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Abstract

Autism spectrum disorder (ASD), a mti#ictorial disease, often has-nwrbidity

with epilepsy, whichis associateavith excessive neuronal firing. The psgnaptic
protein Neurexinl NRXN2J signals bidirectionally through both excitation and
inhibition, by forming synaptic complexes with peastnaptic Neuroligins,
GABAergic or Glutamatergic receptors, and the scaffold proteins SHANKSs. Deletions
and/or mutations of theNRXN1 gene havebeen implicatedin a number of
neurodevelopmental diseases including DASHowever, patientlerived disease
models are lacking. Induced pluripotent stem cells (iPSCs) have the potential to
revolutionze human disease modellimgvitro and totarget unmet clinical needs. We
hypothesze thatNRXN1a gene deletion may dysregulate the balance of synaptic
excitation and inhibition. Using skin biopsies from ASD patients WRXNla
deletion and healthy donors, we converted dermal fibroblasts into iPSCs by
reprogramming. Their pluripotenoyas validatedby the expression of stem cell
markers (OCT4, SOX2, NANOG, SSEA4, TRIAG0, TRA-1-81). The iPSCs were
directionally differentiated into cortical glutamatergic neurons using a dual SMAD
inhibition method. Neural stem cells (NSCs) derived from the iPSCs sheren to
express the neural progenitor markers of NESTIN, FOXG1 and PAX6. Theal©0

old neurons were shown to express markers of neuronal maturity (MAP2) and
synapses (SYN1), as well as ion channels and transporters, at both the RNA and
protein levels. Tey also transcribed preand posisynaptic interaction partners of
NRXNL1, including CASK, MINT, MUNC181 PSD95, NLGNs and Shank3here

was no significant difference between the control[dRKN1a deletion groups in the
proliferation of iPSCs and NSCs, neuronal differentiation or maturation, suggesting
that NRXNla deletion may not affect early neurogenesgiguronal function was
investigated using single cell patch clamping, and thedEynheuronsvith NRXNla
deletion displayed higher potassium and sodium currents, with selectively impaired
depolarizatiorandrepolarizationcharacteristics. The action potentahplitudewas
significantly increasedwhereas the action potential threshelds decreasedn
NRXN1a deletion neurons. Theepolarizationslopewas significantly increaseand
consequently, theepolarizationdurationwas decreased. Moreoyeve have carried

out live cell calcium imaging on the 1@y neurons with FlueAM, and neuroal

Xl



networks displayed inherent spontaneous firing activity with a significant increase in
the frequency and duration of calcium transient8liXNl1a deletion neuronsThe
whole genome transcriptome analyses have demonstrated substargigdilagion in

ion channels and transporter activity, with voltagged calcium channels (VGCCs),
voltagegated potassium channels (VGKCs) and volgageed sodium channels
(VGSCs)being mostly enrichedmong the differentially expressed geriesaddition

the KEGG pathway analyses have revealed further impairments in calcium signalling,
vesicle exocytosis, synaptic transmission and MAPK pathways. Our results show for
the first time that heterozygous deletionsNd®XNZla gene directly impair the nen
synaptic function of hmnan neuronsn additionof their calcium transients, illustrating

the value of this patierderived iPSC model witNRXNla deletion for studying ASD

disease phenotypes.
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Chapter 1

1.1Autism spectrum disorder(ASD)

Based onManual of Mental Disorders'5Edition (DSM 5 definition, ASD is a
neurobehavioral disordefassified as deficits in verbal and social communicatiuh

in developing and maintaining relationshifisogan et al. 2009) The fAauti s
disordesdo wereclassifiedinto four categoriesA s p e s gyrediorae, childhoednset
disintegrative disorder (CODD)Rett syndrome andpervasive developmental
disorderénot otherwise specified (PBNOS). Later, in 2013all these conditions

were coll ectively udnefdiinseodr daesr 0nnAut i sm spe

The prevalence cASD has been dramatically incredsfeom 4/5 cases per 10,000 in
1966 to almost 1 in 100 in recent yedixchaconas and Adesman 2013his
occurrenceis more prevalent in males than fales (Developmental Disabilities
Monitoring Network Surveillance Year 2010 Principal Investigators and Centers for
Disease Control and Prevention (CDC) 2014)as been reported that the prevalence

of ASD intheUK also has been increased from 0.40 case per 10,000 to 2.98 case per
10,000(Smeeth et al. 2004y he same kind of increase has been reported and observed
in US and Israel(Autism and Developmental Disabilities Monitoring Network
Surveillance Year 2008 Principal Investigators and Centers for Disease Control and
Prevention 2012; Dagovitch et al. 2013)

Based on DS, the conditions fothediagnosis of ASD must be present from early
childhood(Tanguay 2011)Children with ASD have unusual behaviour and certain
routines.They may avoid interactions with other children, have brief eye cosualct
difficulty in initiating conversations. Furthermore, they exhibit repetitive behaviour
such as opening and closing of a door or switching on and off the Tigey. may

have excessive attachmentdn unusual objectspinning their head or body &
certain way or flapping their handdased on DSMb there are three lesbf severity

in ASD: level 1, 2 and 3Table 11). Therefore, ASDs characterizety deficits in
social and repetitive behaviours as well as communication problems. ASD is known
to be heterogesous concerningtheir clinical phenotypesCommunication deficits
includespeech and | anguage del aghbodyTahgegg of t en

and they candét respond accordingly.
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Table 1.1. Different levels of ASD severity based on DSM

Level of severity | Social communication Repetitive behaviours

Level 1 In the absence obupport there is| There are difficulties in
evidence of deficits in socig organizationand switching
interactions and communications. M| among activitis.

have difficulties in initiating
conversations and lack of soc
interest. At this level support is
required.

Level 2 In the presence of support there is| There are difficulties in
impairment in verbal and nererbal| managing and coping wit
communications and limited respon changesas well as difficulty
to social interactions. At this lev¢ in changing focus

substantial support is required.

Level 3 There is a severe deficit in both verlf There are extremel
and nonverbal communications an difficulties in c@ing and
very limited response to socil managing with change
interactions. This level required hiigg Repetitive behaviourseen
substantial support. in all aspects of spheres.

Autism Spectrum Disordas a developmental disordeharacterizedby impairment

in socialbehaviair, interaction and communicatig¢@illberg 1993; Wing 1997; Lord

and Jones 2012ASD comprises of great heterogeneity in genetics, anatomical brain
structure as well as clinical phenotypes. For example, ASD has comorbidity with
epilepsy, intellectual disabilities, developmental and language delay, severe
hyperactivity and gastrointtisal disordefAmaral et al. 2008)Genetically, ASD is
associated with hundreds of genetic risk fac{®iato et al. 2010; Pinto et al. 2014;
Vorstman et al. 2017) The heterogeneity in anatomical brain structure and
abnormalities in ASD is also hugearellada et al. 2014; Varghese et al. 2017)

The neuropathological findings elucidate abnormalities in various brain regions such
as hippocampus and cerebellfBauman 1991; Fatemi et al. 2002; Schmitz and
Rezaie 2008)white and gray mattgBarneaGoraly et al. 2004; Rojas et al. 2006)
and cerebral, prefrontal and cingulate cof@&kovicius et al 2000; Courchesne and
Redcay 2004; Lewis et al. 2013; Lewis et al. 201Abnormality inthe cerebellar
cortex also involves alterations in brain volume as well as the size and number of

Purkinje cells(Courchesne et al. 2011)

2
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1.2 Causes of Autism Spectrum disoed

1.2.1 Epigenetics and environmental factors

Epigeneticmechanisms such agmpmic imprinting, DNA methylation and histone
modifications regulate gene expression and DNA structuegnomic imprinting

usually happens throughout life when a parental allele becomes inactive and

i mprinted. There are chromosomal areas t ¢
Theseare locatedn loci 7g and 15¢-uedi et al. 2007)which havealsobeen strongly
implicatedin ASD (International Molecular Genetic Study of Autism Consortium
(IMGSAC) 2001) These evidencclearly indicate the association of epigenetics in
theetiologyof ASD.

