DE,!Lemcke!S,!Abdallah!M,!Parner!ET.!
(2010)! Maternal! infection! requiring! hospitalization! during! pregnancy! and! autism!
spectrum!disorders.!J!Autism!Dev!Disord.40:1423–30.!
!
Atladottir!H.!O.,!Henriksen!T.!B.,!Schendel!D.!E.,! !and!Parner!E.!T.! !(2012)!Autism!after!
infection,! febrile!episodes,!and!antibiotic!use!during!pregnancy:!an!exploratory!study.!
Pediatrics!130(6):!el447]1454.!
!
Attwood! A.! (2006).! The! Complete! Guide! to! Asperger’s! Syndrome.! Jessica! Kingsley!
Publishers.!
!
Ayres!A.!J.,!and!Tickle!L.!S.!(1980).!Hyper]responsivity!to!touch!and!vestibular!stimuli!as!
a!predictor!of!positive!response!to!sensory!integration!procedures!by!autistic!children.!
American!Journal!of!Occupational!Therapy,!34,375–381.!doi:10.5014/ajot.34.6.375!
 

~B~ 
Bailey!A,!Luthert!P,!Dean!A,!Harding!B,!Janota!I,!Montgomery!M,!Rutter!M,!Lantos!P.!A!
(1998)!clinicopathological!study!of!autism.!Brain.!May;121!(!Pt!5):889]905.!
!
Bailey!A.,!Le!Couteur!A.,!Gottesman! I.,!Bolton!P.,! Simonoff!E.,!Yuzda!E.,! and!Rutter,!M.!
(1995).! Autism! as! a! strongly! genetic! disorder:! evidence! from! a! British! twin! study.!
Psychol.!Med.!25,!63–77.!
!
Balcombe!J.,!Barnard!N.,!Sandusky!C.!(2004)!Laboratory!Routines!Cause!Animal!Stress.!
Volume! 43,! No.! 6! /! November! CONTEMPORARY! TOPICS©2004! by! the! American!
Association!for!Laboratory!Animal!Science.!
!
Ballendine!SA,!Greba!Q,!Dawicki!W,!Zhang!X,!Gordon!JR,!Howland!JG!(2015)!Behavioral!
alterations! in! rat! offspring! following! maternal! immune! activation! and! ELR]CXC!
chemokine! receptor! antagonism! during! pregnancy:! implications! for!
neurodevelopmental! psychiatric! disorders.! Prog! Neuropsychopharmacol! Biol!
Psychiatry!57:155]165!
!
Bambini]Junior!V,!Zanatta!G,!Della!Flora!Nunes!G,!Mueller!de!Melo!G,!Michels!M,!Fontes]
Dutra!M,!Nogueira!Freire!V,!Riesgo!R,!Gottfried!C.! (2014)!Resveratrol!prevents! social!
deficits! in! animal!model! of! autism! induced! by! valproic! acid.! Neurosci! Lett.! 583:176–
181.!



 141 

!
Banerjee! S.,! Riordan! M.,! Bhat! M.! A.! (2014).! Genetic! aspects! of! autism! spectrum!
disorders:!insights!from!animal!models.!Front.!Cell.!Neurosci.!8:58.!
 

Baranek! G.! T.! (1999).! Autism! During! Infancy:! A! Retrospective! Video! Analysis! of!
Sensory]Motor! and! Social! Behaviors! at! 9–12! Months! of! Age.! Journal! of! Autism! and!
Developmental!Disorders,!29(3),!213–224.!doi:10.1023/A:1023080005650.!
!
Barmack! NH,! Baughman! RW,! Eckenstein! FP! (1992)! Cholinergic! innervation! of! the!
cerebellum!of!the!rat!by!secondary!vestibular!afferents.!Ann!N!Y!Acad!Sci!656:!566]579.!
!
Baron]Cohen!S.!(2002)!The!extreme!male!brain!theory!of!autism.!Trends!Cogn!Sci.!Jun!
1;6(6):248]254.!
!
Baronio!D,!Castro!K,!Gonchoroski!T,!de!Melo!GM,!Nunes!GD,!Bambini]Junior!V,!Gottfried!
C,!Riesgo!R!(2015)!Effects!of!an!H3R!antagonist!on!the!animal!model!of!autism!induced!
by!prenatal!exposure!to!valproic!acid.!PLoS!One!10:e0116363.!!

Barrow!WJ,! Jaworski!M,! Accardo! PJ.! (2011)! Persistent! toe!walking! in! autism.! J! Child!
Neurol.!May;26(5):619]21.!
!
Barthélémy! C.! (2001).! La! Thérapie! d’Echange! et! de! Développement.! Le! Bulletin!
Scientifique!de!l’Arapi,!7,!45]48.!
!
Barthélémy! C.,! Hameury,! L.! &! Lelord,! G.! (1995).! L’autisme! de! l’enfant.! La! Thérapie!
d’Echange!et!de!Développement.!Paris:!Expansion!Scientifique!Française.!
!
Bath!KG,!Scharfman!HE.!(2013)!Impact!of!early!life!exposure!to!antiepileptic!drugs!on!
neurobehavioral!outcomes!based!on! laboratory!animal!and!clinical!research.!Epilepsy!
Behav.!Mar;26(3):427]39.!
!
Bauman! M,! Kemper! TL.! (1985)! Histoanatomic! observations! of! the! brain! in! early!
infantile!autism.!Neurology.!Jun;35(6):866]74.!
 

Bauman! ML.! (2010)! Medical! comorbidities! in! autism:! challenges! to! diagnosis! and!
treatment.!Neurotherapeutics.!Jul;7(3):320]7.!
!
Baumann! O,! Borra! RJ,! Bower! JM,! et! al.! (2015)! Consensus! paper:! the! role! of! the!
cerebellum!in!perceptual!processes.!Cerebellum;!14!:197]220.!
!
Bayer!SA,!Altman!J,!Russo!RJ,!Zhang!X.!(1993)!Timetables!of!neurogenesis!in!the!human!
brain! based! on! experimentally! determined! patterns! in! the! rat.! Neurotoxicology.!
Spring;14(1):83]144.!
!
Belzung! C,! Lemoine! M! (2011)! Criteria! of! validity! for! animal! models! of! psychiatric!
disorders:!focus!on!anxiety!disorders!and!depression.!Biol!Mood!Anxiety!Disord!1:9. !

Benvenuto,! A.,! Moavero,! R.,! Alessandrelli,! R.,! Manzi,! B.! and! Curatolo,! P.! (2009)!
Syndromic!autism:!causes!and!pathogenetic!pathways.!World&J.&Pediatr.&5,!169]176.!!

Berg! AT,! Plioplys! S.! (2012)! Epilepsy! and! autism:! is! there! a! special! relationship?!
Epilepsy!Behav.!Mar;23(3):193]8.!



 142 

!
Berkel!S.,!Marshall,!C.!R.,!Weiss,!B.,!Howe,!J.,!Roeth,!R.,!Moog,!U.,!et!al.!(2010)!Mutations!
in! the! SHANK2! synaptic! scaffolding! gene! in! au]! tism! spectrum! disorder! and! mental!
retardation.!Nat.!Genet.!42,!489]491.!

Bernardet!M.! and!Crusio,!W.! E.! (2006)! Fmr1!KO!mice! as! a! possible!model! of! autistic!
features.!Sci.&World&J.&6,!1164]1176.!!

Bescoby]Chambers! N,! Forster! P,! Bates! G! (2001)! 'Foetal! valproate! syndrome! and!
autism:!additional!evidence!of!an!association'.!Dev!Med!Child!Neurol!43:847.! !

Bilbo! SD,! Block! CL,! Bolton! JL,! Hanamsagar! R,! Tran! PK.! (2017)! Beyond! infection! ]!
Maternal! immune! activation! by! environmental! factors,! microglial! development,! and!
relevance!for!autism!spectrum!disorders.!Exp!Neurol.!Jul!8.!pii:!S0014]4886(17)30176]
0.!
!
Bilbo! S.D.,! and! Schwarz,! J.M.,! (2009)! Early]life! programming! of! later]life! brain! and!
behavior:!acritical!role!for!the!immune!system.!Front.!Behav.!Neurosci.!3,!1–14.!
!
Bilbo! S.D.,! and! Schwarz,! J.M.,! (2012)! The! immune! system! and! developmental!
programming!ofbrain!and!behavior.!Front.!Neuroendocrinol.!33,!267–286.!
!
Bjorklund!G.! (2013).! The! role! of! zinc! and! copper! in! autism! spectrum!disorders.! Acta!
Neurobiol.!Exp.!(Warsz.)!73,!225–236.!
!
Blundell!J.,!Blaiss,!C.!A.,!Etherton,!M.!R.,!Espinosa,!F.,!Tabuchi,!K.,!Walz,!C.,!Bolliger,!M.!F.,!
Sudhof,!T.!C.!and!Powell,!C.!M.!(2010)!Neuroligin]1!deletion!results!in!impaired!spatial!
memory!and!in]!creased!repetitive!behavior.!J.&Neurosci.&30,!2115]2129.!!

Bodfish! JW,! Symons! FW,! Lewis!MH.! T! (1999)! he! Repetitive! Behavior! Scale.!Western!
Carolina!Center!Research!Reports.!
 

Bolton! P.! F.,! Park,! R.! J.,! Higgins,! J.! N.,! Griffiths,! P.! D.! and! Pickles,! A.! (2002)! Neuro]
epileptic! determinants! of! autism! spectrum! disorders! in! tuberous! sclerosis! complex.!
Brain&125,!1247]1255.!!

Bonaguidi!M.!A.,!Wheeler,!M.!A.,!Shapiro,!J.!S.,!Stadel,!R.!P.,!Sun,!G.!J.,!Ming,!G.!L.!and!Song,!
H.! (2011)! In! vivo! clonal! analysis! reveals! self]renewing! and!multipotent! adult! neural!
stem!cell!characteris]!tics.!Cell!145,!1142]1155.!

Bonnet]Brilhault! F.! (2012)! Modèle! neurodéveloppemental! et! hypothèses!
psychophysiologiques.!In!C.!Barthélémy!&!F.!Bonnet]Brilhault.!L’Autisme!:!de!l’enfance!
à!l’âge!adulte!(pp.!15]19).!Paris!:!Médecine!Sciences!Publications.!
!
Bonnet]Brilhault!F.!&!Barthélémy,!C.!(2012)!Thérapie!d’Echange!et!de!Développement:!
une! rééducation! neurofonctionnelle! de! la! communication.! In! C.! Barthélémy! &! F.!
Bonnet]Brilhault.!L’Autisme!:!de!l’enfance!à!l’âge!adulte!(pp.!130]!131).!Paris:!Médecine!
Sciences!Publications.!
 

Bonnet]Brilhault.!F.!(2017)![Autism:!An!early!neurodevelopmental!disorder].![Article!in!
French]!Arch!Pediatr.!Apr;24(4):384]390.!
!



 143 

Bostan!AC,!Dum!RP,!Strick!PL.!(2013)!Cerebellar!networks!with!the!cerebral!cortex!and!
basal!ganglia.!Trends!Cogn!Sci;!17!:!241]54.!
!
!
Bastian!AJ.!(2006)!Learning!to!predict!the!future:!the!cerebellum!adapts!feed!forward!
movement!control.!Curr!Opin!Neurobiol;!16!:645]9.!
 

 

Botterell!E.H.,!Fulton!J.!(1938)!Functional!localization!in!the!cerebellum!of!primates!II.!
Lesions!of!midline!structures!(vermis)!and!deep!nuclei.!August;!J.!Comp.!Neurol.!69(1).!
1096]9861.!
!
Bourgeron!T.!(2009)!A!synaptic!trek!to!autism.!Curr.!Opin.!Neurobiol.!19,!231–234.!
!
Bourin!M,!Petit]Demoulière!B,!Dhonnchadha!BN,!Hascöet! M!(2007)!Animal!models!of!
anxiety!in!mice.!Fundam!Clin! Pharmacol!21:567]574.! !

Brenhouse!HC,!Andersen!SL!(2011)!Developmental! trajectories!during!adolescence! in!
males! and! females:! a! cross]species! understanding! of! underlying! brain! changes.!
Neurosci!Biobehav!Rev!35:1687]1703!
!
Brennan!F.!X.,!Albeck,!D.!S.!and!Paylor,!R.!(2006)!Fmr1!knockout!mice!are!impaired!in!a!
lever!press!escape/avoidance!task.!Genes&Brain&Behav.!5,!467]471.!!

Brian!J.,!Bryson,!S.!E.,!Garon,!N.,!Roberts,!W.,!Smith,!I.!M.,!Szatmari,!P.,!&!Zwaigenbaum,!
L.!(2008)!Clinical!assessment!of!autism!in!high]risk!18]month]olds.!Autism,!12(5),!433–
456.!doi:10.1177/1362361308094500.!
!
Brian! J.,! Zwaigenbaum,!L.,!&!Bryson!S.,!Roberts!W.,! Smith! I.,! Szatmari!P.,!Roncadin!C.,!
Garon!N.!and!Vaillancourt!T.!(2013)!Behavioral!Markers!Predictive!of!ASD!in!High]Risk!
Infants! At! 6! Months.! Oral! Communication! presented! at! the! IMFAR,! San! Sebastian.!
Retrieved!from!https://imfar.confex.com/imfar/2013/webprogram/Paper14795.html!
 

Brooks!S.,!Dunnett!S.! (2009)!Tests! to!assess!motor!phenotype! in!mice:!a!user's!guide.!
Nature!Reviews!Neuroscience!10,!519]529!(July)!
!
Brown!AS! (2006)!Prenatal! infection!as!a! risk! factor! for! schizophrenia.!Schizophr!Bull!
32:200!–202.!!
!
Brown!AS,! Begg!MD,! Gravenstein! S,! Schaefer! CA,!Wyatt! RJ,! Bresnahan!M,! BabulasVP,!
SusserES! (2004)! Serologic! evidence! of! prenatal! influenza! in! the! etiology! of!
schizophrenia.!Arch!Gen!Psychiatry!61:774!–780.!!
!
Brown!AS,! Susser!ES! (2002)! In!utero! infection! and! adult! schizophrenia.!Ment!Retard!
Dev!Disabil!Res!Rev!8:51–57.!!
!
Brown!N.!A.,!Kao,! J.,!&!Fabro,! S.! (1980)!Teratogenic!potential! of! valproic! acid.! Lancet!
(London,!England),!1(8169),!660–661.!
 

Buckner!RL,!Krienen!FM,!Castellanos!A,!Diaz!JC,!Yeo!BT.!(2011)!The!organization!of!the!
human! cerebellum! estimated! by! intrinsic! functional! connectivity.! J! Neurophysiol.!
Nov;106(5):2322]45.!



 144 

!
Butler! M.! G.,! Dasouki,! M.! J.,! Zhou,! X.! P.,! Talebizadeh,! Z.,! Brown,! M.,! Takahashi,! T.! N.,!
Miles,!J.!H.,!Wang,!C.!H.,!Stratton,!R.,!Pilarski,!R.!and!Eng,!C.!(2005)!Subset!of!individuals!
with!autism!spectrum!dis]!orders!and!extreme!macrocephaly!associated!with!germline!
PTEN!tumour!suppressor!gene!mutations.!J.!Med.!Genet.!42,!318]321.!

~C~ 
Caddy! KW,! Herrup! K! (1990)! Studies! of! the! dendritic! tree! of! wild]type! cerebellar!
Purkinje!cells!in!lurcher!chimeric!mice.!J!Comp!Neurol!297:!121]131.!
!
Cajal!S!(1911)!Histologie!du!systeme!nerveux!de!l'homme!et!des!vertebres.!Histologie!
du!Systeme!Nerveux!de!l'homme!et!des!vertebres!20.!
!
Carper! RA,! Courchesne! E! (2000)! Inverse! correlation! between! frontal! lobe! and!
cerebellum!sizes!in!children!with!autism.!Brain!123!(Pt!4):!836]844.!
!
Carson!R.!P.,!Van!Nielen,!D.!L.,!Winzenburger,!P.!A.!and!Ess,!K.!C.!(2012)!Neuronal!and!
glia! abnormalities! in! Tsc1]deficient! forebrain! and! partial! rescue! by! rapamycin.!
Neurobiol.!Dis.!45,!369]380.!