DNA methylation is another epigenetic control affecting gene expredgiotations

in DNA binding protein MethylCpG 2 (MeCP2 have been implicatedn Rett
syndrome, seizures and ataxia (Amir et al.1999). MeCP2 have also been shown to
regulate the expression of varioggnapseelated genes such as braderived
neurotrophicfactor BDNF) and distaless homeobox 33(1X5) (Chen et al. 2003)

All of above suggest that epigenetics can potentially contribute to ASD. However,
other researchers suggest that extrinsic factors such as environment can also alter the
epigenetics and hence the functionality of the neufdessberger et al. 2007he
extrinsic environmental factors may include parental age, heavy metals, food
contaminants and environmental pesticifi@arkin et al. 2008) Organic pollutants

can alter calcium signalling and hence deficits in neurotransmitter GAB@
acetylcholing(Pessah et al. 20Q8yurthermore, pesticides can cause oxidative stress

and neuroinflammation and results in neuronal déaénbert 2010)

1.2.2 Genetics

It is becoming increasingly clear that dysfunctions in synaptic garestrongly
implicated in ASD. Thes include, cell adhesion molecule, scaffolding proteins,
neurotransmitter receptors, ion channels and cytoskeletal proteins. Alteration in
synaptic ativity and assemblyare associatedvith many neuropsychiatric and

neurodevelopmental disordéBlanpied and Ehlers 2004)
3
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1.22.1 lon channels

lon channels belong to transmembrane proteins in which ions diffuse down their
electrochemical gradient. lon channels are different in their gating properties. The
gating mechanism ofoltagegatedion channels have sensors basedhe electrical
potential across the membrane. These channels respond to a chamg@mbrane
potential by opening and closing, which is essential for action potential propagation.
Both voltagegated and ligandated ion channels are essential for regutadf the
optimal excitability of the neurons. Mutations in sodium, potassium and calcium
channels seem to affect the excitability of cells. Based on SAFARI gene database there

is a large number of sodium, potassium and calcium ion channels, whichdeave

impairedin ASD individuals (Table P).

Table 12. Sodium, Calcium and potassium channels associates with ASD in
SAFARI database.

Gene symbol | Gene name Genetic category Autism report/
total report

SCN1A Sodium channel,voltagegated | Rare single gene mutatiol 14/46

type I, alphasubunit syndromic, genetig
association

SCN2A Sodium channel, voltage gate Rare single gene mutatiol 26/49
type Il, alpha subunit syndromic

SCN4A Sodium channel, voltage gate Rare single genmutation | 3/3
type 1V, alpha subunit

SCN5A Sodium channel, voltage gate Rare single gene mutatior| 2/2
type V, alpha subunit

SCN7A Sodium channel, voltage gate Rare single gene mutatior] 3/3
type VII, alpha subunit

SCNBA Sodium channel, voltage gatel Rare single gene mutatiol 3/26
type VIII, alphasubunit syndromic

SCN9A Sodium voltagegated channe| Rare single gene mutatior] 2/5
alpha subunit 9

CACNA1A Calcium channel, voltage gate| Rare single gene mutatiol 3/11
P/Q type, alpha 1A subunit genetic association

CACNA1B Calcium channel, voltage gate| Rare single gene mutatio| 4/7
N type, alpha 1B subunit genetic association

CACNA1C Calcium channel, voltage gated, Rare single gene mutatio| 10/38
type, alpha 1C subunit syndromic, genetid

association

KCNB1 Potassium voltaggated channe| Rare single gene mutatiol 1/4

subfamily B member 1 syndromic
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KCND2 Potassium voltaggated channel| Rare single gene mutatiol 2/4
shall related member 2 genetic association
KCND3 Potassium voltaggated channe| Rare single gene mutatiol 3/8
subfamily D member 3 syndromic, genetig
association
KCNJ10 Potassium  inwardlyectifying | Rare single gene mutatiol 3/10
channel subfamily J, member 1( syndromic, genetig
association
KCNJ12 Potassium  inwardlyectifying | Rare single gene mutation] 1/1
channel subfamily J, member 1}
KCNJ15 Potassium  inwardlyectifying | Rare single gene mutation| 2/2
channel subfamily J, member 14
KCNJ2 Potassium  inwardlyectifying | Rare single gene mutatior] 1/1
channel subfamily J, member 2
KCNKY7 Potassium two-pore domain| Rare single gene mutation 1/1
channel subfamily K member 7
KCNMA1 Potassium large conductan| Rare single gene mutatiorn 4/18
calcium  activated  channe
subfamily M, alpha member 1
KCNQ2 Potassium voltagegated channel| Rare single gene mutatiol 2/18
KQT-like subfamily, member 2 | syndromic, genetiq
association
KCNQ3 Potassium voltageyated channel| Rare single gene mutatio| 4/7
KQT-like subfamily, member 3 | genetic association
KCNT1 Potassium channel, subfamily | Rare single gene mutatiol 1/10
member 1 syndromic
KCND13 Potassium channe Rare single gene mutation 2/6
tetramerization domait
containing 13

There are nine classes (Nal-1.9) of sodium ion channels which habeen

functionally characterizedCatterall, Goldin, et al. 2005)They all have 50%

similarity in their amino acid sequen(@atterall, Goldin, et al. 2005They express

at either central nervous or peripheral nervous system or both. Nav1.1,1.2 and 1.3 only

express ithe centralnervous system, while Nav1.7, 1.8 and 1.9 are strictly abundant

in theperipherahervous system. Furthermore, Navik.6xpressed in both peripheral

and nervous systeffCatterall, Goldin, et al. 2005Yoltage gatedsodium channels

are essential for generating and propagating the action potentials. They are the

molecular targets for many neural toxins saslbatrachotoxin and tetrodotoxin. They

act on the gating properties of sodium channels and block the initiation of action

potentialgCestele and Catterall 2000)
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The alpha subunit of sodium channels have a key role in pore forming of the channels
while the kinetics and gating properties of channeks gaverned by auxiliaryp
subunit. Thea subunit comprises of four homologous domains in which each domain
has six egments (S56) (Figure 11). S1:S4 of the domaiias a role intheopening

of the channel upodepolarizationwhile S5S6 with extracellular pore loops forming

the pore domain of the channel (Figur#)l.

A Domain | (DI Domain Il (DI Damain Il (DI} Domain IV (DIV)

Extracellular

Selectiity ActvationT Intracellular
Tikar Gl

Figure 11 Structure of voltagegated sodiumchannels.(A) Each channel consists of

four homologous domains (in green, purple, blue, yellow) with each domain having six segments
(numbered -B). Upon membrargepolarizatiosegmensixmoves and head to tbpeningof

the channel. The pore domain eimd segment 5, 6 and the P loops. The intracellular loops have

a role in inactivating the channel. (B) The extraocular and (C) the side view of the open channel
(Adopted from(de Lera Ruiz and Kraus 2015)

N1A(NaVv1.1) is a type 1 sodiunoltagegatedchannel and necessary for action
potential propagation and axonal conduction. MutaticB@N21Ahas been identified
in more than 70% of individuals with epileptic encephalopékigrkin et al. 2007)

6
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These patiest have certain behavioural abnormalities such as impaired social
interactions, anxietyhyperactivity and cognitive impairmentWeiss et al. 2003)
These phenotypes are very similar to those observed in ASD, hence a link between
SCN1A epilepsy and ASD. Furthermey a mutationin SCN1Aalso showedutistic

like phenotypegLi et al. 2011)

Another member of/oltagegated sodium channels iISCN8A(Nav1.6) which is
highly expressed itthe cortex hippocampus and cerebellumtbe centralnervous
system(Schaller et al. 1995)They aie abundantly expressedtheinitial segment of
axons where they initiate and propagate action potential and hence have a role in

neuronal excitabilitfSchaller et al. 1995)

The poximalend of the axon is where the most sodium channels are highly abundant.
In cortical pyramidal neurons, tlaetion potential initiates from the distal parttioé
axonalinitial segmeniVan Wart et al. 2007)Na,/1.6 is predominantly expressed at
thedistalpart of axonsandpatch clamping by stegepolarizatiorshowed activation
threshold of55 mV, while inaxon initialsegment the threshold activation wa8 V
(Wenqgin Hu et al. 2009)This explains the role of N4..6 in lowering the threshold
activation of action potential initiatioThis also means thahe membranghathas a

higherlevel of Na/1.6is more excitable andas higher threshold activation.

Loss of homozygou$cn8Ain null mice displayed motor deficits and difficulty in
learning(Burgess et al. 1995Heterozygous detion of Scn8Ashowedthe absence

of seizures, anxiety and sleep disor(feapale et al. 2009; Papale et al. 20K)
inherited frameshift mutation was observed in a child with intellectual disability and
attenton deficit hyperactivity disordefTrudeau et al. 2006More than 30 cases of

de novo mutationbave beenidentified withearly infantile epileptic encephalopathy
(Estacion et al. 2014; Vaher et al. 2014; Ohba et al. 20t¥rewerecharacterized

by the presence of earbnset seizures, intellectual disability and aut{&stacion et

al. 2014; Vaher et al. 2014; Ohba et al. 2014)

Potassium channels are heterogenic protessentiafor setting resting membrane
potentials, shaping action potentials and regulating neuronal firing. They contribute
towards the neuronal excitability equilibrium. Deletion or mutation of potassium

channels in animal models exhibited epilepsy amdisticlike characteristics

7
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(D6 Adamo e.tThey lwere filsD disBovered from shaker mutant of
Drosophila melanogastéiempel et al. 1987Potassium channetse now classified
into twelve members of Kvl to Kv12(Chandy and Gutman 1993)hey comprise

six transmembrane segments with four identicpbre forming subunits (Figure2).
Their strucure is very similar to VGSCs with having a pore domain responsible for

ion selectivity and gating properties (Figur@)1.

A Voltage sensor Pore

Figure 12. Structure of voltagegated potassium channels(A) They comprisef four

subunits and six segmentsS8lact as voltage sensor and S5 and S6 make the pore domain for
the passage of ions across the membrane. (B) The structugdbthain in dark blue and S1

to S3in pale blue. (C) The pore domain structure of teetkdth S6 in green.

KCND2 which encodes foKv4.2 subunit ofvoltagegatedpotassium channels
refered as A-type current generator. They activate at ghkeshold membrane
potentials, inactivates quickly and returns to its active states veryydghul et al.
1999) They are highly clustered in pyramidal neurons of CAl regiorthef
hippocampusn which they are responsible for setting action potential threshold and
repolarizationas well as backropagating the action potentiglisim et al. 2007)
Given the importance of this particular channel, mutations on this genebbaue

correlatedto many neurological diseases. Mutations, rare variant&GNID2 in
8
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humars have led to tempordbpe epilepsy(Singh et al. 2006and autisn{Okamoto

et al. 2011; Mikhailov et al. 2008Kv4.2 binds to fragile X mental retardation protein
(FMRP) and is a contributor to fragile X syndrome, autism and intellectual retardation
(Garber et al. 2008}-ragile X syndrome exists in 5% of individuals wk8D. FMRP
protein has a key role in the maintenanaf long-term depression, long-term
potentiation and synaptic plasticifVeiler et al. 1997; Huber et al. 2000h the
hippocampusFMRP protein interacts with Kv4.2 and prevents its translation, leading
to a reduceéxpression of Kv4.2 channilee et al. 2011)Thismeans that alterations

in expression of Kv4.2 (that are dependent on FMRP abnormalities) can significantly

be associatedith fragile X syndrome and ASD conditions.

Calciumactivated potasum channels have also been implicated in neuropsychiatric
diseasgChandy et al. 1998)or example, missense mutations have been found to
alter theKCNMA1lchannel in an indidual with ASD(Laumonnier et al. 2006}t is
interesting that the family of thesghannels have been implicdtén ASD, via

interaction through FMRP prote{@eng et al. 2013)

Voltagegated calcium channels mediate the influx of calcium into presynaptic
terminal upondepolarizaibn. This influx leads ta number offunctions including
neurotransmitter release and intracellular signalling. They compriaeaasubunit

pore domain, determining the channel selectivity. There a@lieabunitsclustered

into three different subfamilies Cavl, Cav2 and Cav3. They all have different patterns

of expression and generate different curré@tttterall, PereReyes, et al. 2005)

A de novo missense mutation @ACNA1Cresults in Timothy syndrome that have
features of ASD along with language delay and social impair(Bawker et al. 2011)
In addition a singlenucleotide polymorphism i@ACNAL1Gis associated with ASD
(Strom et al. 2010) T-typevoltagegakdcalcium channels contributing to neuronal
firing (Lory et al. 2000) Loss of function mutation I@ACNA1A a P/Q typevoltage
gated calcium channehas been associatedith autism, ADHD, febrile seizures,

episodic ataxia and refractory absence epilépsynaj et al. 2015)
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1.22.2 Cell surface adhesion molecules

Neuroligins are postynaptic cell adhesion molecules tleat expresseth both
excitatory and inhibitory synapséSong et al. 1999; Varoqueaux et al. 200d&)ey
have large and small extracellular and intracellular domains with PDZ binding motif
respectively. Thre are five neuroligin membergith NLGN3 and NLGN4X been
implicated inthe etiology of ASD (Jamain et al. 2003Mutant forms ofNLGN3and
NLGN4X results in a reduction of binding teell surface adhesion molecules,
neurexinsat presynaptic terminaie vitro (Chih et al. 2004; Antony A Boucard et al.
2005) Nlgn3knockout mice showed deficits in excitatory NMDA receptor signalling
(Chubykin & al. 2007) NLGN2 mutantDrosophilashoweda reductionin synaptic
bouton and transmissiofChen et al. 2012)Many reports have established the
Neuroligins are vital for synapse maintenance, function and matu&toh et al.
2005; Stdhof 2008)

Contactinassociategroteinlike 2 (CNTNAP2) belongs tthe Neurexinsuperfamily

and have been implicated in ASBlarcon et al. 2008)CNTNAP2gene encoded a
trarsmembrane domain CASPR2. The main function of CASPR2 is to cluster
potassium channels at the juxtaparanodes of myelinated ¢Roliek et al. 2003)It

is highly expresserh human fetal brain with distribution gradient towardsefrontal

lobe ofthe cortex indicating a role for cognition and language and a role in ASD
(Abrahams et al. 2007)ndividuals with a mutation If€CNTNAP2exhibit cortical
dysplasiafocal epilepsy syndrome, in which they show characteristic features of ASD
(Strauss et al. 2006)rare single base pair mutation @NTNAP2have also been
implicated in ASD(Alarcon et al. 2008 Cntnap2mutant mice showedhpairmentin

the number of interneurons, deficits in neuronalvigtas well as hyperactivity and
epileptic seizure¢Pefagarikano et al. 201BHurthermore, treatment of ti@ntnap2
mutants with antipsychoticisperidone wasable to reduce repetitive behaviours,
confirmingthe role ofCntnap2n neuronal development and ASD in the mouse model

(Pefiagarikano et al. 2011)

Two other membes of cell adesion moleculesare cadherins (CDHs) and
protocadherins (PCDHs). They are involved in synaptic function and formation
(Arikkath and Reichardt 2008) which their reduction in brain results in deficits in
neuronal functionality and connectivifRedies et al. 2012Homozygous deletion of
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protocadherinsRCDH10 havebeen reported in children with AS@orrow et al.
2008)

Neurexins are another member of cell adhesion proteins which are predominantly
expressed in theresynapticmembrangK Ichtchenko et al. 1995Neurexinsare
surface proteins that interact witteuroligins, glutamate receptor delta 2 #ecine

rich repeattransmembraneneuronal proteins at th@ostsynapticterminus(Dean et

al. 2003; Scheiffele et al. 20pMNeurexinsare the prime example of adhesion surface
proteins at the prgynaptic terminus, the most extensively studied modulators of
synaptic activity (Brose 199®@jshkaryowet al.2009). Copy number variations are the
significant cause of many gdiediseasegRujescu et al. 2009NRXN1ddetions

have been associated with many neurodevelopmental and psychiatric disorders
(Schaaf et al. 2012; Marshall et al. 2008; Ching et al. 2010; Dabell et al.
2013) presumably causing an imbalance in excitatory and inhibitory synaptic
transmissio{Chubykin et al. 2007 B5uch disruptions are involved in ASMarshall

et al. 2008; Wang et @009; Bucan et al. 2009; Ching et al. 2010; Béna et al. 2013;
Vifias-Jornet et al. 2014¥chizophrenigNeed et al. 2009; Kirov et al. 2014;
Vrijenhoek et al. 2008; Rujescu et al. 2009; Todarello et al. 20dehtal retardation
(Zahir etal. 2008)ADHD ( Wi S n i eKewalaik et s 20103ind epilepsyGregor

etal. 2011; Mgller et al. 2013; Schaaf et al. 2012; Béna et al. 2013; Dabell et al. 2013)
A summary ofNRXN1deletions from thditerature was performedin 2015. This
includes patient ID number, their coordinate of deletion and indicated phenotypes that
they havebeen diagnose@D (intellectual disability), EP (epilepsy), MCD (motor
coordination deficit), ASD (autism spectrum disorder), SCZ (schizophrenia), DD
(developmental delay), SD (speech delay), MD (motor deficits), ADHD (attention
hyperactivity disorder)jTable 13).
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Table 13. Phenotypic diversity associated witdVRXNI deletion.
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Reference