Castro!K,!Baronio!D,!Perry! IS,!Riesgo!RDS,!Gottfried!C.! (2017)!The!effect!of!ketogenic!
diet!in!an!animal!model!of!autism!induced!by!prenatal!exposure!to!valproic!acid.!Nutr!
Neurosci.!Jul;20(6):343]350.!
!
Cattaneo!L.,!Fabbri]Destro,!M.,!Boria,!S.,!Pieraccini,!C.,!Monti,!A.,!Cossu,!G.,!&!Rizzolatti,!G.!
(2007)! Impairment! of! actions! chains! in! autism! and! its! possible! role! in! intention!
understanding.! Proceedings! of! the! National! Academy! of! Sciences,! 104(45),! 17825–
17830.!doi:10.1073/pnas.0706273104.!
!
CDC.! (2014)! Prevalence! of! autism! spectrum! disorder! among! children! aged! 8! years! ]!
autismand! developmental! disabilities! monitoring! network,! 11! sites,! United! States,!
2010.Morbidity! and! Mortality! Weekly! Report.! Surveillance! Summaries! (Washington,!
D.C.:2002),!63(2),!1–21.!
!
Chadman! KK,! Yang! M,! Crawley! JN! (2009)! Criteria! for! validating! mouse! models! of!
psychiatric!diseases.!Am!J!Med!Genet!B!Neuropsychiatr!Genet!150B:1]11.!!

Chahrour! M.! and! Zoghbi,! H.! Y.! (2007)! The! story! of! Rett! syndrome:! from! clinic! to!
neurobiology.!Neuron&56,!422]437.!!

Chahrour!M.,!Jung,!S.!Y.,!Shaw,!C.,!Zhou,!X.,!Wong,!S.!T.,!Qin,!J.!and!Zoghbi,!H.!Y.!(2008)!
MeCP2,! a! key! contributor! to! neurologi]! cal! disease,! activates! and! represses!
transcription.!Science&320,!1224]1229.!!

Chang!C.]H.,!Wade,!M.!G.,!Stoffregen,!T.!A.,!Hsu,!C.]Y.,!&!Pan,!C.]Y.!(2010)!Visual!tasks!and!
postural! sway! in! children!with! and!without! autism! spectrum! disorders.! Research! in!
Developmental!Disabilities,!31(6),!1536–1542.!
!
Chess! S! (1977)! Follow]up! report! on! autism! in! congenital! rubella.! J! Autism! Child!
Schizophr!7:69]81.!
!



 145 

Chess! S.! (1997)! The! meaning! of! classification.! J! Am! Acad! Child! Adolesc! Psychiatry,!
36(5),575.!
!
Chess!S.!(1971).!Autism!in!children!with!congenital!rubella.!J.!Autism!Child.!Schizophr.!
1,!33–47.!
 

Chess! S.,! Fernandez,! P.! and! Korn,! S.! (1978)! Behavioral! consequences! of! congenital!
rubella.!J.!Pediatr.!93,!699]703.!
!
Ching! M.! S.,! Shen,! Y.,! Tan,! W.! H.,! Jeste,! S.! S.,! Morrow,! E.! M.,! Chen,! X.,! et! al.! (2010)!
Deletions! of! NRXN1! (neurex]! in]1)! predispose! to! a!wide! spectrum! of! developmental!
disorders.!Am.!J.!Med.!Genet.!B!Neuropsychiatr.!Genet.!153B,!937]947.!

Chomiak! T,! Hu! B.! (2013)! Alterations! of! neocortical! development! and! maturation! in!
autism:!insight!from!valproic!acid!exposure!and!animal!models!of!autism.!Neurotoxicol!
Teratol.!Mar]Apr;36:57]66.!
!
Chomiak!T,!Karnik!V,!Block!E,!Hu!B.! (2010)!Altering! the! trajectory!of! early!postnatal!
cortical! development! can! lead! to! structural! and! behavioural! features! of! autism.! BMC!
Neurosci.!Aug!19;11:102.!
!
Christensen! DL,! Baio! J,! Van! Naarden! Braun! K,! Bilder! D,! Charles! J,! Constantino! JN,!
Daniels!J,!Durkin!MS,!Fitzgerald!RT,!Kurzius]Spencer!M,!Lee!LC,!Pettygrove!S,!Robinson!
C,!Schulz!E,!Wells!C,!Wingate!MS,!Zahorodny!W,!Yeargin]Allsopp!M;!Centers!for!Disease!
Control! and! Prevention! (CDC).! (2016)! Prevalence! and! Characteristics! of! Autism!
Spectrum! Disorder! Among! Children! Aged! 8! Years]]Autism! and! Developmental!
Disabilities!Monitoring!Network,!11!Sites,!United!States,!2012.!MMWR!Surveill!Summ.!
Apr!1;65(3):1]23.!
!
Christensen!J.,!Grønborg,!T.K.,!Sørensen,!M.J.,!Schendel,!D.,!Parner,!E.T.,!Pedersen,!L.H.,!
and!Vestergaard,!M.! (2013)!Prenatal!valproate!exposure!and!risk!of!autism!spectrum!
disorders!and!childhood!autism.!JAMA!309,1696–1703.!
 

Christianson!A.!L.,!Chesler!N.,!Kromberg!J.!G.!(1994)!Fetal!valproate!syndrome:!clinical!
and! neuro]developmental! features! in! two! sibling! pairs.! Dev.! Med.! Child! Neurol.! 36,!
361–369.!
!
Chu!E.!C.!and!Tarnawski,!A.!S.!(2004)!PTEN!regulatory!functions!in!tumor!suppression!
and!cell!biology.!Med.&Sci.&Monit.&10,!RA235]RA241. !

Clarke! R.! A.,! Lee,! S.,! &! Eapen,! V.! (2012)! Pathogenetic! model! for! Tourette! syndrome!
delineates! overlap! with! related! neurodevelopmental! disorders! including! Autism.!
Translational!Psychiatry,!2,!e158.!doi:10.1038/tp.2012.75.!
!
Clower!DM,!Dum!RP,!Strick!PL!(2005)!Basal!ganglia!and!cerebellar!inputs!to!'AIP'.!Cereb!
Cortex!15:!913]920.!
!
Cohen!O.! S.,!Varlinskaya,!E.! I.,!Wilson,!C.!A.,!Glatt,! S.! J.,!&!Mooney,! S.!M.! (2013).!Acute!
prenatal! exposure! to! a!moderate! dose! of! valproic! acid! increases! social! behavior! and!
alters!gene!expression! in!rats.! International! Journal!of!Developmental!Neuroscience:T!
he!Official! Journal!of! the! International!Society! for!Developmental!Neuroscience,31(8),!
740–750.!!



 146 

 

Comoletti!D.,!De!Jaco,!A.,!Jennings,!L.!L.,!Flynn,!R.!E.,!Gaietta,!G.,!Tsigelny,!I.,!Ellisman,!M.!
H.!and!Taylor,!P.!(2004)!The!Arg451Cys]!neuroligin]3!mutation!associated!with!autism!
reveals!a!defect!in!protein!processing.!J.&Neurosci.&24,!4889]4893.!!

Constantino!J.N.,!Todorov,!A.,!Hilton,!C.,!Law,!P.,!Zhang,!Y.,!Molloy,!E.,!Fitzgerald,!R.,!and!
Geschwind,! D.! (2013)! Autism! recurrence! in! half! siblings:! strong! support! for! genetic!
mechanisms!of!transmission!in!ASD.!Mol.Psychiatry!18,!137–138.!
!
Courchesne! E,! Saitoh! O,! Yeung]Courchesne! R,! Press! GA,! Lincoln! AJ,! Haas! RH,!
Schreibman!L.!(1994)!Abnormality!of!cerebellar!vermian!lobules!VI!and!VII!in!patients!
with!infantile!autism:!identification!of!hypoplastic!and!hyperplastic!subgroups!with!MR!
imaging.!AJR!Am!J!Roentgenol.!Jan;162(1):123]30.!
!
Courchesne! E,! Townsend! J,! Saitoh! O! (1994)! The! brain! in! infantile! autism:! posterior!
fossa!structures!are!abnormal.!Neurology!44:!214]223.!
!
Courchesne! E,! Yeung]Courchesne! R,! Press! GA,! Hesselink! JR,! Jernigan! TL.! (1988)!
Hypoplasia! of! cerebellar! vermal! lobules! VI! and! VII! in! autism.! N! Engl! J! Med.! May!
26;318(21):1349]54.!
!
Courchesne!E.!&!Pierce,!K.!(2005)!Brain!overgrowth!in!autism!during!a!critical!time!in!
development:!implications!for!frontal!pyramidal!neuron!and!interneuron!development!
and!connectivity.!International!Journal!of!Developmental!Neuroscience,!23,!2]3,153]!70.!
!
Courchesne!E.,!Mouton,!P.R.,!Calhoun,!ME.,!Semendeferi,!K.,!Ahrens]Barbeau,!C.,!Hallet,!
M.J.,! Barnes,! CC.! &! Pierce,! K.! (2011)!Neuron! number! and! size! in! prefrontal! cortex! of!
children!with!autism.!The!Journal!of!the!American!Medical!Association,!306(18),!2001]
2010.!
!
Curatolo!P.,!Porfirio,!M.!C.,!Manzi,!B.! and!Seri,! S.! (2004)!Autism! in! tuberous! sclerosis.!
Eur.!J.!Paediatr.!Neurol.!8,!327]332.!

~D~ 
D'Mello! AM,! Stoodley! CJ,! Cerebro]cerebellar! circuits! in! autism! spectrum! disorder.!
(2015)!Front!Neurosci.!Nov!5;!9:408.!
!
Dammann!O.,!K.!C.!Kuban!and!A.!Leviton!(2002)!"Perinatal!infection,!fetal!inflammatory!
response,!white!matter! damage,! and! cognitive! limitations! in! children! born! preterm."!
Ment!Retard!Dev!Disabil!Res!Rev!8(1):!46]50.!
!
Daniels!J.!L.,!Forssen,!U.,!Hultman,!C.!M.,!Cnattingius,!S.,!Savitz,!D.!A.,!Feychting,!M.!and!
Sparen,! P.! (2008)! Parental! psychiatric! dis]! orders! associated! with! autism! spectrum!
disorders!in!the!offspring.!Pediatrics!121,!e1357]e1362.!
!
de!Theije!CG,!Wopereis!H,!Ramadan!M,!van!Eijndthoven!T,!Lambert!J,!Knol!J,!Garssen!J,!
Kraneveld!AD,!Oozeer!R.!(2014)!Altered!gut!microbiota!and!activity!in!a!murine!model!
of!autism!spectrum!disorders.!Brain!Behav!Immun.!Mar;37:197]206.!
!



 147 

Deeley!Q,!Daly!EM,! Surguladze! S,! Page!L,!Toal! F,!Robertson!D.! et! al.! (2007)!An! event!
related! functional!magnetic! resonance! imaging! study! of! facial! emotion! processing! in!
Asperger!syndrome.!Biol!Psychiatry.!Aug!1;62(3):207]17.!
!
Dendrinos! G,! Hemelt! M,! Keller! A.! (2011)! Prenatal! VPA! Exposure! and! Changes! in!
Sensory!Processing!by!the!Superior!Colliculus.!Front!Integr!Neurosci.!Oct!20;5:68.!
!
Desmond! JE,! Gabrieli! JD,! Glover! GH! (1998)! Dissociation! of! frontal! and! cerebellar!
activity! in! a! cognitive! task:! evidence! for! a! distinction! between! selection! and! search.!
Neuroimage!7:!368]376.!
!
Desmond!MM,!Wilson!GS,!Melnick! JL,! Singer!DB,! Zion!TE,!Rudolph!AJ,! Pineda!RG,Ziai!
MH,! Blattner! RJ! (1967)! Congenital! rubella! encephalitis.! Course! and! early! sequelae.! J!
Pediatr!71:311]331.!
!
Deverman! BE,! Patterson! PH.! (2009)! Cytokines! and! CNS! development.! Neuron.! Oct!
15;64(1):61]78.!
!
Dewey! D.,! Cantell,! M.,! &! Crawford,! S.! G.! (2007)! Motor! and! gestural! performance! in!
children!with!autism!spectrum!disorders,!developmental!coordination!disorder,!and/or!
attention!deficit!hyperactivity!disorder.!Journal!of!the!International!Neuropsychological!
Society:!JINS,!13(2),!246–256.!doi:10.1017/S1355617707070270.!
!
Dewrang! P.,! &! Sandberg,! A.! D.! (2010)! Parental! retrospective! assessment! of!
development! and! behavior! in! Asperger! syndrome! during! the! first! 2! years! of! life.!
Research!in!Autism!Spectrum!Disorders,!4(3),!461–473.!!
!
Di!Martino!A,!Yan!CG,!Li!Q,!Denio!E,!Castellanos!FX,!Alaerts!K,!et!al.!(2014)!The!autism!
brain! imaging! data! exchange:! towards! a! large]scale! evaluation! of! the! intrinsic! brain!
architecture!in!autism.!Mol!Psychiatry.!Jun;19(6):659]67.!
 

DiLiberti! JH,! Farndon!PA,!Dennis!NR,! Curry!CJ.! (1984)!The! fetal! valproate! syndrome.!
Am!J!Med!Genet.!Nov;19(3):473]81.!
!
DiMario! F.! J.,! Jr.! (2004)! Brain! abnormalities! in! tuberous! sclerosis! com]! plex.! J.! Child!
Neurol.!19,!650]657.!

Dinstein! I.,! Pierce,! K.,! Eyler,! L.,! Solso,! S.,! Malach,! R.,! Behrmann,! M.! &! Courchesne,! E.!
(2011)!Disrupted! neural! synchronization! in! toddlers!with! autism.!Neuron,! 70,! 1218]!
1225.!
!
Dow!RS,!Moruzzi!G!(1958)!The!Physiology!and!Pathology!of!the!Cerebellum.!University!
of!Minnesota!Press.!
!
Downey!R.,!&!Rapport,!M.!J.!K.!(2012).!Motor!activity!in!children!with!autism:!a!review!
of!current!literature.!Pediatric!Physical!Therapy:!The!Official!Publication!of!the!Section!
on!Pediatrics!of!the!American!Physical!Therapy!Association,!24(1),!2–20.!
 

Dufour]Rainfray!D,!Vourc'h!P,! Le!Guisquet!AM,!Garreau!L,!Ternant!D,!Bodard!S,! et! al.!
(2010)!Behavior!and!serotonergic!disorders!in!rats!exposed!prenatally!to!valproate:!a!
model!for!autism.!Neurosci!Lett.!Feb!5;470(1):55]9.!
!



 148 

Dufour]Rainfray!D,!Vourc’h!P,!Tourlet!S,!Guilloteau!D,!Chalon!S,!Andres!CR.!(2011)!Fetal!
exposure! to! teratogens:! evidence! of! genes! involved! in! autism.! Neurosci! Biobehav!
Rev;35:!1254–1265.!
 

~E~ 
Edwards!A.!D.! and!S.!Tan! (2006)! "Perinatal! infections,!prematurity!and!brain! injury."!
Curr!Opin!Pediatr!18(2):!119]124.!
!
Ehninger!D.,! Sano,!Y.,!de!Vries,!P.! J.,!Dies,!K.,! Franz,!D.,!Geschwind,!D.!H.,!et! al.! (2012)!
Gestational! immune! activation! and!Tsc2!haploinsufficiency! cooperate! to! disrupt! fetal!
survival!and!may!perturb!social!behavior!in!adult!mice.!Mol.!Psychiatry!17,!62]70.!

Eldaief! MC,! Press! DZ,! Pascual]Leone! A.! (2013)! Transcranial! magnetic! stimulation! in!
neurology:! a! review! of! established! and! prospective! applications.! Neurol! Clin!
Pract.;3(6):519–26.!
!
Emck!C.,!Bosscher,!R.,!Beek,!P.,!&!Doreleijers,!T.!(2009)!Gross!motor!performance!and!
self]perceived! motor! competence! in! children! with! emotional,! behavioural,! and!
pervasive! developmental! disorders:! a! review.! Developmental! Medicine! and! Child!
Neurology,!51(7),!501–517.!!
!
Epstein!DH,!Preston!KL,!Stewart!J,!Shaham!Y!(2006)!Toward! a!model!of!drug!relapse:!
an! assessment! of! the! validity! of! the! reinstatement! procedure.! Psychopharmacology!
(Berl)!189:1]!16.! !