Patient

Original
Coordinates
(Hg19)

EP

MCD

ASD

SCz

DD

LD

SD

MD | ADHD

Schaaf et al

E16

chr2
49885294
50046403

Z

Schaaf et al

E17

chr2
49885294
50046403

Z

Wisniowiecka
-Kowalnik et
al

family

chr2
50006408
50200141

Z

Wisniowiecka
-Kowalnik et
al

Family

chr2
50034351
50413346

Z

Wisniowiecka
-Kowalnik et
al

family

chr2
50106298
50437268

Dabell et al

34a

chr2
50118810
50179711

Bena et al

chr2
50194000
51344000

Gregoret al

N2

chr2
50270203
51257206

Bena Fet al

13

chr2
50359788
50584706

Z

Z

Dabell Met
al

33a

chr2
50271164
50936973

Bena Fet al

chr2
50376840
50845795

Z

Z

Dabell Met
al

29

chr2
50480647
50600362

Dabell Met
al

28a

chr2
50503145
50865069

Schaatfet al

Ell

chr2
50545885
50922836

Schaatfet al

E12

chr2
50545885
50922836

Z

Schaatfet al

E13

chr2
50545885
50552890

Z

Dabell Met
al

18

chr2
50664886
51250425

Z

Bena Fet al

chr2
50642229
51040803

Z

Z

Dabell Met
al

30

chr2
50680324
50720466

Z

Bena Fet al

17

chr2
50693782
50909965

Z

12
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Bena Fet al

12

chr2
50815420
51083778

Z

Z

Gregoret al

N5

chr2
50861527
51090563

Z

Bena Fet al

21

chr2
50897002
51006610

Z

Z

Dabell Met
al

19

chr2
50900500
51020557

Z

Z

Schaatfet al

E10

chr2
50902643
51036715

Z

Z

Bena Fet al

22

chr2
50975394
51079873

Z

Bena Fet al

chr2
50797032
51412595

Z

Bena Fet al

chr2
50783685
51180001

Z

Z

Schaatfet al

E9

chr2
50753008
51666029

Z

Z

Bena Fet al

10

chr2
50847740
51170975

Z

Z

Gregoret al

N1

chr2
50860393
51208000

Z

Dabell Met
al

12

chr2
50890607
51167934

Z

Schaatfet al

E7

chr2
50892598
51125770

Z

Bena Fet al

chr2
50894976
51223965

Z

Z

Dabell Met
al

13

chr2
50928021
51157870

Z

Chinget al

chr2
50936914
51167934

Z

Bena Fet al

24

chr2
50941534
51421039

Z

Bena Fet al

25

chr2
50941534
51421039

Z

Dabell Met
al

11

chr2
50989149
51178152

Z

Dabell Met
al

15

chr2
50999149
51130917

Bena Fet al

19

chr2
50963194
51144527

Z

Z

Z

Schaatfet al

ES

chr2
51006222
51167932

Z

Z

Z

Z

Schaatfet al

E8

chr2
51017041
51307360

Z

Z

Bena Fet al

18

chr2
51029000
51212526

Z

Z

Z
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Gregoret al

N6

chr2
51033865
51496143

Schaatet al

E4

chr2
51036654
51125770

Z

Schaatet al

E3

chr2
51056636
51167934

Z

Chinget al

chr2
51059410
51316396

Z

Chinget al

chr2
51090504
51212385

Schaatfet al

E2

chr2
51096075
51415269

Dabell Met
al

37

chr2
51124517
51354094

Z

Dabell Met
al

chr2:50989
149
51675291

Dabell Met
al

chr2
51020497
51178152

Z

Dabell Met
al

5a

chr2
50996352
51555511

Z

Schaatfet al

El4

chr2
50160134
50481919

Bena Fet al

chr2
50638683
51168031

Chinget al

chr2
50689280
50853329

Z

Bena Fet al

20

chr2
50953916
51105061

Z

Dabell Met
al

chr2
50788065
51318184

Chinget al

chr2
50897002
51212385

Bena Fet al

16

chr2
50898579
51114964

Z

Dabell Met
al

17

chr2
50900500
51124577

Dabell Met
al

chr2
50900500
51211695

Dabell Met
al

16

chr2
50928021
51124577

Dabell Met
al

chr2
50989149
51211695

Z

Dabell Met
al

chr2
50989149
51354094

Dabell Met
al

chr2
51020497
51178152

Dabell Met
al

chr2
51079673
51459761
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Todarello G family chr2
etal 8 50270339 N
mother | 50295780

Todarello G family chr2
etal 2 50735657 N
father 50800548

Todarello G family | chr2
etal 9 50735657 N
mother | 50800548

Todarello G family | chr2
etal 3 50947040 N
mother | 50979926

Chinget al 10 chr2 N
50714297

12.3 Copy number variations

Autosomal genes are normalliwo copies, onecopy from father andarother from
mother. Copy number variation (CNVjefers to geneti@lterations as results of
microduplication or microdeletigrvia either inherited or de novo mutatio®@NVs
have been implicated on an strong genetic contributor to many complex
neurodevapmental diseas€Sebat et al. 2007; Christianat 2008; Marshall et al.
2008; Luo et al. 2012Yhese CN\s aredeletiors or duplicatiors of genesn forms of
familial or de novo inheritancélhe common causeof developmentatielaysare
basedon deletios or duplicatiors, in which the structure, expression and function of
a gends disturbed. Deletion and duplication in many loci haaeen associateslith
ASD, andeven rare cases of CNVs haween detectely genomewide arrays(Ma et

al. 2009) and these includéor example duplication withn 15q13(Christian et al.
2008) microdeletion within 16pll.&Sebat et al. 2007; Marshall et al. 2008; Weiss et
al. 2008) Prade-Willi syndrome at 15q21 and Williams syndrome within 7q11.23
(Glessrr et al. 2009; Sanders and Ercan; Sanders et al..2011)

Pinto et al assessedboth de novo and rare CNVs gohortsof over 2000 ASD
individuals to characterizeassociated ASD genes to identify their biological
relationships and pathwayRinto et al. 2014)This study showed that theveerea
strong enrichment ipostsynaptic densitfPSD) and fragile X mental retardation
proteins EMRP), underlying the genes which haasusceptibilityto ASD (Pinto et

al. 2014) FMRP belong to multiple signalling pathways such as P1IRAS-MAPK
and P13KAkt-TSGPTEN-mTOR which have been reported before in ASD
individualsby both overexpression and undexpressiorfAscano et al. 2012 heir
results furtherdemonstrated that genes associated with ASD participasenide
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range of processes and pathways MAPK (Pinto et al. 2014)Figure 13). The
SAFARI geneanalysis also showed that MAPK is one of the top enriched pathways

in ASD (Wen et al. 2016)

P
O © RABSA
ILIRAPL SNX9 MCF2 ;__,.7:’* .
- ) ~
™Kz > PN ( NRXNT
SviL /’ ,"“"; 1862 YRK1A \TBRI O
lagar2 - g TSCH- O SPAST “TNLGN3
. i PIKICE AFF2 X&) AR X .NRXN‘I Neuronal development &
o S >y \ ~
(Y~ g ® @) VW%«E [} ,—ﬁ“ﬁK Axon guidance
AN 1 Wi {
?’ RAC3, cso. RAP‘GD&KRA?,.\ X .{];‘g ,smwu
/ 3 (oo
/ PTPRD Y HRAF VE) e STXB )

a .cnxy ()nuenax

MAPK & / RIF. JHRAS B
! 4 / | GRINGD @ CACNATD
other signalling / Sp’MaFGFH @ A& 0 ,g @ .DLGAP? .