Esposito!G.,!&!Paşca,!S.!P.!(2013)!Motor!abnormalities!as!a!putative!endophenotype!for!
Autism!Spectrum!Disorders.!Frontiers!in!Integrative!Neuroscience,!7,!43.!doi:10.3389/!
fnint.2013.00043!
!
Esposito!G.,!Venuti,!P.,!Maestro,!S.,!&!Muratori,!F.!(2009)!An!exploration!of!symmetry!in!
early!autism!spectrum!disorders:!Analysis!of!lying.!Brain!and!Development,!31(2),!131–
138.!!
!
Etherton!MR,!Blaiss!CA,!Powell!CM,!Südhof!TC.!(2009)!Mouse!neurexin]1alpha!deletion!
causes! correlated! electrophysiological! and! behavioral! changes! consistent! with!
cognitive!impairments.!Proc!Natl!Acad!Sci!U!S!A.!Oct!20;106(42):17998]8003.!
!
Etherton!M.,!Foldy,!C.,!Sharma,!M.,!Tabuchi,!K.,!Liu,!X.,!Shamloo,!M.,!Malenka,!R.!C.!and!
Sudhof,!T.!C.! (2011)!Autism]linked!neuroli]!gin]3!R451C!mutation!differentially!alters!
hippocampal! and! cortical! synaptic! function.! Proc.& Natl.& Acad.& Sci.& U.S.A.& 108,! 13764]
13769.!!

 

 

 

~F~ 



 149 

Fatemi! SH,! Aldinger! KA,! Ashwood! P,! Bauman! ML,! Blaha! CD,! Blatt! GJ,! et! al.! (2012)!
Consensus! paper:! pathological! role! of! the! cerebellum! in! autism.! Cerebellum.! 2012!
Sep;11(3):777]807.!
!
Favre!M.! R.,! Barkat! T.! R.,! Lamendola! D.,! Khazen! G.,! Markram!H.,! Markram! K.! (2013)!
General!developmental!health!in!the!VPA]rat!model!of!autism.!Front.!Behav.!Neurosci.!
7:88.!10.3389/fnbeh.2013.00088!
!
Favre!M.!R.,!La!Mendola,!D.,!Meystre,!J.,!Christodoulou,!D.,!Cochrane,!M.!J.,!Markram,!H.,!
and! Markram,! K.! (2015)! Predictable! enriched! environment! prevents! development!
ofhyper]emotionality!in!the!VPA!rat!model!of!autism.!Frontiers!in!Neuroscience,!9,127.!!
!
Ferrucci! R,! Giannicola! G,! Rosa! M,! Fumagalli! M,! Boggio! PS,! Hallett! M,! et! al.! (2012)!
Cerebellum! and! processing! of! negative! facial! emotions:! cerebellar! transcranial! DC!
stimu]! lation! specifically! enhances! the! emotional! recognition! of! facial! anger! and!
sadness.!Cogn!Emot!26:786–99.!
!
Fleming! SM,! Ekhator! OR,! Ghisays! V.! (2013)! Assessment! of! sensorimotor! function! in!
mouse!models!of!Parkinson's!disease.!J!Vis!Exp.!Jun!17;(76).!
!
Fleming!SM,!Salcedo!J,!Fernagut!PO,!Rockenstein!E,!Masliah!E,!Levine!MS,!Chesselet!MF.!
(2004)! Early! and! progressive! sensorimotor! anomalies! in! mice! overexpressing! wild]
type!human!alpha]synuclein.!J!Neurosci.!Oct!20;24(42):9434]40.!
!
Foley! AG,! Cassidy! AW,! Regan! CM.! (2014)! Pentyl]4]yn]VPA,! a! histone! deacetylase!
inhibitor,! ameliorates! deficits! in! social! behavior! and! cognition! in! a! rodent! model! of!
autism!spectrum!disorders.!Eur!J!Pharmacol.!Mar!15;727:80]6.!
!
Fombonne!E.!(2003)!The!prevalence!of!autism.!JAMA,!289,!87–89.!
!
Fournier! K.! A.,! Hass,! C.! J.,! Naik,! S.! K.,! Lodha,! N.,! &! Cauraugh,! J.! H.! (2010)! Motor!
coordination! in! autism! spectrum!disorders:! a! synthesis! and!meta]analysis.! Journal! of!
Autism!and!Developmental!Disorders,!40(10),!1227–1240.!!
!
Frye! RE,! Rotenberg! A,! Ousley! M,! Pascual]Leone! A.! (2008)! Transcranial! magnetic!
stimulation!in!child!neurology:!current!and!future!directions.!J!Child!Neurol;23(1):79–
96.!
!
Fukuchi! M,! Nii! T,! Ishimaru! N,! Minamino! A,! Hara! D,! Takasaki! I,! Tabuchi! A,! Tsuda! M!
(2009)!Valproic!acid!induces!up]!or!down]regulation!of!gene!expression!responsible!for!
the! neuronal! excitation! and! inhibition! in! rat! cortical! neurons! through! its! epigenetic!
actions.!Neurosci!Res!65:35]43.!!

Fulbright! RK,! Jenner! AR,! Mencl! WE,! Pugh! KR,! Shaywitz! BA,! Shaywitz! SE,! Frost! SJ,!
Skudlarski! P,! Constable! RT,! Lacadie! CM,! Marchione! KE,! Gore! JC! (1999)! The!
cerebellum's!role!in!reading:!a!functional!MR!imaging!study.!AJNR!Am!J!Neuroradiol!20:!
1925]1930.!
 

 

~G~ 



 150 

Gandal! M.J.,! Edgar,! J.C.,! Ehrlichman,! R.S.,! Mehta,! M.,! Roberts,! T.P.,! Siegel,! S.J.,! (2010)!
Validat]ing!γ!oscillations!and!delayed!auditory!responses!as!translational!biomarkers!of!
autism.!Biol.!Psychiatry!68,!1100–1106.!
!
Garber!K.!B.,!Visootsak,! J.! and!Warren,!S.!T.! (2008)!Fragile!X!syn]!drome.!Eur.& J.&Hum.&
Genet.&16,!666]672.!!

Gauthier!J,!Champagne!N,!Lafrenière!RG,!Xiong!L,!Spiegelman!D,!et!al.!(2010)!De!novo!
mutations! in! the! gene! encoding! the! synaptic! scaffolding! protein! SHANK3! in! patients!
ascertained!for!schizophrenia.!Proc!Natl!Acad!Sci!USA;!107:7863–7868.!
!
Gepner!B.,!&!Mestre,!D.!R.!(2002)!Brief!report:!postural!reactivity!to!fast!visual!motion!
differentiates! autistic! from! children!with! Asperger! syndrome.! Journal! of! Autism! and!
Developmental!Disorders,!32(3),!231–238.!
!
Geyer! MA,! Markou! A! (1995)! Animal! models! of! psychiatric! disorders.! In:!
Neuropsychopharmacology!]!5th!generation!of!progress!(Bloom!FE,!Kupfer!DJ,!eds),!pp!
787]798.!Raven!Press,!New!York,!NY.!!

Geyer!MA,!Moghaddam!B! (2002)!Animal!models! relevant! to! schizophrenia!disorders.!
Neuropsychopharmacology!27:689]!701.! !

Gillberg! C.! (2010)! The! ESSENCE! in! child! psychiatry:! Early! Symptomatic! Syndromes!
Eliciting! Neurodevelopmental! Clinical! Examinations.! Research! in! Developmental!
Disabilities,!31(6),!1543–1551.!
!
Gilman!S.R.,! Iossifov,! I.,!Levy,!D.,!Ronemus,!M.,!Wigler,!M.!&!Vitkup,!D.!(2011).!Rare!de!
novo! variants! associated! with! autism! implicate! a! large! functional! network! of! genes!
involved!in!formation!and!function!of!synapses.!Neuron,!70,!898–907.!
!
Glazebrook! C.!M.,! Elliott! D.,! Szatmari! P.! (2008)!How!do! individuals!with! autism! plan!
their!movements?!J.!Autism!Dev.!Disord.!38,!114–126!10.1007/s10803]007]0369]1.!
!
Glazebrook! C.! M.,! Elliott,! D.,! &! Lyons,! J.! (2006)! A! Kinematic! Analysis! of! How! Young!
Adults!With! and!Without! Autism! Plan! and! Control! Goal]Directed!Movements.! Motor!
Control,!10(3),!244–264.!
!
Glessner! J.T.,!Wang,! K.,! Cai,! G.,! Korvatska,! O.,! Kim,! C.E.,!Wood,! S.,! Zhang,! H.,! Estes,! A.,!
Brune,! C.W.,!Bradfield,! J.P.,! et! al.! (2009)!Autism!genome]wide! copy!number! variation!
reveals!ubiquitin!and!neuronal!genes.!Nature!459,!569–573.!
!
Gogolla!N,! Leblanc! JJ,! Quast! KB,! Südhof! TC,! Fagiolini!M,!Hensch! TK.! (2009)! Common!
circuit!defect!of! excitatory]inhibitory!balance! in!mouse!models!of! autism.! J!Neurodev!
Disord.!Jun;1(2):172]81.!
 

Goldman!S,!Wang!C,!Salgado!MW,!Greene!PE,!Kim!M,!Rapin!I.!(2009)!Motor!stereotypies!
in! children! with! autism! and! other! developmental! disorders.! Dev! Med! Child! Neurol.!
Jan;51(1):30]8.!
!
Gómez!L,!Vidal!B,!Maragoto!C,!Morales!LM,!Berrillo!S,!Vera!Cuesta!H,!et!al.!(2017)!Non]
Invasive!Brain!Stimulation!for!Children!with!Autism!Spectrum!Disorders:!A!Short]Term!
Outcome!Study.!Behav!Sci!(Basel).!Sep!17;7(3).!



 151 

!
Goorden!S.!M.,! van!Woerden,!G.!M.,! van!der!Weerd,! L.,! Cheadle,! J.! P.! and!Elgersma,!Y.!
(2007)! Cognitive! deficits! in! Tsc1+/]! mice! in! the! absence! of! cerebral! lesions! and!
seizures.!Ann.!Neurol.!62,!648]!655.!

Gowen!E,!Hamilton!A.!(2013)!Motor!abilities!in!autism:!a!review!using!a!computational!
context.!J!Autism!Dev!Disord.!Feb;43(2):323]44.!!
!
Graybiel!AM.! (1998)!The!basal! ganglia! and! chunking!of! action! repertoires.!Neurobiol!
Learn!Mem.!Jul]Sep;70(1]2):119]36.!
!
Greffou!S.,!Bertone,!A.,!Hahler,!E.]M.,!Hanssens,! J.]M.,!Mottron,!L.,!&!Faubert,! J.! (2012).!
Postural! Hypo]Reactivity! in! Autism! is! Contingent! on! Development! and! Visual!
Environment:! A! Fully! Immersive! Virtual! Reality! Study.! Journal! of! Autism! and!
Developmental!Disorders,!42(6),!961–970.!!
!
Greger! I.H.,! and! Esteban,! J.A.! (2007)! AMPA! receptor! biogenesis! and! trafficking.! Curr.!
Opin.!Neurobiol.!17,289–297.!
!
Gregorian!C.,!Nakashima,!J.,!Le!Belle,!J.,!Ohab,!J.,!Kim,!R.,!Liu,!A.,!Smith,!K.!B.,!Groszer,!M.,!
Garcia,! A.! D.,! Sofroniew,!M.! V.,! Carmi]! chael,! S.! T.,! Kornblum,!H.! I.,! Liu,! X.! and!Wu,!H.!
(2009)! Pten! de]! letion! in! adult! neural! stem/progenitor! cells! enhances! constitutive!
neurogenesis.!J.!Neurosci.!29,!1874]1886.!

Guinchat! V.,! Thorsen,! P.,! Laurent,! C.,! Cans,! C.,! Bodeau,! N.,! and! Cohen,! D.! (2012)! Pre],!
peri]!and!neonatal!risk!factors!for!autism.!Acta!Obstet.!Gynecol.!Scand.!91,!287–300.!
 

~H~ 
Hagberg!H.,!P.!Gressens!and!C.!Mallard!(2012)!"Inflammation!during!fetal!and!neonatal!
life:! implications! for!neurologic! and!neuropsychiatric!disease! in! children!and!adults."!
Ann!Neurol!71(4):444]457.!
!
Hallett!M.,! Lebiedowska!M.! K.,! Thomas! S.! L.,! Stanhope! S.! J.,! Denckla!M.! B.,! Rumsey! J.!
(1993)!Locomotion!of!autistic!adults.!Arch.!Neurol.!50,!1304–1308.!
!
Hallmayer!J.,!Cleveland,!S.,!Torres,!A.,!Phillips,!J.,!Cohen,!B.,!Torigoe,!T.,!Miller,!J.,!Fedele,!
A.,! Collins,! J.,! Smith,! K.,! et! al.! (2011)! Genetic! heritability! and! shared! environmental!
factors!among!twin!pairs!with!autism.!Arch.!Gen.!Psychiatry!68,!1095–1102.!
!
Happé!F.!&!Frith,!U.!(2006)!The!weak!coherence!account!:!detail]focused!cognitive!style!
in!autism!spectrum!disorders.! Journal!of!Autism!and!Developmental!Disorders,!36,!5–
25.!
!
Hara!Y,!Ago!Y,!Higuchi!M,!Hasebe!S,!Nakazawa!T,!Hashimoto!H,!Matsuda!T,!Takuma!K.!
(2017a)!Oxytocin!attenuates!deficits! in!social! interaction!but!not!recognition!memory!
in! a! prenatal! valproic! acid]induced! mouse! model! of! autism.! Horm! Behav.! Sep!
28;96:130]136.!
!



 152 

Hara!Y,!Ago!Y,!Takano!E,!Hasebe!S,!Nakazawa!T,!Hashimoto!H,!Matsuda!T,!Takuma!K.!
(2017b)! Prenatal! exposure! to! valproic! acid! increases! miR]132! levels! in! the! mouse!
embryonic!brain.!Mol!Autism.!Jun!28;8:33.!
!
Hara!Y,!Ago!Y,!Taruta!A!et!al.,!(2017c)!Risperidone!and!aripiprazole!alleviate!prenatal!
valproic!acid]induced!abnormalities! in!behaviors!and!dendritic! spine!density! in!mice.!
Psychopharmacology!(Berl).!Aug!10.!
!
Hara! Y,! Maeda! Y,! Kataoka! S,! Ago! Y,! Takuma! K,! Matsuda! T! (2012)! Effect! of! prenatal!
valproic! acid! exposure! on! cortical! morphology! in! female! mice.! J! Pharmacol! Sci!
118:543–546.!doi:10.1254/jphs.12025SC.!
!
Hardan! A.! Y.,! Kilpatrick,! M.,! Keshavan,! M.! S.,! &! Minshew,! N.! J.! (2003)! Motor!
performanceand! anatomic!magnetic! resonance! imaging! (MRI)! of! the! basal! ganglia! in!
autism.!Journal!of!Child!Neurology,!18(5),!317–324.!
!
Harvey!RJ,!Napper!RM!(1988)!Quantitative! study!of! granule!and!Purkinje! cells! in! the!
cerebellar!cortex!of!the!rat.!J!Comp!Neurol!274:!151]157.!
!
Hawkes!R,!Leclerc!N!(1987)!Antigenic!map!of!the!rat!cerebellar!cortex:!the!distribution!
of!parasagittal!bands!as!revealed!by!monoclonal!anti]Purkije!cell!antibody!mabQ113.!J!
Comp!Neurol!256:29]41.!
!
Henderson! and! Henderson.! (2003)! Toward! an! Understanding! of! Developmental!
Coordination!Disorder:!Terminological!and!Diagnostic!Issues.!Neural!Plast.;!10(1]2):!1–
13.!
!
Henikoff! S,! Matzke! MA.! (1997)! Exploring! and! explaining! epigenetic! effects.! Trends!
Genet;!13:!293–295.!
!
Horev!G,!Ellegood! J,! Lerch! JP,! Son!YE,!Muthuswamy!L,!Vogel!H,! et! al.! (2011)!Dosage]
dependent!phenotypes!in!models!of!16p11.2!lesions!found!in!autism.!Proc!Natl!Acad!Sci!
USA.!Oct!11;108(41):17076]81.!
!
Hoshi!E.,!Tremblay!L.,!Féger!J.,!Carras!P.,!Strick!P.!(2005)!The!cerebellum!communicates!
with!the!basal!ganglia.!Nat.!Neurosci.!8,!1491–1493!10.1038/nn1544.!
!
Hsiao! EY,! Patterson! PH.! (2011)! Activation! of! the! Maternal! Immune! System! Induces!
Endocrine!Changes!in!the!Placenta!via!IL]6.!Brain!Behav!Immun.!May;!25(4):!604–615.!
!
Hsiao! E.! Y.,! McBride,! S.! W.,! Chow,! J.,! Mazmanian,! S.! K.! and! Pat]! terson,! P.! H.! (2012)!
Modeling!an!autism!risk!factor!in!mice!leads!to!permanent!immune!dysregulation.!Proc.&
Natl.&Acad.&Sci.&U.S.A.&109,!12776]12781.!!