W
/ ARHGN"H PTPNH \ < Agu ’E’LACNMC SHANK2
/ C% (5% wB’PA MAPK::B L ianics
/ 9 L EpHes . PRP3 .
[ ARHGDIA L|CAM SYNJ2
f LINKL. @) Rrsakas ® DSt

Prod = W”‘ S CACNATF
S S e .0 9 @

A Mﬁﬂpmz .TAOK2 DLU.smuz
®

FLNA \, SREBF1 ESRS
et ABCA1' ETS1 ) 'R 1
I : J

CUBN  LRP2

PAFAH1B1

oMD el TNA,
58

( Jor

— - DMz
—<g ) @0
® i b4 egn

RoLs  PMRI . Bl
o .IKBKGNg ‘ . . & .
KLR13 BCL11A

- PEMD X etors g O

: A NEiX
o BRCAP cios @
. 0 . MEDIGL._ TBC1D23 . ng MQ’-’? (\‘“} CHD2
Chromatin modification & ) ~ smea. . )
Transcription regulation HALST ®) () ARID1B ZMYND11
. PHFS KOWA (— @
SETD2 N'F'El / SMARCA2  SMARCC2 ZNF282
smcial \
BAZ1B
PRIABZ | cnka upess . KiAAD232

PSMC2

psmgt V"
o O

5002 F}’QJ" ATP1B1

Figure 13. Genes affected by CNVs and SNVsn ASD. ASD pathway networ&re
groupedogethetinto three different classes, neuronal development and axon guidance, MAPK

& other signalling pathways and chromatin modification and transcription re@dagsnn

red were idntified by de novo CNYgenes in blue were detected by de novo LoF (loss of
function) SNVs from published exome sequeneind genes in white were affected by
hemizygous LaFSNVs on the X chromosome of males and genes in yellow were kbewn to
implicaedin ASD. Genes in orange, purple, green, dark yellow, or dark purple correspond to
those in two or more lists. Shaded ovals represent enriched biological functions with >10% genes

in the network involved (Adopted fr@¢Rinto et al. 20144)

Pintoet al further evaluated and combined all CNVs with single nucleotide variation
(SNVs) from previous exome sequencifigssifov et al. 2015; Neale et al. 2012)
Among all the genes, 11 were found to be affected on both CNVs and SIRXHN(
SHANK2 ARID1B, RIMSL, TRIP12 SMARCC2DLL1, TM4SF19 MLL3, PHF2 and
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CSTF27) (Pinto et al. 2014)Further analysis usingetworkbased analysis of
genomic variationNETBAG), threegenes IRXN1 SHANKZ2 RIMSJ were found to
be enriched and overlappéelgure 14) (Pinto et al. 2014)This strongly suggestthe
association oNRXN1andSHANK2in ASD (Figure 14).

A Chromosomal abnormalities — Rare, large, de navo CNV (n=3, 1.6-4.5 Mb)

ey
Unbalanced translocation (n=2, 1 dn, 1 inh)
Terminal 1q duplication syndrome (n=1, dn) . CNV disrupting ASD and/or 1D genes
Fing chtomosome 8 yckoms (w1 ) \ / NRXN1 exonic deletion (n=8, 4 dn, 4 inh)
\ J /

23‘:’;:2?;::8"":;2?")’ NRXN1 intragenic duplication (n=1, dn)
HDACH exonic deletion (n=1, inh)
SYNGAPT exonic deletion (n=1, dn)
ARID1B exonic deletion (n=1, dn)
SHANK2 exonic deletion (n=3, 3 dn)
CHD2 exonic deletion (n=1, dn)
SHANKS exonic deletion (n=1, dn)
PTCHD1 exonic deletion (n=1, XL mat)

Genomic disorders, recurrent breakpoints  ———_

1g21.1 deletion syndrome (n=1, dn)

1g21.1 duplication syndrome (n=4, 3 dn, 1 inh)

Williams syndrome (7q11.23 deletion) (n=1, dn)

10q11.21-q11.23 deletion {n=2, 1 dn, 1 inh)

15q11-q13 duplication syndrome (n=7, 5 dn, 2 inh; origin: 6 mat, 1 pat)
15q13.3 deletion syndrome (n=4, 1 dn, 3 inh)

Distal 15925 deletion syndrome (n=1, inh)

16p13.11 deletion syndrome (n=3, 3 inh)

16p11.2 deletion syndrome (n=5, 4 dn, 1 inh)

ILTRAPL1 intragenic duplication (n=1, XL mat)
DMD exonic deletion (n=2, XL mat)

DOMD exonic duplication (n=1, XL mat)

CASK partial duplication (n=1, XL mat)
16p11.2 duplication syndrome (n=4, 2 dn, 2 inh)
Smith-Magenis syndrome {17p11.2 deletion) (n=2, 2 dn)
1712 duplication syndrome (n=1. inh)

22911 deletion syndrome (DiGeorge syndrome) (n=2, 2 dn)
22q11 duplication syndrome (n=5, 2 dn, 3 inh)

Xq28 duplication including GDIT (n=2. 1 dn, 1 XL mat)

\»— . Genomic disorders, nonrecurrent breakpoints
Terminal 9p deletion (n=1, dn)
Kileefstra syndrome (9G34.3 deletion) (n=1, dn)
Jacobsen syndrome (11q deletion) (n=1, dn)
Phelan-McDermid syndrome (22q13 deletion) (n=3, 3 dn)

B

113 genes dn CNV (NETBAG)
(64 used, 56.6%)

122 genes LoF dn SNV
(41 used, 33.6%)

92 known ASD genes, dominant (AD or XLD) or XLR in males
(54 used, 58.7%)

31 genes LoF XL SNVs in males
(7 used, 22.6%)

Figure 14. NRXNL1 is one of the most prominent risk factors in ASD(A) Piechart
displaying the proportion for eachfigé categories. The number of events and inheritance are
in parentheses. (RRXN1 andSHANK2are the common risk factors, frdmeVenn diagram

This diagranoverview 151 genes resulting from a DAPPLE analysis of 336 unique genes,
compiled of 113 genes identified from de novo CNVs by NETBAG, 122 genes with de novo
LoF SNVs from four published exome sequencing studies, 31 geneasiwyiipdus LoF SNVs

on the X chromosome of male ASD subjects, and 92rASi@ated genes previously described

as autosomal dominantjitked dominant, or-¥nked recessive in males (Adopted {{@imto

et al. 2014)

It is interesting that genes whidire associatedvith ASD have a key role in
modulating synaptogenesisFor exampleNLGN4 (Jamain et al. 2003)TBX1,
PCDH10 (Morrow et al. 2008and FHANK3 (Gauthier et al. 2009; Durand et al.
2007) In addition genes sucheurexiri (NRXN2J (Marshallet al,, 2008; Wanget al,,
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2009.,Bucanet al, 2009;Chinget al, 2012;Benaet al, 2013;Vinas-JornetM et al,

2014), CNTNAP2 (Bakkaloglu et al. 2008)NLGN1 (Glessner et al. 200%nd

DLGAP2(Pinto et al. 2010have been implicated as ASD risk factohslist of all

genes implicated ithe pathogenas of ASD are listedin Table 14 (Banerjee et al.
2014).

Table 14. Conserved genes which are associated and implicated in A@anerjee
et al. 2014)

Gene name | Protein description Nature of abnormality Reference
NRXN1 Transmembrane Mutation, CNVs (Feng et al. 2006)
NRXN2 Transmembrane Mutation (Arstikaitis et al. 2011)
NRXN3 Transmembrane Mutation (Vaags et al. 2012)
NLGN1 Transmembrane Genetic association (Glessner et al. 2009)
NLGN3 Transmembrane Mutation (Jamain et al. 2003)
NLGN4 Transmembrane CNVs (Jamain et al. 2003)
CNTN3 Ig-CAM Mutation, CNVs (Morrow et al. 2008)
CNTN4 Ig-CAM Mutation (Roohi et al. 2009)
CNTNAP2 Transmembrane Mutation, genetic (Arking et al. 2008)
association
NrCAM Ig-CAM Genetic association (Marui et al. 2009)
CDH9/10 Transmembrane Genetic associain (Bucan et al. 2009)
CDH18 Transmembrane Chromosomal (Marshall et al. 2008)
abnormality
PCDH9 Transnembrane Mutation (Marshall et al. 2008)
PCDH10 Transmembrane Mutation (Morrow et al. 2008)
PCDH19 Transmembrane Mutation (Bucan et al. 2009)
SHANK1 Scaffolding Mutation (Sato et al. 2012)
SHANK2 Scaffolding Mutation (Berkel et al. 2010)
SHANK3 Scaffolding Mutation (Durand et al. 2007)
DLG4 Scaffolding SNPs (Feyder et al. 2010)
HOMER1 Scaffolding Mutation (Kelleher et al. 2012)
CAMP-GEF | Cytoskeletal Mutation (Bacchelli et al. 2003)
RELN Secreted Genetic association (Persico et al. 2001)
EN2 Transcription factor Geretic association (Gharani et al. 2004)

These evidencexplain that synaptic plasticity might be an important molecular

mechanism irthe pathophysiologyf autism.For instancesNRXNsare presynaptic

cell adhesion molecules that interact wiburoligins at possynaptic terminals and
18
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have a key role in syptic formation and maintenand@Missler et al. 2012)
Alternaive splicing inNeuroliginsregulates synaptic diversity by interacting with
various receptorat thepostsynaptic termins i.e. NMDA, AMPA and GABA-ergic
receptorgMissler et al. 2012FurthermoreSHANKsare scaffolding proteins that are
important for the function of synapg@ickers et al. 200nd couples with NRXNs
NLGNs complex

12.4Brain structure in ASD

Neuroimaging approach hhsen widely used to detesmhabnormality in the braim
vivo. Magnetic Resonance Image (MRI) have shed light tba underlying
characteristics of many neurodevelopmental disg&sd®r et al. 2015)or example,
by using structural MRISMRI) an abnormality irthe grey and white matter of ASD
individuals have been four{@chumann et al. 2010)

Ore of the mostansistendifferences between ASD and typically developing control
brain is the total brain volume. Studies showed enlarged total brain volume (frontal
and temporal lobes) at eadge of2-4 years in some of ASihdividuals(Nordahl et

al. 2011) However, his usuallyfollows by a decline or no difference in ASD brain
volume atlater on in life.(Lange et al. 2015)The pathological mechanism that
underlies this enlargement in brain volume is unknown. A recent study showed that
the enlarged brain volume befdle age of 2 yearsouldbe causetby expansion of
cortical area rather than its thickngs$azlett et al. 2011)This explains that the
impairment inthe white matter of ASD brain affesthe acceleration dhe cortical

grayarea.

Different phenotypes observed in ASD such as deficits in social behaviours, language
processing and repetitive behavioare associatedith a core region othe brain.

For example, the parietal cortex, amygdala and frontal lobeb@associatedith

social behaviourgAdolphs 2001) Furthermorethe caudate nucleus hiasen linked

to repetitive behaviour@tmaca et al. 2007)

The thickness of different regions of cortex have been measured in ASD in an age
range of 3 to 39 years and showed thinner cortices and a reduction in its surface area
in an agedependent mann€Ecker et al. 2014)The brain overgrowth observed in

ASD individuals in childhood might affect the geometry of the brain, i.e. cortical shape
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and patterns. The mechanical tension of axonal white matter mightlelarlying
cause of abnormality in cortical foldirfyan Essen 1997 During early adolescence
and adulthood in ASD individuals, the cortical folding is accelerated in the bilateral
posterior region of cortex with increased gyrificatidallace et al. 2013)On the
other hand, in the right inferior frontal and megdliatietcoccipitalregion of cortex in
children with ASD, the level of gyrification is significantly reducgthaer et al.
2013) These results show that the level of gyrification in ASD patients alter
throughout the lifespan.

12.5Animal models of ASD

There have been many animal studies to model ASD, mostly recapitulating the major
phenotygs associated with ASD, including repetitive behaviours and deficits in social
and communication interactions. There are many mouse models of ASD available by
knockout of specific genes that are thought to contribute to ASD. For example, there
aremousemodek of PhelanMcDermid syndrome which recapitulate the syndromic
forms of ASD achieved byhank3knockout (Peca et al. 2011 Mecp2in Rett
syndromgShahbazian et al. 20Q@acnaladn Timothy syndroméBader et al. 2011)
andFmrlin fragile X syndromgRonesi et al. 2012)There are also knockbmice
models which represeiat norsyndromic form of ASD, i.e., Neuroligin 3 knockout
(Baudouin et al. 2012Dther mouse models of ASD hawneluded a lesion ia6p11.2

model of autisn{Horev et al. 2011)22g11.2 mouse model lackigen(Zhou et al.

2009) mutantShankWon et al. 2012andCntnap2(Pefiagekano et al. 2011)

There isalso a model of autism in rats in which valproic acid is used as an
environmentally triggered form of AS(Rodier et al. 1997)njection of valproic acid
before neuronal tube closugeassociatewvith disrupted inhibitory circuits, reduced
Purkinje cells, repetitive behaviour and hyperactiy@pgolla & al. 2009) Zebrafish

also have been used with less popularity to mouse models for modelling the genetic
basis of autisnfTropepe and Sive 2003Jebrafish model has been usedhvestigate

brain development and neuronal connections in ASD, but it is difficult to recapitulate
the behavioural phenotypéBropepe and Sive 2003)

Studies have shed light on some ofkbg genes which are associated with ASD, such

as Neurexin XLi et al. 2007; Zeng et al. 20Q7/Mleuroligin 1 and ZBanovic et al.

2C



Chapter 1

2010; Chen et al. 2018singDrosophila Other invertebrates suchaglysiashowed

that the interaction betweenurexin and neuroligin is essential for storage of long
term memory, a deficit implicated in AS{Zhoi et al. 2011)C. elegansalso been

used to study the neuronal synaptic communication and abnormalities which are
apparent in AS[iCalahorro and RuiRubio 2012) All of these ASD models will aid

in understanding the complertiology of ASD.Thiswill help researchers to find the

underlying functional deficits thaire implicatedn ASD.

1.3 Neurexin and theirSignificance

Neurexins area potential risk factor for not only ASD butalso other
neurodevelopmental and neuropsychialigeases, agiscussed in previous sections.
Neurexins are particularclass of synaptic proteins thare one of the key elements
in governing the dynamics of neuronal circi&idhof 2008)Currently, they are the

most studied regulators of synaptic properties.

1.3.1 Neurexis: Structure & expression

There are threreurexingenesNRXN1 NRXN2 andNRXNB, and two major isoforms

of larger U and shorteth encoad by eachneurexingene (Ushkaryov et al. 1992;
Ichtchenko et al. 1996The long isoform of Uneurexins consists of

six laminin/neurexin/seXLNS) hormone binding globulin domaiextracelluarly,

which are separated by three epidermal growth fdider domains (Figure

15A). They have a short cystei@op domain, transmembrane domain followed by

a cytoplasmic sequenckhe short form ob-neurexinsare transcribed froradifferent

promoer and are effectively Nerminally truncated and ageshorterv er si en of
neurexins with a short and specifict®rminal motif (Figure 15A). NRXN1land
NRXN3are much more closely relatedcomparsonto NRXN2 (Treutlein et al. 2014)

All three Neurexinsare equallyexpressedn the brainwith subtle neuroanatomical
differences b-neutdexi ns are much mor eneusekinsndant
(Aoto et al. 2013; Schreiner et al. 201Meurexin expression ihebrainoccurs early

in brain development and prior to synapse fanation, perhaps fosynthesizing
essential synaptic proteifBaly and Ziff 1997)
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The expression oheurexinsvaries during development, armver 1000 different
isoforms may be produced duedibernative splicing siteand differential promoter
usaggUllrich et al. 1995; Schreiner et al. 201%he alternative splicingccus atsix
different canonical sites (segmentskgment 6JUlIIrich et d. 1995; Schreiner et al.
2014) This results in expression of different spliced sequences at a typical neuronal
type (Fuccillo et al. 2015)At both single cell level and specified braegion the
expression of all neurexins seems uncorrelated, which creates a significant difference
in alternative splicing among neurexinSigure 15B). The NRXN1signalling is

coupledto both excitatory and inhibitory synapsésgure 15C).