Hughes! C.! (1996)! Brief! report:! Planning! problems! in! autism! at! the! level! of! motor!
control.!Journal!of!Autism!and!Developmental!Disorders,!26(1),!99–107.!
 

 

 



 153 

~I~ 
Ichinohe! N.,! Mori! F.,! Shoumura! K.! (2000)! A! di]synaptic! projection! from! the! lateral!
cerebellar!nucleus!to!the!laterodorsal!part!of!the!striatum!via!the!central!lateral!nucleus!
of!the!thalamus!in!the!rat.!Brain!Res.!880,!191–197!!
!
Iijima! Y.,! Behr! K.,! Iijima! T.,! Biemans! B.,! Bischofberger! J.,! Scheiffele! P.! (2016)!Distinct!
defects! in! synaptic! differentiation! of! neocortical! neurons! in! response! to! prenatal!
valproate!exposure.!Sci.!Rep.!6:!27400!10.1038/srep27400.!
!
Ingram!J.!L.,!Peckham!S.!M.,!Tisdale!B.,!Rodier!P.!M.!(2000)!Prenatal!exposure!of!rats!to!
valproic! acid! reproduces! the! cerebellar! anomalies! associated! with! autism.!
Neurotoxicol.!Teratol.!22,!319–324!10.1016/S0892]0362(99)00083]5.!
!
Iossifov!I.,!Ronemus,!M.,!Levy,!D.,!Wang,!Z.,!Hakker,!I.,!Rosenbaum,!J.,!Yamrom,!B.,!Lee,!
Y.]H.,!Narzisi,!G.,! Leotta,!A.,! et! al.! (2012)!De!novo!gene!disruptions! in! children!on! the!
autistic!spectrum.!Neuron!74,!285–299.!
!
Irwin!S.!A.,!Galvez,!R.!and!Greenough,!W.!T.!(2000)!Dendritic!spine!structural!anomalies!
in!fragile]X!mental!retardation!syndrome.!Cereb.!Cortex!10,!1038]1044.!
!
Ito! HT,! Smith! SE,! Hsiao! E,! Patterson! PH.! (2010)! Maternal! immune! activation! alters!
nonspatial! information! processing! in! the! hippocampus! of! the! adult! offspring.! Brain!
Behav!Immun.!Aug;24(6):930]41.!doi:!10.1016/j.bbi.2010.03.004.!Epub!2010!Mar!19.!
!
Ito!M!(1984)!The!cerebellum!and!Neural!Control.!
!
Ito!M!(1993)!New!concepts!in!cerebellar!function.!Rev!Neurol!(Paris)!149:!596]599.!
!
Ito!M!(2006)!Cerebellar!circuitry!as!a!neuronal!machine.!Prog!Neurobiol!78:!272]303.!
!
Iverson!J.!M.,!&!Wozniak,!R.!H.!(2006)!Variation!in!Vocal]Motor!Development!in!Infant!
Siblings! of! Children! with! Autism.! Journal! of! Autism! and! Developmental! Disorders,!
37(1),!158–170.!doi:10.1007/s10803]006]0339]z.!
!
Iwata! K.,! Matsuzaki,! H.,! Takei,! N.,! Manabe,! T.,! &! Mori,! N.! (2010)! Animal! models!
ofautism:! an! epigenetic! and! environmental! viewpoint.! Journal! of! Central!
NervousSystem!Disease,!2,!37–44.!!

~J~ 
Jamain!S.,!Quach,!H.,!Betancur,!C.,!Rastam,!M.,!Colineaux,!C.,!Gill]!berg,!I.!C.,!Soderstrom,!
H.,!Giros,!B.,!Leboyer,!M.,!Gillberg,!C.!and!Bourgeron,!T.!(2003)!Mutations!of!the!X]linked!
genes!encoding!neuroligins!NLGN3!and!NLGN4!are!associated!with!autism.!Nat.&Genet.&
34,!27]29.!!

Jiang!Y.!H.!and!Ehlers,!M.!D.!(2013)!Modeling!Autism!by!SHANK!Gene!Mutations!in!Mice.!
Neuron!78,!8]27.!

Jones!W,! Klin! A.! (2013)! Attention! to! eyes! is! present! but! in! decline! in! 2]6]month]old!
infants!later!diagnosed!with!autism.!Nature.!Dec!19;504(7480):427]31.!
!



 154 

Junqueira’s!Basic!Histology!Text!and!Atlas,!13th!edition,!P174!and!P161.!ISBN]13:!978]
0071780339!
 

~K~ 
Kalat,!J.!(2015).!Biological!Psychology.!Nelson!Education.!
!
Kalueff! AV,! Stewart! AM,! Song! C,! Berridge! KC,! Graybiel! AM,! Fentress! JC.! (2016)!
Neurobiology!of!rodent!self]grooming!and!its!value!for!translational!neuroscience.!Nat!
Rev!Neurosci.!Jan;17(1):45]59.!
!
Kandel! E.R.! (2001)! The! Molecular! Biology! of! Memory! Storage:! A! Dialogue! Between!
Genes!and!Synapses.!Science!294,!1030–1038.!
!
Kang! J,! Kim! E.! (2015)! Suppression! of! NMDA! receptor! function! in! mice! prenatally!
exposed! to! valproic! acid! improves! social! deficits! and! repetitive! behaviors.! Front!Mol!
Neurosci.!May!27;8:17.!
!
Kanner!L! (1943)!Autistic!disturbances!of!affective!contact.!The!Nervous!Child,!2:217]
250.!Reprinted!in!Acta!Paedopsychiatrica,!1968,!35:100]136.!
!
Karmel,!B.!Z.,!Gardner,!J.!M.,!Meade,!L.!S.,!Cohen,!I.!L.,!London,!E.,!Flory,!M.!J.,!...!Harin,!A.!
(2010)! Early!Medical! and! Behavioral! Characteristics! of! NICU! Infants! Later! Classified!
With!ASD.!Pediatrics,!126(3),!457–467.!doi:10.1542/peds.2009]2680.!
!
Kataoka!S,!Takuma!K,!Hara!Y,!Maeda!Y,!Ago!Y,!Matsuda!T!(2013)!Autism]like!
behaviours!with!transient!histone!hyperacetylation!in!mice!treated!prenatally!with!
valproic!acid.!Int!J!Neuropsychopharmacol!16:91]103.!!

Kelly!RM,!Strick!PL!(2003)!Cerebellar!loops!with!motor!cortex!and!prefrontal!cortex!of!
a!nonhuman!primate.!J!Neurosci!23:!8432]8444.!
!
Kemper!TL,!Bauman!M.!(1998)!Neuropathology!of!infantile!autism.!J!Neuropathol!Exp!
Neurol.!Jul;57(7):645]52.!
!
Kim!K.!C.,!Kim!P.,!Go!H.!S.,!Choi!C.!S.,!Yang!S.! I.,!Cheong! J.!H.,!et!al.! (2011)!The!critical!
period! of! valproate! exposure! to! induce! autistic! symptoms! in! sprague]dawley! rats.!
Toxicol.!Lett.!201,!137–142!10.1016/j.toxlet.2010.12.018.!
!
Kim!K.!C.,!Lee!D.!K.,!Go!H.!S.,!Kim!P.,!Choi!C.S.,!Kim!J.W.,!et!al.!(2014a)!Pax6]dependent!
cortical!glutamatergic!neuronal!differentiation!regulates!autism]like!behavior!in!
prenatally!valproic!acid]exposed!rat!offspring.!Mol!Neurobiol!49:512]528.!!

Kim! J.W.,! Seung,! H.,! Kwon,! K.J.,! Ko,! M.J.,! Lee,! E.J.,! Oh,! H.A.,! et! al.! (2014b)! Subchronic!
treatment!of!donepezil!rescues! impaired!social,!hyperactive,!and!stereotypic!behavior!
in!valproic!acid]induced!animal!model!of!autism.!PLoS!One9,!e104927.!!
!
Kim!K.!C.,!Kim,!P.,!Go,!H.!S.,!Choi,!C.!S.,!Park,! J.!H.,!Kim,!H.! J.,!et!al.!(2013)!Male]specific!
alteration! in! excitatory!post]synaptic! development! and! social! interaction! in!pre]natal!
valproic!acid!exposure!model!of!autism!spectrum!disorder.!Journal!of!Neurochemistry,!
124(6),!832–843.!
 



 155 

Kimoto! Y,! Tohyama! M,! Satoh! K,! Sakumoto! T,! Takahashi! Y,! Shimizu! N! (1981)! Fine!
structure! of! rat! cerebellar! noradrenaline! terminals! as! visualized! by! potassium!
permanganate!'in!situ!perfusion'!fixation!method.!Neuroscience!6:!47]58.!
!
Kinney! DK,! Munir! KM,! Crowley! DJ,! Miller! AM.! (2008)! Prenatal! stress! and! risk! for!
autism.!Neurosci!Biobehav!Rev;32:!1519–1532.!
!
Klein! MM,! Treister! R,! Raij! T,! et! al.! (2015)! Transcranial! magnetic! stimulation! of! the!
brain:!guidelines!for!pain!treatment!research.!Pain.;156(9):1601–14.!
!
Kohen]Raz,!R.,!Volkman,!F.!R.,!&!Cohen,!D.! J.! (1992)!Postural! control! in! children!with!
autism.! Journal! of! Autism! and! Developmental! Disorders,! 22(3),! 419–
432.doi:10.1007/BF01048244.!
!
Kolozsi!E,!Mackenzie!RN,!Roullet!FI,!deCatanzaro!D,!Foster!JA.!(2009)!Prenatal!exposure!
to!valproic!acid!leads!to!reduced!expression!of!synaptic!adhesion!molecule!neuroligin!3!
in!mice.!Neuroscience.!Nov!10;163(4):1201]10.!
!
Kong!A.,!Frigge,!M.L.,!Masson,!G.,!Besenbacher,!S.,!Sulem,!P.,!Magnusson,!G.,!Gudjonsson,!
S.A.,! Sigurdsson,! A.,! Jonasdottir,! A.,! Jonasdottir,! A.,! et! al.! (2012)! Rate! of! de! novo!
mutations!and!the!importance!of!father’s!age!todisease!risk.!Nature!488,!471–475.!
!
Kuhn!R.!Eugen!Bleuler's!concepts!of!psychopathology.!Hist!Psychiatry.!2004!Sep;15(59!
Pt!3):361]6.!
!
Kumamaru! E.,! Egashira,! Y.,! Takenaka,! R.! and! Takamori,! S.! (2014)! Valproic! acid!
selectively! suppresses! the! formation! of! inhibitory! syn]! apses! in! cultured! cortical!
neurons.!Neurosci.&Lett.&569,!142]147.!!

Kumar! H.,! &! Sharma,! B.! (2016)! Minocycline! ameliorates! prenatal! valproic! acid!
inducedautistic!behaviour,!biochemistry!and!blood!brain!barrier! impairments! in! rats.!
BrainResearch,!1630,!83–97.!
 

~L~ 
Laforce!R,! Jr.,!Doyon! J! (2001)!Distinct! contribution!of! the!striatum!and!cerebellum!to!
motor!learning.!Brain!Cogn!45:!189]211.!
!
Laforce! R,! Jr.,! Doyon! J! (2002)! Differential! role! for! the! striatum! and! cerebellum! in!
response!to!novel!movements!using!a!motor!learning!paradigm.!Neuropsychologia!40:!
512]517.!
!
Landa,!R.!J.,!Gross,!A.!L.,!Stuart,!E.!A.,!&!Faherty,!A.!(2013)!Developmental!trajectories!in!
children! with! and! without! autism! spectrum! disorders:! the! first! 3! years.! Child!
Development,!84(2),!429–442.!!
!
Larsell! O! (1937)! The! cerebellum:! a! review! and! interpretation.! Arch! Neurol! Psychiat!
(Chicago)!38:!580]607.!
!



 156 

Larsell!O,! Jansen! J! (1967)!The! comparative! anatomy! and!histology! of! the! cerebellum!
from!myxinoid! through! birds.! The! University! of! Minnesota! Press,! Minneapolis,! pp1]!
291.!
!
Larsell!O,! Jansen! J! (1970)!The! comparative! anatomy! and!histology! of! the! cerebellum!
from!monotermes!through!apes.!The!University!of!Minnesota!Press,!Minneapolis,!pp1]!
269!
 

Larsell!O,!Whitlock!DG!(1952)!Further!observations!on!the!certebellum!of!birds.!J!Comp!
Neurol!97:545]566.!
!
Leary!MR,!Hill!DA.!(1996)!Moving!on:!autism!and!movement!disturbance.!Ment!Retard.!
Feb;34(1):39]53.!
!
Leblond!C.!S.,!Heinrich,!J.,!Delorme,!R.,!Proepper,!C.,!Betancur,!C.,!Huguet,!G.,!et!al.!(2012)!
Genetic!and!functional!analyses!of!SHANK2!mutations!suggest!a!multiple!hit!model!of!
autism!spectrum!disorders.!PLoS&Genet.!8,!e1002521.!!

Leckman!JF,!Zhang!H,!Vitale!A,!Lahnin!F,!Lynch!K,!Bondi!C,!Kim!YS,!Peterson!BS.!(1998)!
Course!of!tic!severity!in!Tourette!syndrome:!the!first!two!decades.!Pediatrics.!Jul;102(1!
Pt!1):14]9.!
!
Lee! KH,! Smith! SEP,! Kim! S,! Patterson! PH,! Thompson! RF.! (2007)! Matrnal! immune!
activation! impairs! extinction! of! the! conditioned! eye! blink! response! in! the! adult!
offspring.! Program! No.! 209.4.! Neuroscience! Meeting! Planner.! San! Diego,! CA:! Soc! for!
Neurosci;!2007![online].!
!
Leekam!S.!R.,!Libby!S.!J.,!Wing!L.,!Gould!J.!(2007)!Describing!the!sensory!abnormalities!
of!children!and!adults!with!autism.!J.!Autism!Dev.!Disord.!37,!894–91010.1007/s10803]
006]0218]7.!
!
Lefort! JM,! Rochefort! C,! Rondi]Reig! L.! (2015)! Cerebellar! contribution! to! spatial!
navigation:!new!insights!into!potential!mechanisms.!Cerebellum;!14!:!59]62.!
!
!
Leiner!HC,!Leiner!AL,!Dow!RS! (1993)!Cognitive!and! language! functions!of! the!human!
cerebellum.!TrendsNeurosci!16:!444]447.!
!
Lelord! G.,! Barthélémy! C.,! Sauvage! D.! and! Ragazzoni! A.! (1978)! Autisme,! inhibition,!
électrophysiologie!et!biochimie.!L’Encephale,!4(5!Suppl):489]501.!
 

Lemire!R.!J.!(1988)!Neural!tube!defects.!JAMA,!259(4),!558–562.!
!
Leonard!H.!C.,!Bedford,!R.,!Charman,!T.,!Elsabbagh,!M.,!Johnson,!M.!H.,!Hill,!E.!L.,!&!BASIS!
team.! (2014)!Motor! development! in! children! at! risk! of! autism:! A! follow]up! study! of!
infant!siblings.!Autism:!The!International!Journal!of!Research!and!Practice,!18(3),!281–
291.!!
!
Lerma!J.!(2003)!Roles!and!rules!of!kainate!receptors!in!synaptic!transmission.!Nat.!Rev.!
Neurosci.!4,!481–495.!
!