1.3.2 Neurexins: Ligands and receptors

One of the first describedeurexin ligands werBleuroligins(Konstantin Ichtchenko
et al. 1995; Ichtchenko et al. 1996) total,Neurexins binds to at least seven different
postsynaptic protein familiesi.e. Dystroglycans, Cerebellins, LRRTMs and
Latrophilins. There are three welkfinedligands binding site forNeurexins: (1)
binding toNeurexophilins andystroglycansan bespecifically mediated via LNS2
domain of U-Neurexins(Missler et al. 1998; Siig et al. 1998)(2) LNS6 which is
shared between botk) and b isoforms and bind toNeuroligins, Cerebelling
Latrophiling LRRTMs and GABAA receptorgK Ichtchenko et al. 1995; Ichtchenko
et al. 1996; Ko eal. 2009; de Wit et al. 2013; Siddiqui et al. 2013; Uemura et al. 2010;
C. Zhang et al. 2010; A A Boucard et al. 2QG5)d (3) binding to CA10, CA11 and
Clglscanbe achievedhrough bothUandb isoforms(Sterky et al. 2017; Matsuda et
al. 2016)(Figure 15D).

All the mentioned ligandeceptorinteractions are hugely dependent aiternative
splicing Figure 15D). The nteractios betweenNeurexins andNeuroligins are
regulated by SS4 splitgy sequencejn addition of spliang site called SSB at
Neuroligins(Antony A Boucard et al. 2005; Chih et al. 200B8)eb -Neurexins with
a lack of SS4 insert bind only to Neuroliginl that contain an insert of(5&iaka et
al. 2011) However all Neuroligins that contain an insert of SSB can bind tdlalla n d
b neur (@setsenis et al. 2014; Chih et al. 2006; Comoletti et al. 2006)
Interactiors of Neurexins with other postsynaptic ligandse also regulated by
alternative splicingat SS4within the LNS6 domainFor exampleCerebellins only
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interact with Neurexins that have amsert of SS4 (Uemura etal. 2010) while
Latrophilins only bind to SSANeurexingBoucard et al. 2014)
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Figure 15. Neurexin Domain structure and alternative splicing(A) The extracellular

part ofN R X N toasists of silaminin/neurexin/sex hormone (LNS) binding globulin domains
separated by three epidermal growth f¢EtBF)like domains, which are followed by an O
linked sugar attachment dom@nGlyc) TheANRXNsar e tr uncatNRENsver si or
sharing LNS6, @inked sugar attachment region, a single transmembrane domain and a short C
terminal tail. (B) total RNA expressiofNatn1,2 andthreeat different brain regiogréy bars

at the top) and mRNA expressidithe SS4+/SS4pliceisoform ratialbottom kars blue and

green) in mice showsdramatiadifference ilNeurexin splice sequencing expression (adapted
from review bySidhof 2017)C) Neurexirsinvolvedn both excitatory and inhibitory synapses

with interactiono f & Naurexins Ao different ligandstla¢ postsynapticnembrandD).
IntracellularlyNeurexins at presyptic nerve termus bind to CAK, Mints andvelis At
extracellularegion they bind to various ligands depending on their spliced se{B&a¢care
adapted from review gudhof 2017)

1.3.3 Neurexins: Function

As mentioned previousiNRXN1is significantly associated with AS@into et al.
2014) Most ofthe NRXN1mutations ardeterozygousopy number variatics) with
truncation or missense mutations being less freqi@&emtthier et al. 2011; Enggaard
Hoeffding et al. 2014; Todarello et al. 2014)

Although the exact function MIRXNsremains unknown, at thioint, there are few
key resultghat maysuggest th&leurexin functionsin 2003 the constitutive knockout

of all threeUNeurexins in mice impaired synaptic transmission through an alteration
in calcium influx duringanactionpotential in addition to early postnatal death caused
by afailurein therespiratorysystemMissler et al. 2003Missleret al (2003) showed
that deletion ofcompoundUneurexins in newborn mice caused a reduction in
spontaneous neurotransmittetease(Missler et al. 2003)This was performed on
cultured slices from neocortex and acute slices ftbenbrainstem(Missler et al.
2003) The results showed a significant reductioth@frequencyof both excitatory
and inhibitory spontaneous miniaturespsynaptic activityMissler et al. 2003)This
reduction was not due to the number of postsynaptic AMPA or GABAceptors,

but patly due to impairment in calcium channel functidvissler et al. 2003)

Two yeas later, Zhanget al investigated thaNeurexindomainand voltagegated
calcium channetaused this impairmeiihang et al. 2005)r'heydemonstratethat
the transgenidNrxniU could rescue thealteration in neurotransmitter release and
calcium current phenotypes. Furthermore, the N and P/Quiylpegegatedcalcium

channels are selectively affected Hyxn1U knockouts(Zhang et al. 2005)These
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findings suggest thdi*Neurexins couple and regulate neurotraission through N

and P/Q typevoltagegatedcalcium channeléMissler et al. 2003)

Reduction ifrequency of miniaturexcitatory spontaneogynaptic transmissionas

also observed in hippocampal CA1l pyramidal neuronshahozygousNrxnlU
knockout mice(Etherton et al. 2009)The behavioural phenotypes of this model
showed impairment in nest building activity asdincrease in grooming behaviours

and no change in spatial learning, at least in part similar to phenotypes observed in
human patientéEtherton et al. 2009T his behavioural phenotypeasfurther studied

in heterozygouslrxnlUknockout micéLaarakler et al. 2012)Their results identified

an increase in locomotor activity and habituation when exposed to the new
environment, only observed in male midsarakker et al. 2012Jhis reflects the
sexdependentdifferences in behaviaral phenotypes ina mouse model of

heterozygoudirxnla deletion(Laarakker et al. 2012)

A study by Graytoret al (2013) was designed to investigate tiehaviaral deficits
in the Nrxn1Uknockout mode({Grayton et al. 2013)heyshowed that the KO male
mice had an increadeaggressivebehaviarr, which increasegsheir social approach
toward intruders ané reduction in locomotor activity. This aggressia@s not
observedn femaleNrxn1U(Grayton et al. 2013)The maleNrxn1UKO mice showed
reduced social approach towards the juvenile conspecific, in social sniffing
investigation taskThe ®cial behaviar alteratiors were in contrast withstudies
reported byEthertonet al. (2009) and Laarakkest al (2012) where nosignificant
alterationwas found However reduction in nest buildingehaviar, which is an
aberrant indication of sociddehaviar (Lijam et al. 1997) was replicatedn both
Graytonet al (2013) and Laarakkest al (2012) findinggGrayton et al. 2013)

Conditional knockout of alb-Neurexins also caused a synaptic impairment but no
lethality (Anderson et al. 2015)n thisstudy, the presynaptic release probabikitas
suppressed in culture@Al hippocampal neurons ithe subiculum and this was
causedby disinhibition of postsynaptic endocannabinoid synthgsimlerson et al.
2015) This results inincreasedsecretion of endocannabinpihich subsequently
activated presynaptic CBEceptors and hence impairment and inhibition in

neurotransmitter releag@nderson et al. 2015)his study strongly suggests tiat
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Neurexins have a functional propertg postsynaptic endocannabinoid synthesis

independent of-Neurexing/Anderson et al. 2015)

A recent study heconfirmed thaiNeurexins exert different functions at different types

of synapsegChen et al. 2017)Chenet al showed that conditional triple knodut of

all Neurexins caused a loss in synapses but no change in potemtialdependent
calcium influx in parvalbuminpositive inhibitory neurons inthe prefrontd cortex
(Chen et al. 2017)In contrast, the same deletion caused no alteration in synapse
number, but a significant decrease in action potential triggered calcium influx in
somatostatirpositiveinhibitory neurongChen et al. 2017)These resultanply that
Neurexins may not have a canonical regulatory function in all types of neurons but
have distinct mechanisms in different types of synapses. However, it is still possible
thatNeurexins hava canonical functional role in presynaptic calcium charasethe
same phenotype observed in both-paNeurexin and paab-Neurexin knockout

mice in the same synapsbst this phenotype were diminished in other synapsis

no explained reaso(Missler et al. 2003; Chen et al. 201T) is very difficult to
conclude whether eacNheurexin in pamab Neurexin knockout shaosvdistinct
phenotys in different synapsehirxn3is the only well-studiedNeurexinmembey

which can partly answer this questi@oto et al. 2013; Aoto et al. 2015)

The conditional deletion dfirxn3in mice showed that thereasa decrease in AMPA
receptormediatedexcitatory response due to a losaimumberof AMPA receptors,

when examined ithe hippocampalCALl region(Aoto et al. 2013; Aoto et al. 2015)
However, the same deletiaiso showed a decrease in GAB#&ceptormediated
inhibitory synapse at olfactory bulb neur@gAsto et al. 2013; Aoto et al. 20159)hese
phenotypes were only rescued on the hippocampal neuronsmiBb protein(Aoto

et al. 2013; Aoto et al. 2015)his clearly shows that thBIrxn3 perforns different
functional phenotypes at different types of synapses and neurons, echoing the complex

implication ofNeurexins in neuronal circuits and synapse assembly.