 157 

Levy!D.,!Ronemus,!M.,!Yamrom,!B.,!Lee,!Y.,!Leotta,!A.,!Kendall,!J.,!Marks,!S.,!Lakshmi,!B.,!
Pai,! D.,! Ye,! K.,! etal.! (2011)! Rare! de! novo! and! transmitted! copy]number! variation! in!
autistic!spectrum!disorders.!Neuron!70,!886–897.!
!
Lewis! MH,! Tanimura! Y,! Lee! LW,! Bodfish! JW.! (2007)! Animal! models! of! restricted!
repetitive!behavior!in!autism.!Behav!Brain!Res;!176:66–74.!
 

Li!X.,!Zhang,!J.,!Cao,!Z.,!Wu,!J.!and!Shi,!Y.!(2006)!Solution!structure!of!GOPC!PDZ!domain!
and!its!interaction!with!the!C]terminal!motif!of!neuroligin.!Protein&Sci.&15,!2149]2158.!!

Limperopoulos!C.,!H.!Bassan,!N.!R.!Sullivan,!J.!S.!Soul,!R.!L.!Robertson,!Jr.,!M.!Moore,!S.!A.!
Ringer,! J.! J.! Volpe! and! A.! J.! du! Plessis! (2008)! "Positive! screening! for! autism! in! ex]
preterm!infants:!prevalence!and!risk!factors."!Pediatrics!121(4):!758]765.!
!
Lindell! A.! K.,! &! Hudry,! K.! (2013)! Atypicalities! in! cortical! structure,! handedness,! and!
functional! lateralization! for! language! in!autism!spectrum!disorders.!Neuropsychology!
Review,!23(3),!257–270.!doi:10.1007/s11065]013]9234]5.!
!
Lisberger!SG!(1988)!The!neural!basis!for!motor!learning!in!the!vestibulo]ocular!reflex!
in!monkeys.!Trends!Neurosci!11:!147]152.!
!
Liu!Z.!H.!and!Smith,!C.!B.!(2009)!Dissociation!of!social!and!nonsocial!anxiety!in!a!mouse!
model!of!fragile!X!syndrome.!Neurosci.&Lett.&454,!62]66. !

Lord! C.,! Rutter,! M.,! &! Couteur,! A.! L.! (1994)! Autism! Diagnostic! Interview]Revised:! A!
revised! version! of! a! diagnostic! interview! for! caregivers! of! individuals! with! possible!
pervasive! developmental! disorders.! Journal! of! Autism! and! Developmental! Disorders,!
24(5),!659–685.!!
!
Lotspeich!LJ,!Ciaranello!RD.!(1993)!The!neurobiology!and!genetics!of! infantile!autism.!
Int!Rev!Neurobiol,!35,!87]129.!
 

Lüscher! C.,! and! Malenka! R.C.! (2012)! NMDA! Receptor]Dependent! Long]Term!
Potentiation!and!Long]Term!Depression!(LTP/LTD).!Cold!Spring!Harb.!Perspect.!Biol.!4.!
 

~M~ 
Mabunga!DF,!Gonzales!EL,!Kim! JW,!Kim!KC,!Shin!CY.! (2015)!Exploring! the!Validity!of!
Valproic!Acid!Animal!Model!of!Autism.!Exp!Neurobiol.!Dec;24(4):285]300.!
!
MacDonald! R.,! Green,! G.,! Mansfield,! R.,! Geckeler,! A.,! Gardenier,! N.,! Anderson,! J.,!
...Sanchez,!J.!(2007)!Stereotypy!in!young!children!with!autism!and!typically!developing!
children.!Research!in!Developmental!Disabilities,!28(3),!266–277.!!
!
Maenner!MJ,! Rice! CE,! Arneson! CL,! Cunniff! C,! Schieve! LA,! Carpenter! LA,! et! al.! (2014)!
Potential!impact!of!DSM]5!criteria!on!autism!spectrum!disorder!prevalence!estimates.!
JAMA!Psychiatry.!Mar;71(3):!292]300.!
!
Main! SL,! Kulesza! RJ.! (2017)! Repeated! prenatal! exposure! to! valproic! acid! results! in!
cerebellar!hypoplasia!and!ataxia.!Neuroscience.!Jan!6;340:34]47.!
!



 158 

Malkova! NV,! Yu! CZ,! Hsiao! EY,! Moore! MJ,! Patterson! PH.! (2012)! Maternal! immune!
activation! yields! offspring! displaying!mouse! versions! of! the! three! core! symptoms! of!
autism.!Brain!Behav!Immun;!26:!607–616.!
 

!

Manning!M.!A.,!Cassidy!S.!B.,!Clericuzio!C.,!Cherry!A.!M.,!Schwartz!S.,!Hudgins!L.,!Enns!G.!
M.!and!Hoyme,!H.!E.!(2004)!Terminal!22q!deletion!syndrome:!a!newly!recognized!cause!
of!speech!and!lan]!guage!disability!in!the!autism!spectrum.!Pediatrics!114,!451]457.!

Marais! L.,! van! Rensburg,! S.! J.,! van! Zyl,! J.! M.,! Stein,! D.! J.,! &! Daniels,! W.! M.! U.! (2008)!
Maternal! separation! of! rat! pups! increases! the! risk! of! developing! depressive]
likebehavior! after! subsequent! chronic! stress! by! altering! corticosterone! and!
neurotrophin!levels!in!the!hippocampus.!Neuroscience!Research,!61(1),!106–112.!
!
Mari!M,!Castiell!U,!Marks!D,!Marraffa!C,!Prior!M.!(2003)!The!reach]to]grasp!movement!
in! children! with! autism! spectrum! disorder.! Philosophical! Transactions! of! the! Royal!
Society!of!London;!358:!393–403.!
!
Markoulakis!R.,!Scharoun,!S.!M.,!Bryden,!P.!J.,!&!Fletcher,!P.!C.!(2012)!An!examination!of!
handedness! and! footedness! in! children! with! high! functioning! autism! and! Asperger!
syndrome.! Journal! of! Autism! and! Developmental! Disorders,! 42(10),! 2192–2201.!
doi:10.1007/s10803]012]1469]0.!
!
Markram! K.,! Rinaldi! T.,! La! Mendola! D.,! Sandi! C.,! Markram! H.! (2008)! Abnormal! fear!
conditioning! and! amygdala! processing! in! an! animal! model! of! autism.!
Neuropsychopharmacology!33,!901–912!10.1038/sj.npp.1301453.!
!
Markram! H.,! Rinaldi,! T.! &! Markram,! K.! (2007)! The! intense! world! syndrome! an!
alternative!hypothesis!for!autism.!Frontiers!in!Neuroscience,!1,!77–96.!
!
Martinez! S.! and! Alvarado]Mallart,! R.]M.! (1989)! Rostral! cerebellum! originates! from!
caudal! portion! of! the! so]called! ‘mesencephalic’! vesicle:! a! study! using! chick/quail!
chimeras.!Eur.!J.!Neurosci.!1,!549]560.!
 

Masi!A,!DeMayo!MM,!Glozier!N,!Guastella!AJ.!(2017)!An!Overview!of!Autism!Spectrum!
Disorder,!Heterogeneity!and!Treatment!Options.!Neurosci!Bull.!Apr;33(2):183]193.!
!
Massion!J!(1993)![Major!anatomico]functional!relations!in!the!cerebellum].!Rev!Neurol!
(Paris)!149:!600]606.!
!
Mazina! V.,! Gerdts,! J.,! Trinh,! S.,! Ankenman,! K.,! Ward,! T.,! Dennis,! M.! Y.,! Girirajan,! S.,!
Eichler,! E.! E.! and! Bernier,! R.! (2015)! Epigenetics! of! autism]related! impairment:! copy!
number!variation!and!maternal!infection.!J.!Dev.!Behav.!Pediatr.!36,!61]67.!
!
McCleery! J.! P.,! Elliott,! N.! A.,! Sampanis,! D.! S.,! &! Stefanidou,! C.! A.! (2013)! Motor!
development! and! motor! resonance! difficulties! in! autism:! relevance! to! early!
intervention! for! language! and! communication! skills.! Frontiers! in! Integrative!
Neuroscience,!7,!30.!doi:10.3389/fnint.2013.00030.!
!
McNaughton,!C.!H.,!Moon,!J.,!Strawderman,!M.!S.,!Maclean,!K.!N.,!Evans,!J.!and!Strupp,!B.!J.!
(2008)!Evidence!for!social!anxiety!and!impaired!social!cognition!in!a!mouse!model!of!



 159 

fragile!X!syndrome.!Behav.&Neurosci.&122,!293]300.!!

Meador! KJ,! Baker! GA,! Finnell! RH,! Kalayjian! LA,! Liporace! JD,! Loring! DW,! Mawer! G,!
Pennell!PB,!Smith! JC,!Wolff!MC;!NEAD!Study!Group.!(2006)In!utero!antiepileptic!drug!
exposure:!fetal!death!and!malformations.!Neurology.!Aug!8;67(3):407]12.!

Mehta! M.V.,! Gandal! M.J.,! Siegel! S.J.,! (2011)! mGluR5]antagonist! mediated! reversal! of!
elevated! stereotyped,! repetitive! behaviors! in! the! VPA!model! of! autism.! PLoS! One! 6,!
e26077.!
!
Meikle!L.,!Talos!D.!M.,!Onda!H.,!Pollizzi!K.,!Rotenberg!A.,!Sahin,!M.,!et!al.!!(2007)!A!mouse!
model! of! tuberous! sclerosis:! neuronal! loss! of! Tsc1! causes! dysplastic! and! ectopic!
neurons,! reduced! myelination,! seizure! activity,! and! limited! survival.! J.! Neurosci.! 27,!
5546]5558.!

Meunier!H.,!Carraz!G.,!Neunier!Y.,!Eymard!P.,!&!Aimard!M.!(1963)![Pharmacodynamic!
properties!of!N]dipropylacetic!acid].!Thérapie,!18,!435–438.!
!
Meyer! U,! Feldon! J,! Dammann! O.! (2011)! Schizophrenia! and! autism:! both! sharedand!
disorder]specific!pathogenesis!via!perinatal!inflammation?!Pediatr!Res;!69:26R–33R.!
!
Meyer! U,! Nyffeler!M,! Yee! BK,! Knuesel! I,! Feldon! J.! (2008)! Adult! brain! and! behavioral!
pathological!markers!of!prenatal!immune!challenge!during!early/middle!and!late!fetal!
development!in!mice.!Brain!Behav!Immun.!May;22(4):469]86.!Epub!2007!Nov!26.!
!
Middleton! FA,! Strick! PL! (2001)! Cerebellar! projections! to! the! prefrontal! cortex! of! the!
primate.!J!Neurosci!21:700]712.!
!
Miller! J.!M.,! Singer! H.! S.,! Bridges! D.! D.,!Waranch!H.! R.! (2006)! Behavioral! therapy! for!
treatment!of! stereotypic!movements! in!nonautistic! children.! J.!Child!Neurol.!21,!119–
125.!
!
Mineur!Y.!S.,!Huynh,!L.!X.!and!Crusio,!W.!E.!(2006)!Social!behavior!deficits!in!the!Fmr1!
mutant!mouse.!Behav.&Brain&Res.&168,!172]!175.!!

Ming!X.,!Brimacombe,!M.,!&!Wagner,!G.!C.! (2007)!Prevalence!of!motor! impairment! in!
autism!spectrum!disorders.!Brain!&!Development,!29(9),!565–570.!!
!
Minshew!NJ,!Sung!K,! Jones!BL,!Furman! JM.! (2004)!Underdevelopment!of! the!postural!
control!system!in!autism.!Neurology;!63(11):2056–61.!
!
Missler! M.,! Südhof,! T.C.,! and! Biederer,! T.! (2012)! Synaptic! cell! adhesion.! Cold! Spring!
Harb.!Perspect.!Biol.!4,!a005694.!
!
Miyahara!M.!(2013)!Meta!review!of!systematic!and!meta!analytic!reviews!on!movement!
differences,! effect! of! movement! based! interventions,! and! the! underlying! neural!
mechanisms!in!autism!spectrum!disorder.!Frontiers!in!Integrative!Neuroscience,!7,!16.!
!
Moldrich!R.X.,!Leanage,!G.,! She,!D.,!Dolan]Evans,!E.,!Nelson,!M.,!Reza,!N.,!Reutens,!D.C.,!
(2013)!Inhibition!of!histone!deacetylase!in!utero!causes!sociability!deficits!in!postnatal!
mice.!Behav.!Brain!Res.!257,!253–264.!
!



 160 

Molloy!C.!A.,!Dietrich,!K.!N.,!&!Bhattacharya,!A.!(2003)!Postural!Stability!in!Children!with!
Autism! Spectrum! Disorder.! Journal! of! Autism! and! Developmental! Disorders,!
33(6),643–652.!doi:10.1023/B:JADD.0000006001.00667.4c.!
!
Montelli!S.,!Peruffo!A.,!Zambenedetti!P.,!Rossipal!E.,!Giacomello!M.,!Zatta!P.,!&!Cozzi!B.!
(2012)! Expression! of! aromatase! P450(AROM)! in! the! human! fetal! and! earlypostnatal!
cerebral!cortex.!Brain!Research,!1475,!11–18.!
!
Moore!S.!J.,!Turnpenny,!P.,!Quinn,!A.,!Glover,!S.,!Lloyd,!D.!J.,!Mont]!gomery,!T.!and!Dean,!J.!
C.! (2000)!A! clinical! study!of! 57! children!with! fetal! anticonvulsant! syndromes.! J.&Med.&
Genet.&37,!489]497.!!

Moretti! P.,! Levenson,! J.! M.,! Battaglia,! F.,! Atkinson,! R.,! Teague,! R.,! An]! talffy,! B.,! et! al.!
(2006)!Learning!and!memory!and!synaptic!plasticity!are!impaired!in!a!mouse!model!of!
Rett!syndrome.!J.&Neurosci.&26,!319]327.!!

Morriss]Kay! G.,! Ruberte,! E.,! &! Fukiishi,! Y.! (1993)! Mammalian! neural! crest! and!
neuralcrest!derivatives.!Annals!of!Anatomy!=!Anatomischer!Anzeiger:!Official!Organ!of!
the!Anatomische!Gesellschaft,!175(6),!501–507.!
!
Mostofsky! SH,! Powell! SK,! Simmonds! DJ,! Goldberg! MC,! Caffo! B,! Pekar! JJ.! (2009)!
Decreased! connectivity! and! cerebellar! activity! in! autism! during! motor! task!
performance.!Brain.!2009!Sep;132(Pt!9):2413]25.!
!
Mottron!L.,!Dawson!M.,!Soulières!I.,!Hubert!B.!&!Burack!J.A.!(2006)!Enhanced!perceptual!
functioning!in!autism:!an!update,!and!eight!principles!of!autistic!perception.!Journal!of!
Autism!and!Developmental!Disorders,!36,!27–43.!
!
Moy! SS,!Nadler! JJ,! Perez!A,! Barbaro!RP,! Johns! JM,!Magnuson!TR,! Piven! J,! Crawley! JN.!
(2004)!Sociability!and!preference!for!social!novelty!in!five!inbred!strains:!an!approach!
to!assess!autistic]like!behavior!in!mice.!Genes!Brain!Behav.!Oct;3(5):287]302.!
!
Mugnaini!E,!Schnapp!B!(1974)!Possible!role!of!zonula!occludens!of!the!myelin!sheath!in!
demyelinating!conditions.!Nature!251:!725]727.!
!
Munger! SC,! Natarajan! A,! Looger! LL,! Ohler! U,! Capel! B.! (2013)! Fine! time! course!
expression! analysis! identifies! cascades! of! activation! and! repression! and! maps! a!
putative!regulator!of!mammalian!sex!determination.!PLoS!Genet;!9:e1003630.!
!
Murray!RJ,!Brosch!T,!Sander!D.!(2014)!The!functional!profile!of!the!human!amygdala!in!
affective!processing:!insights!from!intracranial!recordings.!Cortex;!60:10]33.!
!
!
Myers! SM,!Plauché! Johnson!C.! (2007)!Management!of! children!with! autism!spectrum!
disorders.!Pediatrics!120(5):!1162–1182.!
 

~N~ 
Nadel! S,! Poss! JE.! (2007)! Early! detection! of! autism! spectrum! disorders:! screening!
between!12!and!24!months!of!age.!J!Am!Acad!Nurse!Pract.!Aug;19(8):408]17.!
!



 161 

Nakasato!A.,!Nakatani,!Y.,!Seki,!Y.,!Tsujino,!N.,!Umino,!M.,!&!Arita,!H.!(2008)!Swim!stress!
exaggerates! the! hyperactive! mesocortical! dopamine! system! in! a! rodent! model! of!
autism.!Brain!Research,!1193,!128–135.!
Narita! M.,! Oyabu! A.,! Imura! Y.,! Kamada! N.,! Yokoyama! T.,! Tano! K.,! et! al.! (2010)!
Nonexploratory!movement!and!behavioral!alterations!in!a!thalidomide!or!valproicacid]
induced!autism!model!rat.!Neuroscience!Research,!66(1),!2–6.!
!
Naviaux! RK.,! Zolkipli! Z.,! Wang! L.,! Nakayama! T.,! Naviaux! JC.,! Le! TP.,! et! al.! (2013)!
Antipurinergic!therapy!corrects!the!autism]like!features! in!the!poly(IC)!mouse!model.!
PLoS&One&8,!e57380.!!

Nayate!B.! J.!Tonge,! J.!L.!Bradshaw,! J.!L.!McGinley,!R.! Iansek,!and!N.! J.!Rinehart.! (2012)!
Differentiation! of! high]functioning! autism! and! asperger's! disorder! based! on!
neuromotor!behavior.! Journal! of!Autism!and!Developmental!Disorders,! vol.! 42,! no.! 5,!
pp.!707–717.!
!
Nazarali! N.,! Glazebrook! C.! M.,! Elliott! D.! (2009)! The! challenges! of! re]programming!
manual! aiming! movements! for! young! adults! with! autism.! J.! Autism! Dev.! Disord.! 39,!
1401–1411.!
!
Neale! B.M.,! Kou,! Y.,! Liu,! L.,!Ma’ayan,! A.,! Samocha,! K.E.,! Sabo,! A.,! Lin,! C.]F.,! Stevens,! C.,!
Wang,!L.]S.,!Makarov,!V.,!et!al.!(2012).!Patterns!and!rates!of!exonic!de!novo!mutations!in!
autism!spectrum!disorders.!Nature;!485,!242–245.!
!
Need!AC.,!Ge!D.,!Weale!ME.,!Maia!J.,!Feng!S.,!Heinzen!EL.,!et!al.!(2009)!A!genome]wide!
investigation!of!SNPs!and!CNVs!in!schizophrenia.!PLoS!Genet.!5,!e1000373.!

Nelson!KB.!and!Willoughby!RE.!(2000)!"Infection,!inflammation!and!the!risk!of!cerebral!
palsy."!Curr!Opin!Neurol!13(2):!133]139.!
!
Nestler! EJ,! Hyman! SE! (2010)! Animal! models! of! neuropsychiatric! disorders.! Nat!
Neurosci!13:1161]1169.! !

Newpher!TM.,! and!Ehlers!MD.! (2009)! Spine!microdomains! for! postsynaptic! signaling!
and!plasticity.!Trends!Cell!Biol.!19,!218–227.!
!
Newschaffer! CJ,! Croen! LA,! Daniels! J,! Giarelli! E,! Grether! JK,! Levy! SEet! al.! (2007)! The!
epidemiology!of!autism!spectrum!disorders.!Annu!Rev!Public!Health;!28:!235–258.!
!
Nicolini!C,!Fahnestock!M.!(2017)!The!valproic!acid]induced!rodent!model!of!autism.!Exp!
Neurol.!May!2.!pii:!S0014]4886(17)30110]3.!
!
Nicoll! RA.,! and! Malenka! RC.! (1999)! Expression! Mechanisms! Underlying! NMDA!
Receptor]Dependent!Long]Term!Potentiation.!Ann.!N.!Y.!Acad.!Sci.!868,!515–525.!
!
Nosyreva! ED.! and! Huber! KM.! (2006)! Metabotropic! receptor]de]! pendent! long]term!
depression!persists!in!the!absence!of!protein!synthesis!in!the!mouse!model!of!fragile!X!
syndrome.!J.!Neuro]!physiol.!95,!3291]3295.!
 
 

~O~ 



 162 

O’Rahilly!R,!Müller! F.! (2002)!The! two! sites! of! fusion! of! the! neural! folds! and! the! two!
neuropores!in!the!human!embryo.!Teratology;!65:162–70.!
!
O’Roak,!B.J.,!Vives,!L.,!Fu,!W.,!Egertson,!J.D.,!Stanaway,!I.B.,!Phelps,!I.G.,!Carvill,!G.,!Kumar,!
A.,! Lee,! C.,! Ankenman,! K.,! et! al.! (2012)! Multiplex! Targeted! Sequencing! Identifies!
Recurrently!Mutated!Genes!in!Autism!Spectrum!Disorders.!Science!338,!1619–1622.!
!
Oberman!LM,!Enticott!PG,!Casanova!MF,!et!al.!(2016)!Transcranial!magnetic!stimulation!
in! autism! spectrum! disorder:! challenges,! promise,! and! roadmap! for! future! research.!
Autism!Res;!9(2):184–203.!
!
Oertel!WH!(1993)!Neurotransmitters! in! the!cerebellum.!Scientific!aspects!and!clinical!
relevance.!Adv!Neurol!61:!33]75.!
!
Ogawa!S.,!Kwon,!C.!H.,!Zhou,!J.,!Koovakkattu,!D.,!Parada,!L.!F.!and!Sinton,!C.!M.!(2007)!A!
seizure]prone! phenotype! is! associated! with! altered! free]running! rhythm! in! Pten!
mutant!mice.!Brain&Res.&1168,!112]123.!!

Olde!Loohuis!NF.!M.,!Kole!K.,!Glennon!JC.,!Karel!P.,!Van!der!Borg,!G.,!Van!Gemert,Y.,!et!al.!
(2015)!Elevated!microRNA]181c!and!microRNA]30d!levels!inthe!enlarged!amygdala!of!
the!valproic!acid!rat!model!of!autism.!Neurobiology!ofDisease,!80,!42–53.!
!
Olexová! L.,! Senko! T.,! Stefánik! P.,! Talarovičová! A.,! &! Kršková! L.! (2013)! Habituation!
ofexploratory! behaviour! in! VPA! rats:! animal! model! of! autism.! Interdisciplinary!
Toxicology,!6(4),!222–227.!
 

Ornoy!A.!(2009)!Valproic!acid!in!pregnancy:!how!much!are!we!endangering!the!embryo!
and!fetus?!Reprod.!Toxicol.!28,!1–10!10.1016/j.reprotox.2009.02.014.!
!
Ozonoff! S.,! Iosif! AM.,! Young! GS.,! Hepburn! S.,! Thompson!M.,! Colombi! C.,! et! al.! (2011)!
Onset! patterns! in! autism:! correspondence! between! home! video! and! parentreport.!
Journal! of! the! American! Academy! of! Child! and! Adolescent! Psychiatry,! 50(8),! 796–
806.e1.!!
 

~P~ 
Palay! SL,! Chan]Palay!V! (1974)!Cerebellar! cortex:! cytology! and!organization.! Springer!
New!York.!
!
Palm!U,!Segmiller!FM,!Epple!AN,!et!al.!(2016)!Transcranial!direct!current!stimulation!in!
children! and! adolescents:! a! comprehensive! review.! J! Neural! Transm!
(Vienna);123(10):1219]34.!
!
Pantelis! PC,! Byrge! L,! Tyszka! JM,! Adolphs! R,! Kennedy! DP.! (2015)! A! specific!
hypoactivation! of! right! temporo]parietal! junction/posterior! superior! temporal! sulcus!
in! response! to! socially! awkward! situations! in! autism.! Soc! Cogn! Affect! Neurosci.!
Oct;10(10):1348]56.!
!
Parikshak! NN.,! Luo! R,! Zhang! A.,! Won! H.,! Lowe! J.K.,! Chandran! V.,! Horvath! S.,! and!
Geschwind,! DH.! (2013)! Integrative! Functional! Genomic! Analyses! Implicate! Specific!
Molecular!Pathways!and!Circuits!in!Autism.!Cell!155,!1008–1021.!
 



 163 

Parvizi! J,! Anderson! SW,! Martin! CO,! Damasio! H,! Damasio! AR.! (2001)! Pathological!
laughter!and!crying:!a!link!to!the!cerebellum.!Brain.!Sep;124(Pt!9):1708]19.!
!
Patterson! PH.! (2002)! Maternal! infection:! window! on! neuroimmune! interactions! in!
fetalbrain!development!and!mental!illness.!Curr!Opin!Neurobiol!12:115]118.!
!
Patterson! PH.! (2005)! Maternal! influenza! infection! leads! to! neuropathology! and!
behavioralabnormalities!in!adult!offspring.!Neuropsychopharmacology!30:!S9]S9.!
!
Patterson! PH.! (2011)!Maternal! infection! and! immune! involvement! in! autism.! Trends!
Mol!Med.;17:389–94.!
!
Patterson! PH.! (2009)! Immune! involvement! in! schizophrenia! and! autism:! etiology,!
pathology!and!animal!models.!Behav.&Brain&Res.&204,!313]321.!

Patterson! PH.! (2011)!Maternal! infection! and! immune! involvement! in! autism.!Trends&
Mol.&Med.&17,!389]394.!!

Pavlov! IP.! (1927)!Conditioned!reflexes!(GV!Anrep,!Trans.).!London:!Oxford!University!
Press.!
!
Peca! J.,! Feliciano! C.,! Ting! JT.,! Wang!W.,! Wells! MF.,! Venkatra]! man! TN.,! et! al.! (2011)!
Shank3!mu]!tant!mice!display!autistic]like!behaviours!and!striatal!dysfunction.!Nature!
472,!437]442.!

Peper!JS.,!&!Koolschijn!P.!(2012)!Sex!steroids!and!the!organization!of!the!human!brain.!
The! Journal! of! Neuroscience:! The! Official! Journal! of! the! Society! forNeuroscience,!
32(20),!6745–6746.!!
!
Perrin!J.,!Laranjeira!C.,!Buchert!C.,!Bouvard!M.,!Maffre!T.,!Huc]Chabrolle!M.,!et!al.!(2013)!
Motor! Impairment! in! Autism! Spectrum! Disorders.! International! Meeting! for! Autism!
Research.!San!Sebastian!(Spain).!2]4!May.!
!
Petersen! SE,! Fox! PT,! Snyder! AZ,! Raichle! ME! (1990)! Activation! of! extrastriate! and!
frontal!cortical!areas!by!visual!words!and!word]like!stimuli.!Science!249:!1041]1044.!
!
Phiel! CJ,! Zhang! F,! Huang! EY,! Guenther! MG,! Lazar! MA,! Klein! PS! (2001)! Histone!
deacetylase!is!a!direct!target!of!valproic!acid,!a!potent!anticonvulsant,!mood!stabilizer,!
and!teratogen.!J!Biol!Chem!276:36734]36741.!!

Pierce!K,! Courchesne!E.! (2001)!Evidence! for! a! cerebellar! role! in! reduced! exploration!
and!stereotyped!behavior!in!autism.!Biol!Psychiatry.!Apr!15;49(8):655]64.!
!
Pinto! D.,! et! al.! (2010)!Mutations! in! the! SHANK2! synaptic! scaffolding! gene! in! autism!
spectrum!disorder!and!mental!retardation.!Nat.!Genet.!42,!489–491.!
!
Pittschieler! S.,! Brezinka! C.,! Jahn! B.,! Trinka! E.,! Unterberger! I.,! Dobesberger! J.,! et! al.!
(2008).!Spontaneous!abortion!and!the!prophylactic!effect!of!folic!acidsupplementation!
in! epileptic! women! undergoing! antiepileptic! therapy.! Journal! of! Neurology,! 255(12),!
1926–1931.!
!



 164 

Podgorac!J,!Pešić!V,!Pavković!Ž,!Martać!L,!Kanazir!S,!Filipović!L,!Sekulić!S.!(2016)!Early!
physical! and! motor! development! of! mouse! offspring! exposed! to! valproic! acid!
throughout! intrauterine! development.! Behav! Brain! Res.! Sep! 15;311:99]109.! doi:!
10.1016/j.bbr.2016.05.023.!Epub!2016!May!14.!
!
Pressler! and! Auvin.! (2013)! Comparison! of! Brain! Maturation! among! Species:! An!
Example! in! Translational! Research! Suggesting! the! Possible! Use! of! Bumetanide! in!
Newborn.!Front!Neurol.!2013;!4:!36.!
!
Pugh!KR,!Shaywitz!BA,!Shaywitz!SE,!Shankweiler!DP,!Katz!L,!Fletcher!JM,!et!al.!(1997)!
Predicting! reading! performance! from! neuroimaging! profiles:! the! cerebral! basis! of!
phonological!effects!in!printed!word!identification.!J!Exp!Psychol!Hum!Percept!Perform!
23:!299]318.!
 

~R~ 
Raichle!ME,! Fiez! JA,! Videen! TO,! MacLeod! AM,! Pardo! JV,! Fox! PT,! Petersen! SE! (1994)!
Practice]related!changes!in!human!brain!functional!anatomy!during!nonmotor!learning.!
Cereb!Cortex!4:!8]26.!
!
Rajapakse!T,!Kirton!A.!(2013)!Non]invasive!brain!Stimulation!in!children:!applications!
and!future!directions.!Transl!Neurosci;!4(2):217–233.!
!
Raza! S.,! Harker! A.,! Richards! S.,! Kolb! B.,! and! Gibb! R.! (2015)! Tactile! stimulation!
improvesneuroanatomical! pathology! but! not! behavior! in! rats! prenatally! exposed! to!
valproicacid.!Behavioural!Brain!Research,!282,!25–36.!
!
Rett,! A.! (1966)! [On! a! unusual! brain! atrophy! syndrome! in! hyperammonemia! in!
childhood].!Wien.&Med.&Wochenschr.&116,!723]726.!!

Reynolds! S,!Millette! A,! Devine!DP.! (2012)! Sensory! and!motor! characterization! in! the!
postnatal!valproate!rat!model!of!autism.!Dev!Neurosci;34(2]3):258]67.!Epub!2012!May!
24.!
!
Rice!D,!Barone!S!Jr.!(2000)!Critical!periods!of!vulnerability!for!the!developing!nervous!
system:!evidence!from!humans!and!animal!models.!Environ!Health!Perspect;!108(Suppl!
3):511–533.!
!
Rinehart! NJ,! Bradshaw! JL,! Brereton! AV,! Tonge! BJ.! (2001)! Movement! preparation! in!
high]functioning! autism! and! Asperger's! disorder:! A! serial! choice]reaction! time! task!
involving! motor! reprogramming.! Journal! of! Autism! and! Developmental! Disorders;!
31:79–88.!
!
Rinehart,!B.! J.! Tonge,! J.! L.!Bradshaw,!R.! Iansek,!P.!G.! Enticott,! and! J.!McGinley,! (2006)!
Gait! function! in! high]functioning! autism! and!Asperger's! disorder:! evidence! for! basal]
ganglia!and!cerebellar!involvement?!European!Child!and!Adolescent!Psychiatry,!vol.!15,!
no.!5,!pp.!256–264.!
!
Rispal]Padel!L!(1993)![Contribution!of!cerebellar!efferents!to!the!organization!of!motor!
synergy].!Rev!Neurol!(Paris)!149:!716]727.!
!



 165 

Ritvo!ER,!Freeman!BJ,!SCHEIBEL!AB,!Duong!T,!Robinson!H,!Guthrie!D,!Ritvo!A!(1986)!
Lower!Purkinje!cell! counts! in! the!cerebella!of! four!autistic!subjects:! initial! findings!of!
the!UCLA]NSAC!Autopsy!Research!Report.!Am!J!Psychiatry!143:!862]866.!
!
Riva! D,! Giorgi! C! (2000a)! The! contribution! of! the! cerebellum! to! mental! and! social!
functions!in!developmental!age.!Fiziol!Cheloveka!26:!27]31.!
!
Riva! D,! Giorgi! C! (2000b)! The! neurodevelopmental! price! of! survival! in! children!with!
malignant!brain!tumours.!Childs!Nerv!Syst!16:!751]754.!
 

Robinson!EB,!Lichtenstein!P,!Anckarsäter!H,!Happé!F,!Ronald!A.!(2013)!Examining!and!
interpreting! the! female! protective! effect! against! autistic! behavior.! Proc!Natl! Acad! Sci!
USA.!Mar!26;110(13):5258]62.!
!
Rochefort!C,!Lefort!JM,!Rondi]Reig!L.!(2013)!The!cerebellum:!a!new!key!structure!in!the!
navigation!system.!Front!Neural!Circuits;!13!:35.!

!
Rodier! P.! M.! (2002)! Converging! evidence! for! brain! stem! injury! in! autism.! Dev.!
Psychopathol.!14,!537–557!10.1017/S0954579402003085.!
!
Rodier!P.!M.!(2004)!warkany!lecture:!autism!as!a!birth!defect.!Birth!Defects!Res.!A!Clin.!
Mol.!Teratol.!70,!1–6!10.1002/bdra.10152.!!
!
Rodier!PM.,! Ingram! JL.,!Tisdale!B.,!Croog!VJ.! (1997)!Linking!etiologies! in!humans!and!
animal! models:! studies! of! autism.! Reprod.! Toxicol.! 11,! 417–422! 10.1016/S0890]
6238(97)80001]U.!
!
Rodier!P.!M.,!Ingram!J.!L.,!Tisdale!B.,!Nelson!S.,!Romano!J.!(1996)!Embryological!origin!
for!autism:!developmental!anomalies!of!the!cranial!nerve!motor!nuclei.!J.!Comp.!Neurol.!
370,!247–261.!
!
Rojahn!J.,!Polster!LM.,!Mulick!JA.,!and!Wisniewski!JJ.!(1989)!Reliability!of!the!behavior!
problems!inventory.!Journal!of!the!Multihandicapped!Person,!2(4),!283–293.!
!
Rolando!L!(1809)!Saggio!sopra!la!vera!struttura!del!cervello!dell'uomo!e!degli!animali!e!
sopra!le!funzioni!delsistema!nervoso.!Giunti.!
!
Romijn! HJ.,! Hofman! MA.,! and! Gramsbergen,! A.! (1991)! At! what! age! is! the!
developingcerebral! cortex! of! the! rat! comparable! to! that! of! the! full]term! newborn!
human!baby?!Early!Human!Development,!26(1),!61–67.!
!
Rosenbaum!DA.!(1991)!Human!motor!control.!London:!Academic!Press!Limited.!
!
Rosenberg! RE,! Law! JK,! Yenokyan! G,! McGready! J,! Kaufmann! WE,! Law! PA.! (2009)!
Characteristics!and!concordance!of!autism!spectrum!disorders!among!277!twin!pairs.!
Arch!Pediatr!Adolesc!Med.!Oct;163(10):907]14.!
!
Roullet! FI.,! Lai! JKY.,! and! Foster! JA.! (2013)! In! utero! exposure! to! valproic! acid! and!
autism]]a! current! review! of! clinical! and! animal! studies.! Neurotoxicology! and!
Teratology,!36,!47–56.!
!



 166 

Roullet!FI.,!Wollaston!L.,!Decatanzaro!D.,!Foster!JA.,!(2010)!Behavioural!and!molecular!
changes! in! the! mouse! in! response! to! prenatal! exposure! to! the! anti]epileptic! drug!
valproic!acid.!Neuroscience!170,!514–522.!
!
Rubenstein! JL.! and! Merzenich! MM.! (2003)! Model! of! autism:! increased! ratio! of!
excitation/inhibition!in!key!neural!systems.!Genes,!Brain!and!Behavior,!2,!255–267.!
!
Ruta! L,! Ingudomnukul! E,! Taylor! K,! Chakrabarti! B,! Baron]Cohen! S.! (2011)! Increased!
serum! androstenedione! in! adults! with! autism! spectrum! conditions.!
Psychoneuroendocrinology.!Sep;36(8):1154]63.!
!
Rutter!M.!(1978)!Diagnosis!and!definition.!In:!Rutter!M,!Schopler!E,!editors.!Autism:!a!
reappraisal!of!concepts!and!treatments.!NewYork:!Plenum!Press;!p.!1]25.!
!

~S~ 
Sanders!SJ.,!Murtha!MT.,!Gupta!AR.,!Murdoch!JD.,!Raubeson!MJ.,!Willsey!AJ.,!et!al.!(2012)!
De!novo!mutations! revealed!by!whole]exomesequencing!are! strongly!associated!with!
autism.!Nature!485,!237–241.!
!
Sandhya! T.,! Sowjanya! J.,! and! Veeresh! B.! (2012)! Bacopa! monniera! (L.)! Wettst!
ameliorates!behavioral!alterations!and!oxidative!markers!in!sodium!valproate!induced!
autism!in!rats.!Neurochemical!Research,!37(5),!1121–1131.!
!
Sarter! M,! Bruno! JP! (2002)! Animal! models! in! biological! psychiatry.! In:! Biological!
psychiatry!(D'Haenen!H,!den!Boer!A,!Willner!P,!eds),!pp!37]44.!John!Wiley!&!Sons!Ltd,!
Chichester.!!

Schlerf! J,! Ivry!RB,!Diedrichsen! J.! (2012)!Encoding!of! sensory!prediction! errors! in! the!
human!cerebellum.!J!Neurosci;!32!:!4913]22.!

Schmahmann!JD,!Sherman!JC.! (1997)!Cerebellar!cognitive!affective!syndrome.! Int!Rev!
Neurobiol!41:!433]440.!
!
Schmahmann!JD.!(1997)!The!cerebellum!and!Cognition,!Academic,!San!Diego.!
 

Schmeisser!MJ.,!Ey!E.,!Wegener!S.,!Bockmann! J.,! Stempel!AV.,!Kuebler!A.,! et!al.! (2012)!
Autistic]like! behaviours! and! hyperactivity! in! mice! lacking! ProSAP1/! Shank2.! Nature!
486,!256]260.!

Schmitz!C,!Martineau!J,!Barthélémy!C,!Assaiante!C.!(2003)!Motor!control!and!children!
with!autism:!deficit!of!anticipatory!function?!Neurosci!Lett.!Sep!4;!348(1):17]20.!
!
Schneider! T,! Roman! A,! Basta]Kaim! A,! Kubera! M,! Budziszewska! B,! Schneider! K,!
Przewłocki!R.! (2008)!Gender]specific!behavioral! and! immunological! alterations! in! an!
animal! model! of! autism! induced! by! prenatal! exposure! to! valproic! acid.!
Psychoneuroendocrinology.!Jul;33(6):728]40.!
!
Schneider! T,! Turczak! J,! Przewłocki! R.! (2006)! Environmental! enrichment! reverses!
behavioral! alterations! in! rats! prenatally! exposed! to! valproic! acid:! issues! for! a!
therapeutic!approach!in!autism.!Neuropsychopharmacology.!Jan;31(1):36]46.!
!



 167 

Schneider!T.,!Labuz!D.,!Przewlocki!R.!(2001)!Nociceptive!changes!in!rats!after!prenatal!
exposure!to!valproic!acid.!Pol.!J.!Pharmacol.!53,!531–534.!
!
Schneider!T.,!Przewlocki!R.!(2005)!Behavioral!alterations!in!rats!prenatally!exposed!to!
valproic! acid:! animal! model! of! autism.! Neuropsychopharmacology! 30,! 80–89!
10.1038/sj.npp.1300518.!
!
Schneider! T.,! Ziolkowska! B.,! Gieryk! A.,! Tyminska! A.,! Przewlocki! R.! (2007)! Prenatal!
exposure! to! valproic! acid! disturbs! the! enkephalinergic! system! functioning,! basal!
hedonic! tone,! and! emotional! responses! in! an! animal! model! of! autism.!
Psychopharmacology!(Berl.)!193,!547–555!10.1007/s00213]007]0795]y.!
!
Schoepp! DD.! (2001)! Unveiling! the! Functions! of! Presynaptic! Metabotropic! Glutamate!
Receptors!in!the!Central!Nervous!System.!J.!Pharmacol.!Exp.!Ther.!299,!12–20.!
!
Schumacher!HJ.,!Terapane!J.,!Jordan!RL.,!and!Wilson!JG.!!(1972)!The!teratogenic!activity!
of!a!thalidomide!analogue,!EM12,!in!rabbits,!rats,!and!monkeys.!Teratology!5:233]240.!

Schwartzer! JJ,! Careaga! M,! Onore! CE,! Rushakoff! JA,! Berman! RF,! Ashwood! P.! (2013)!
Maternal! immune! activation! and! strain! specific! interactions! in! the! development! of!
autism]like!behaviors!in!mice.!Transl!Psychiatry.!Mar!12;3:e240.!
!
Schwarz! J.!M.,!&!McCarthy,!M.!M.! (2008)!Steroid]induced!sexual!differentiation!of! the!
developing! brain:! multiple! pathways,! one! goal.! Journal! of! Neurochemistry,!
105(5),1561–1572.!
!
Schwarz!JM.,!Bilbo!SD.!(2011)!The!Immune!System!and!the!Developing!Brain.!Morgan!&!
Claypool!Life!Sciences.!!
!
Schwedt!TJ,!Vargas!B.! (2015)!Neurostimulation! for! treatment!of!migraine!and!cluster!
headache.!Pain!Med;16(9):1827–34.!
!
Shi!L,!Fatemi!SH,!Sidwell!RW,!Patterson!PH!(2003)!Maternal!influenza!infection!causes!
marked! behavioral! and! pharmacological! changes! in! the! offspring.! J! Neurosci23:297]
302.!
 

Shi!L,!Smith!SE,!Malkova!N,!Tse!D,!Su!Y,!Patterson!PH.!(2009)!Activation!of!the!maternal!
immune! system! alters! cerebellar! development! in! the! offspring.! Brain! Behav! Immun.!
Jan;23(1):116]23.!
!
Shigemoto! R.,! Kinoshita! A.,! Wada! E.,! Nomura! S.,! Ohishi! H.,! Takada! M.,! et! al.! (1997)!
Differential! Presynaptic! Localization! of!Metabotropic! Glutamate! Receptor! Subtypesin!
the!Rat!Hippocampus.!J.!Neurosci.!17,!7503–7522.!
!
Silva! AJ.! and! Ehninger! D.! (2009)! Adult! reversal! of! cognitive! phe]! notypes! in!
neurodevelopmental!disorders.!J.&Neurodev.&Disord.&1,!150]157.!!

Simonoff! E,! Pickles! A,! Charman! T,! Chandler! S,! Loucas! T,! Baird! G.! (2008)! Psychiatric!
disorders! in! children! with! autism! spectrum! disorders:! prevalence,! comorbidity,! and!
associated!factors!in!a!population]derived!sample.!J!Am!Acad!Child!Adolesc!Psychiatry.!
Aug;47(8):921]9.!
!



 168 

Smith!SE,!Li!J,!Garbett!K,!Mirnics!K,!Patterson!PH.!(2007)!Maternal!immune!activation!
alters!fetal!brain!development!through!interleukin]6.!J!Neurosci;!27:!10695–10702.!
!
Spencer! CM.,! Alekseyenko! O.,! Serysheva! E.,! Yuva]Paylor! LA.! and! Paylor! R.! (2005)!
Altered! anxiety]related! and! social! behaviors! in! the! Fmr1! knockout! mouse! model! of!
fragile!X!syndrome.!Genes&Brain&Behav.&4,!420]430.!!

Stanfield! AC.,! McIntosh! AM.,! Spencer! MD.,! Philip! R.,! Gaur! S.,! and! Lawrie! SM.! (2008)!
Towards! a! neuroanatomy! of! autism:! a! systematic! review! and! meta]analysis! of!
structural!magnetic!resonance!imaging!studies.!European!Psychiatry:!The!Journal!of!the!
Association!of!European!Psychiatrists,!23(4),!289–299.!
!
Stanton! ME.,! Peloso! E.,! Brown! KL.,! Rodier! P.! (2007)! Discrimination! learning! and!
reversal!of! the! conditioned!eyeblink! reflex! in!a! rodent!model!of! autism.!Behav.!Brain!
Res.!176,!133–140!10.1016/j.bbr.2006.10.022.!
!
State! MW.! (2010)! The! genetics! of! child! psychiatric! disorders:! focus! on! autism! and!
Tourette!syndrome.!Neuron.!Oct!21;68(2):254]69.!doi:!10.1016/j.neuron.2010.10.004.!
!
Stevens!SA.,!Nash!K.,!Koren!G.,! and!Rovet! J.! (2013)!Autism!characteristics! in! children!
with!fetal!alcoholspectrum!disorders.!Child!Neuropsychol.!J.!Norm.!Abnorm.!Dev.!Child.!
Adolesc.!19,!579–587.!
!
Strömland! K.,! Nordin! V.,! Miller! M.,! Akerström! B.,! and! Gillberg! C.! (1994)! Autism!
inThalidomide! Embryopathy:! A! Population! Study.! Developmental! Medicine! &!
ChildNeurology,!36(4),!351–356.!
!
Suckow! MA.,! Weisbroth! SH.,! and! Franklin! CL.! (2005)! The! Laboratory! Rat.!
AcademicPress.!
!
Sudhof! TC.! (2008)! Neuroligins! and! neurexins! link! synaptic! function! to! cognitive!
disease.!Nature&455,!903]911.!!

Supple! WF,! Jr.,! Leaton! RN! (1990)! Cerebellar! vermis:! essential! for! classically!
conditioned!bradycardia!in!the!rat.!Brain!Res!509:!17]23.!
!
Sweeten!TL.,!Posey!DJ.,!and!McDougle!CJ.!(2004)!Brief!report:!autistic!disorder!in!three!
children!withcytomegalovirus!infection.!J.!Autism!Dev.!Disord.!34,!583–586.!
 

~T~ 
Takács!J!and!Hámori!J.!(1994)!Developmental!dynamics!of!Purkinje!cells!and!dendritic!
spines! in! rat! cerebellar! cortex.! Journal! of! neuroscience! research.! 38.! 515]30.!
10.1002/jnr.490380505.!
!
Takeuchi! Y,! Kimura! H,! Sano! Y! (1982)! Immunohistochemical! demonstration! of!
serotonin]containing!nerve!fibers!in!the!cerebellum.!Cell!Tissue!Res!226:!1]12.!
!
Tanaka! S,! Young! JW,! Halberstadt! AL,! Masten! VL,! Geyer! MA.! (2012)! Four! factors!
underlying!mouse!behavior!in!an!open!field.!Behav!Brain!Res.!Jul!15;233(1):55]61.!
!



 169 

Thach!WT.!(1997)!Context]response!linkage.!Int!Rev!Neurobiol!41:!599]611.!
!
The! International!Schizophrenia!Consortium!(2008)!Rare!chromosomal!deletions!and!
duplications!increase!risk!of!schizophrenia.!Nature&455,!237]241.!!

Therrien! AS,! Bastian! AJ.! (2015)! Cerebellar! damage! impairs! internal! predictions! for!
sensory!and!motor!function.!Curr!Opin!Neurobiol;!33!:!127]33.!

Thomas!P,!Zahorodny!W,!Peng!B,!Kim!S,!Jani!N,!Halperin!W,!Brimacombe!M.!(2012)!The!
association!of!autism!diagnosis!with!socioeconomic!status.!Autism.!Mar;16(2):201]13.!
!
Tochigi! M,! Okazaki! Y,! Kato! N,! Sasaki! T! (2004)! What! causes! seasonality! of! birth! in!
schizophrenia?!Neurosci!Res!48:1–11.!!
!
Toni,! N.,! Buchs! PA.,! Nikonenko! I.,! Bron! CR.,! and! Muller! D.! (1999).! LTP! promotes!
formation!of!multiple! spine! synapses!between!a! single! axon! terminal! and!a!dendrite.!
Nature!402,!421–425.!
!
Townsend!J,!Westerfield!M,!Leaver!E,!Makeig!S,!Jung!T,!Pierce!K,!Courchesne!E!(2001)!
Event]related!brain!response!abnormalities!in!autism:!evidence!for!impaired!cerebello]
frontal!spatial!attention!networks.!Brain!Res!Cogn!Brain!Res!11:!127]145.!
 

Travers!BG.,!Powell!PS.,!Klinger!LG.,!and!Klinger!MR.!(2013)!Motor!Difficulties!in!Autism!
Spectrum!Disorder:!Linking!Symptom!Severity!and!Postural!Stability.!Journal!of!Autism!
and!Developmental!Disorders,!43(7),!1568–1583.!
!
Traynor! TR,! Majde! JA,! Bohnet! SG,! Krueger! JM! (2004)! Intratracheal! double]stranded!
RNA! plus! interferon]gamma:! a! model! for! analysis! of! the! acute! phase! response! to!
respiratory!viral!infections.!Life!Sci!74:2563]2576!
!
Trippe!J,!Mix!A,!Aydin]Abidin!S,!Funke!K,!Benali!A.!(2009)!Theta!burst!and!conventional!
low]frequency! rTMS! differentially! affect! GABAergic! neurotransmission! in! the! rat!
cortex.!Exp!Brain!Res;199(3]4):411–21.!
!
Tsai,PT.,! Chu!Y.,! Greene]Colozzi! E.,! Sadowski!AR.,! Leech! JM.,! Steinberg! J.,! Crawley! JN.,!
Regehr,!WG.!and!Sahin!M.!(2012)!Autistic]like!behaviour!and!cerebellar!dysfunction!in!
Purkinje!cell!Tsc1!mutant!mice.!Nature!488,!647]651.!

~V~ 
Vajda!FJ,!O'brien!TJ,!Hitchcock!A,!Graham!J,!Cook!M,!Lander!C,!Eadie!MJ.!(2004)!Critical!
relationship!between!sodium!valproate!dose!and!human! teratogenicity:! results!of! the!
Australian!register!of!anti]epileptic!drugs!in!pregnancy.!J!Clin!Neurosci.!Nov;11(8):854]
8.!
!
van!der!Staay!FJ!(2006)!Animal!models!of!behavioral!dysfunctions:!basic!concepts!and!
classifications,!and!an!evaluation!strategy.!Brain!Res!Brain!Res!Rev!52:131]159.!!

Van!Swieten,! LM.,! van!Bergen,!E.,!G,!H.,!Wilson,!AD.,! Plumb,!MS.,!Kent,! SW.,! and!Mon]
Williams,! MA.! (2010)! A! test! of! motor! (not! executive)! planning! in! developmental!
coordination! disorder! and! autism.! Journal! of! Experimental! Psychology:! Human!
Perception!and!Performance,!36(2),!493–499.!doi:10.1037/a0017177.!



 170 

!
Verheij! C,! Bakker! CE,! de!Graaff! E,! Keulemans! J,!Willemsen!R,! Verkerk!AJ,! Galjaard!H,!
Reuser!AJ,!Hoogeveen!AT,!Oostra!BA.! (1993)! Characterization! and! localization! of! the!
FMR]1! gene! product! associated! with! fragile! X! syndrome.! Nature.! Jun!
24;363(6431):722]4.!
 

Vernazza]Martin!S.,!Martin!N.,!Vernazza!A.,!Lepellec]Muller!A.,!Rufo!M.,!Massion!J.,!et!al.!
(2005)!Goal!directed!locomotion!and!balance!control!in!autistic!children.!J.!Autism!Dev.!
Disord.!35,!91–102!10.1007/s10803]004]1037]3.!
!
Vilensky!JA.,!Damasio!AR.,!Maurer!RG.!(1981)!Gait!disturbances!in!patients!with!autistic!
behavior:!a!preliminary!study.!Arch.!Neurol.!38,!646–649.!
!
Voogd! J,! Glickstein! M.! (1998)! The! anatomy! of! the! cerebellum.! Trends! Neurosci.!
Sep;21(9):370]5.!
!
Voogd!J.!(2003)!The!human!cerebellum.!J!Chem!Neuroanat.!Dec;26(4):243]52.!
!
Vorstman,!J.!a.!S.,!Staal,!W.G.,!van!Daalen,!E.,!van!Engeland,!H.,!Hochstenbach,!P.F.R.,!and!
Franke,!L.! (2006)!Identification!of!novel!autism!candidate!regions!through!analysis!of!
reported!cytogenetic!abnormalities!associated!with!autism.!Mol.!Psychiatry!11,!1,!18–
28.!
!
Vuillermot!S,!Luan!W,!Meyer!U,!Eyles!D.!(2017)!Vitamin!D!treatment!during!pregnancy!
prevents!autism]related!phenotypes!in!a!mouse!model!of!maternal!immune!activation.!
Mol!Autism.!Mar!7;!8:9.!doi:!10.1186/s13229]017]0125]0.!eCollection!2017.!
 

~W~ 
Wagner!GC,!Reuhl!KR,!Cheh!M,!McRae!P,!Halladay!AK.!(2006)!A!new!neurobehavioral!
model!ofautism!in!mice:!pre]!and!postnatal!exposure!to!sodium!valproate.!J!Autism!Dev!
Disord;!36:779–93.!
!
Walsh! T.,! McClellan! JM.,! McCarthy! SE.,! Addington! AM.,! Pierce! SB.,! Cooper! GM.,! et! al.!
(2008)! Rare! structural! variants! disrupt! multiple! genes! in! neurodevelopmental!
pathways!in!schizophrenia.!Science!320,!539]543.!

Wang! L.,! Christophersen,! CT.,! Sorich! MJ.,! Gerber! JP.,! Angley! MT.,! Conlon!MA.! (2013)!
Increased!abundance!of!Sutterella!spp.!and!Ruminococcus!torques!in!feces!of!children!
with!autism!spectrum!disorder.!Molecular!Autism,!4,!42.!
!
Wang!T.,!Hu!X.,!Liang!S.,!Li!W.,!Wu!X.,!Wang!L.,!&!Jin!F.!(2015)!Lactobacillus!fermentum!
NS9! restores! the! antibiotic! induced! physiological! and! psychological! abnormalities! in!
rats.!Beneficial!Microbes,!6(5),!707–717.!
!
Warren!Z.,!Veenstra]VanderWeele!J.,!Stone!W.,!Bruzek!JL.,!Nahmias!AS.,!Foss]Feig!JH.,!et!
al.! (2011).Therapies! forchildren! with! autism! spectrum! disorders:Comparative!
effectivenessreview,! 26.! Agency! for! Healthcare! Research! and! Quality.! AHRQ! Pub]
lication! No.! 11]EHC029]EF,! Retrieved! from!
http://effectivehealthcare.ahrq.gov/ehc/products/106/651/Autism_Disorder_exec]
summ.pdf!



 171 

!
Weiler!IJ,! Irwin!SA,!Klintsova!AY,!Spencer!CM,!Brazelton!AD,!Miyashiro!K,!Comery!TA,!
Patel! B,! Eberwine! J,! Greenough! WT.! (1997)! Fragile! X! mental! retardation! protein! is!
translated!near!synapses!in!response!to!neurotransmitter!activation.!Proc!Natl!Acad!Sci!
USA.!May!13;94(10):5395]400.!
!
Weiss!MJ,!Moran!MF,!Parker!ME,!Foley!JT.!(2013)!Gait!analysis!of!teenagers!and!young!
adults!diagnosed!with!autism!and!severe!verbal!communication!disorders.!Front!Integr!
Neurosci.!May!20;7:33.!
!
Wellmann! KA.,! Varlinskaya! EI.,! Mooney! SM.! (2014)! D]Cycloserine! ameliorates! social!
alterations!that!result!from!prenatal!exposure!to!valproic!acid.!Brain!Research!Bulletin,!
108,!1–9.!!
!
Whitney!ER,!Kemper!TL,!Rosene!DL,!Bauman!ML,!Blatt!GJ.!(2009)!Density!of!cerebellar!
basket!and!stellate!cells! in!autism:!evidence! for!a! late!developmental! loss!of!Purkinje!
cells.!J!Neurosci!Res.!Aug!1;87(10):2245]54.!
!
Williams!G,!King!J,!Cunningham!M,!Stephan!M,!Kerr!B,!Hersh!JH!(2001)!Fetal!valproate!
syndrome! and! autism:! additional! evidence! of! an! association.! Dev! Med! Child! Neurol!
43:202]206.! !

Williams!J.!H.!G.,!Whiten!A.,!Singh!T.!(2004)!A!systematic!review!of!action!imitation!in!
autistic!spectrum!disorder.!Journal!of!Autism!and!Developmental!Disorders,!34(3),285–
299.!
!
Willsey! AJ.,! Sanders,! SJ.,! Li! M.,! Dong! S.,! Tebbenkamp! AT.,! Muhle! RA.,! et! al.! (2013)!
Coexpression!Networks!Implicate!Human!Midfetal!Deep!Cortical!Projection!Neurons!in!
the!Pathogenesis!of!Autism.!Cell!155,!997–1007.!
!
Wing!L!(1997)!The!history!of!ideas!on!autism:!legends,!myths!and!reality.!Autism,1:13–
23.!
!
Winter! C,! Reutiman! TJ,! Folsom! TD,! Sohr! R,! Wolf! RJ,! Juckel! G,! Fatemi! SH.! (2008)!
Dopamine! and! serotonin! levels! following! prenatal! viral! infection! in! mouse]]
implications! for! psychiatric! disorders! such! as! schizophrenia! and! autism.! Eur!
Neuropsychopharmacol.! Oct;18(10):712]6.! doi:! 10.1016/j.euroneuro.! 2008.06.001.!
Epub!2008!Aug!6.!
!
Wolpert! DM.,! and! Ghahramani! Z.! (2000)! Computational! principles! of! movement!
neuroscience.!Nature!Neuroscience,!3!Suppl,!1212–1217.!doi:10.1038/81497.!
!
Wong!C.C.Y.,!Meaburn!EL.,!Ronald!A.,!Price!TS.,!Jeffries!AR.,!Schalkwyk!LC.,!et!al.!(2014)!
Methylomic! analysis! of! monozygotic! twins! discordant! for! autism! spectrum! disorder!
and!related!behavioural!traits.!Mol.!Psychiatry!19,!495–503.!
!
Woo!CC,!Donnelly!JH,!Steinberg]Epstein!R,!Leon!M.!(2015)!Environmental!enrichment!
as! a! therapy! for! autism:! A! clinical! trial! replication! and! extension.! Behav! Neurosci.!
Aug;129(4):412]22.!
!



 172 

Woo! CC,! Leon! M.! (2013)! Environmental! enrichment! as! an! effective! treatment! for!
autism:!a!randomized!controlled!trial.!Behav!Neurosci.!Aug;127(4):487]97.!
!
Wood!AG,!Nadebaum!C,!Anderson!V,!Reutens!D,!Barton!S,!O'Brien!TJ,!Vajda!F.! (2015)!
Prospective! assessment! of! autism! traits! in! children! exposed! to! antiepileptic! drugs!
during!pregnancy.!Epilepsia.!Jul;56(7):1047]55.!
!
Wood! SL.,! Beyer! BK.,! Cappon! GD.! (2003)! Species! comparison! of! postnatal! CNS!
development:!functional!measures.!Birth!Defects!Res.!B!Dev.!Reprod.!Toxicol.!68,!391–
40710.1002/bdrb.10037!
!
World! Health! Organisation.! (1992)! International! Statistical! Classification! of! Diseases!
and!Related!Health!Problems,!10th!Revision!(ICD]10).!Geneva:!WHO.!
 

~Y~ 
Yamada! J,! Noda! H! (1987)! Afferent! and! efferent! connections! of! the! oculomotor!
cerebellar!vermis!in!the!macaque!monkey.!J!Comp!Neurol!265:!224]241.!
!
Yamaguchi! H,! Hara! Y,! Ago! Y,! Takano! E,! Hasebe! S,! Nakazawa! T,! et! al.! (2017)!
Environmental! enrichment! attenuates! behavioral! abnormalities! in! valproic! acid]
exposed!autism!model!mice.!Behav!Brain!Res.!Aug!30;!333:67]73.!
!
Yamashita! Y.,! Fujimoto,! C.,! Nakajima,! E.,! Isagai,! T.! and! Matsuishi,! T.! (2003)! Possible!
association! between! congenital! cytomegalovirus! infection! and! autistic! disorder.! J.!
Autism!Dev.!Disord.!33,!455]459.!
!
Yasui!DH.,! Peddada! S.,! Bieda!MC.,! Vallero!RO.,!Hogart!A.,! Nagarajan!RP.,! et! al.! (2007)!
Integrated! epigenomic! analyses! of! neuronal! MeCP2! re]! veal! a! role! for! long]range!
interaction!with!active!genes.!Proc.&Natl.&Acad.&Sci.&U.S.A.&104,!19416]19421.!!

Yee! N,! Ribic! A,! de! Roo! CC,! Fuchs! E! (2011)! Differential! effects! of! maternal! immune!
activation!and!juvenile!stress!on!anxiety]like!behaviour!and!physiology!in!adult!rats:!no!
evidence!for!the!"double]hit!hypothesis".!Behav!Brain!Res!224:180]188!
!
Yirmiya! N.,! and! Charman! T.! (2010)! The! prodrome! of! autism:! early! behavioral! and!
biological!signs,! regression,!peri]!and!post]natal!development!and!genetics.! Journal!of!
Child!Psychology!and!Psychiatry,!and!Allied!Disciplines,!51(4),!432–458.!!
!
Ylisaukko]oja!T.,!Rehnström!K.,!Auranen!M.,!Vanhala!R.,!Alen!R.,!Kempas!E.,!et!al.!(2005)!
Analysis!of!four!neuroligin!genes!as!candidates!for!autism.!Eur.&J.&Hum.&Genet.&13,!1285]
1292.!!

~Z~ 
Zerbo!O,!Leong!A,!Barcellos!L,!Bernal!P,!Fireman!B,!Croen!LA.!(2015)!Immune!mediated!
conditions!in!autism!spectrum!disorders.!Brain!Behav!Immun.!May;!46:232]6.!
!
Zhang!Y.,!Sun!Y.,!Wang!F.,!Wang!Z.,!Peng!Y.,!Li!R.!(2012)!Downregulating!the!canonical!
wnt/beta]catenin! signaling! pathway! attenuates! the! susceptibility! to! autism]like!



 173 

phenotypes! by! decreasing! oxidative! stress.! Neurochem.! Res.! 37,! 1409–1419!
10.1007/s11064]012]0724]2.!
!
Zhang! J.,! Hou! L.,! Klann! E.! and! Nelson! DL.! (2009)! Altered! hippocampal! synaptic!
plasticity!in!the!FMR1!gene!family!knockout!mouse!models.!J.!Neurophysiol.!101,!2572]
2580.!
!
Zhao!G.,!Gao!J.,!Liang!S.,!Wang!X.,!Sun!C.,!Xia!W.,!et!al.!(2015)!Study!of!the!serum!levels!of!
polyunsaturated!fatty!acids!and!the!expression!of!related!liver!metabolic!enzymes!in!a!
rat! valproate]induced! autism! model.! International! Journal! of! Developmental!
Neuroscience:! The! Official! Journal! of! the! International! Society! for! Developmental!
Neuroscience,!44,!14–21.!
!
Zhou!J.!and!Parada!LF.!(2012)!PTEN!signaling!in!autism!spectrum!disorders.!Curr.!Opin.!
Neurobiol.!22,!873]879.!

Zoghbi! HY.,! and! Bear! MF.! (2012).! Synaptic! dysfunction! in! neurodevelopmental!
disorders! associated! with! autism! and! intellectual! disabilities.! Cold! Spring! Harb.!
Perspect.!Biol.!4.!
!
Zuckerman! L,! Rehavi! M,! Nachman! R,! Weiner! I! (2003)! Immune! activation! during!
pregnancy! in! rats! leads! to! a! postpubertal! emergence! of! disrupted! latent! inhibition,!
dopaminergic! hyperfunction,! and! altered! limbic!morphology! in! the!offspring:! a! novel!
neurodevelopmental! model! of! schizophrenia.! Neuropsychopharmacology28:1778]
1789.!
!
Zwaigenbaum!L,!Bryson!S,!Rogers!T,!Roberts!W,!Brian!J,!Szatmari!P.!(2005)!Behavioral!
manifestations! of! autism! in! the! first! year! of! life.! Int! J! Dev! Neurosci.! Apr]May;23(2]
3):143]52.!

 

 

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org