Although therehave been manystudiesthat have been described anconstitutive
mouse model oNrxnla deletion, the functional analyses of cultured neurons were
lacking. The only available data were from Ethergnal study in which the

homozygousNrxnla knockout causgtan alteration in synaptic transmission, but the
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exact association of homozygous or heterozygous deletion remained unknow
(Etherton et al. 2009)For this reason at 2015 Pa al investigatel both in
heterozygous and homozygous deletionNwknla knockout in cultured cortical
neurong(Pak ¢ al. 2015) They found no change in both miniature spontaneous and
action potentiatevoked excitatory postsynaptic curren{®ak et al. 2015)It is
surprisingly interesting that the same deletion showed significantly different

phenotypes in two different experimental proced(irek et al. 2015)

The complexity of thé&lrxnl phenotype in animal models has calledloutlly a need

for human researchNRXN1 mutations associated witASD exhibit incomplete
penetrance, which means that the genetic backgnmarysignificantly contribute to

the clinical phenotype observed in patiehtswever, NRXN1mutatiors havewidely

been associatedvith many neurodevelopmental and neuropsychiatric disease
(Marshall et al. 2008; Zahir et al. 2008; Bucan et al. 2009; Need et al. 2009; Rujescu
etal2009; Wang et al . 20009; -KGwalhikegal. 2X10; a |
Gregor et al. 2011; Schaaf et al. 2012; Béna et al. 2013; Dabell et al. 2013; Kirov et
al. 2014, Todarello et al. 2014; Vifidsernet et al. 2014)

With the advent oinducepluripotent stem cell§PSCs) it has become increasingly
beneficial to study the disease phenotype in human models. Animal models may not
always recapitulate the observed phenotypes in huriaimswasclearly proven by
Paket al study, in which a significant impairment observedhainducedmutation

of ESCderived cortical neurons icontrastio lack of the phenotype imouse model
mentioned abovéPak et al. 2015)They found that th&lRXN1mutationshows no
alteration in differentiation or synaptogenesis, butsevee impairment in
neurotransmitter releas@ak et al. 2015)The heterozygous deletioshowed a
reductionin the frequencyof spontaneous miniature excitatory postsynaptic current
without changing the synaptic density but due to an impairment in release probability
(Pak et al. 2015)This was the first study, investigating the deletion of heterozygous

NRXN1mutationin humans.
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1.4Pluripotent stem cells

14.1 Embryonic stem cells (ESCs)

Stem cells are cells which have the capability ofssiewal and differentiatiomto

all somatic cell types of the human body, ocamther wordfi p | u r i (Weissnean t 0
2000) These ar¢he exact prime characteristics of embryonic stem cells (ESCs). ESCs
were first discovered by Evans and Kaufman (1981) from the inner cell mas} (ICM
of preimplementatiormouseblastocysts. Since then several ESC lines have become
availablein vitro to generate a variety of cells from different lineages including
hepatocytes, neurons and cardiomyocyasns and Kaufman 198 However due

to ethical and scientific barriers to the usenafmanES cells, as well as difficulties
associated with immunological incompatibility, other alternatyproaches have

been explored;e. iPSCs.

14.2 Induced pluripotent stem cells (iPSCs); history

TheiPSCs arsimilar toESGsin theirselfrenewal and differentiation propertyhis
was first generateflom mouse embryonic fibroblasts (MEF) and adult mous«ifail
fibroblasts with retrovirus transfection of four geigakahashi and Yamanaka 2006)
Initially, three groups of 24 different pluripotenayducing genes were selected and
tested.The frst group were a combination of G8t4, Sox2, UTF1, Sall4, Sox15 and
Rex1thatwere expresseith ESCs(Takahashi, Okita, et al. 2007he second group
related togrowth and tumouspecific combined genes ofMy c |, S-taeeningd ,
Grb2, KLF4, TCL1 and ERagramanaka 2007)The third group were lestefined
function genes of ESCs @&CAT1, ESG1, Fbx15, DNMT3L, ECATS, GDF3,
ECAT151, ECAT152, Fthll7 and StellgfYamanaka 2007)These genes were
injected in MEF using retrovirus transfection. The combimatb Oct3/4, Sox2,
Myc and Klf4was showrto produce colonies withigh resemblance in morphology
and proliferation to ESQ¥amanaka 2007MouseiPSCs gave rise tchimeias with

the competency for germline transmissmhen theywere transplantei blastocysts.
These IPSCs were indistinguishable from ESCs in all aspects of pluripotency

proliferationand differentiation.
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Thiswas followed byhereprogrammingf human somatic cells to iPSCkakahashi,
Tanabe, et al. 2007This was achievedby a combination of four reprogramming
factors, including Oct4 ctamerbinding transcription factod), Sox2 Gex
determiningegion Y)}box 2, KlIf4 (Kruppel Like Facted4) and eMyc. Human iPSCs
havebeen injectednto the severe combined immunodeficient (SCID) mice, where it
formed teratomawith cells derived fronall three germ layers, representing to their
pluripotency(Takahashi and Yamanaka 2006; Takahashi, Okita, et al. 2007; Yu et al.
2007)

1.43 Key elements of pluripotency in stem cells

The main and key transcription factors which are associating with pluripotency are
Oct4, Sox2, Nanog, KIf4 andMYC. Oct4 is also known as Oct3 or Oct3/4 encoded
by Pou5f] first, discoveedin mice as a specific ESC transcription fag®choler et

al. 1990) In humans it is encoded byOCF3 gene comprising three isoforms of
OCT4A OCT4Band OCT4B1(Wang and Dai 2010)0CT4Ais the main isoform
which can maintain the stemness of pluripotent stem cells and rkiogtiyn asOCT4.

In mouse embryogenesis, Oct4 is mainly expressed in pluripotent stem cells and
decreases upon differentiatidrhe study shows th#te absencef Oct4 results irthe
deathof embryos at the time of implantation in m{@échols et al. 1998)Therefore,

Oct4 referdo a master regulator of pluripotency during embryonic development.

Sox2 was first discovered as a testetermining facto(Gubbay et al. 1990)Sox
genesare dividedinto various subgroups in whickox2identified in SoxB1 group
along with other members (Sox1, Sox3). Howe@&mx2is the only membewhich
hasan indispensablaole in embryonic desMfopment. The expression of Sox2 was
initially detected at morula stage and later in blastocyst and epibltstioher cell
masgAvilion et al. 2003) This elucidats that the presence &ox2s a critical factor

for the formation of pluripotent stem cell at early stages of embryonic development.
Depletion of Sox2 in both mouse and human ESCs causes a loss in their pluripotent
state of the cells and morpholoffyong et al. 2008)in an ESC modedf the Sox2

null mousethe forced expression @fct4canrescue the pluripotency state of the cells
(Masui et al. 2007)This shows thatthe primaryrole of Sox2is to maintain the
appropriate level oDct4 (Masui et al. 200) This means that the level &ox2has to

be in equilibrium to maintain the pluripotency of the cétisaddition Sox2corporates
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with Oct4 and Nanog to regulate the pluripotency of the ddisyer et al. 2005)
Nanog also has an important role in regulating pluripotent epiblast during
embryogenesis by prenting the differentiation towards endodef@hambers et al.
2003) It has been proved in mouse ESCs that Namag the ability tosustain
pluripotency(Mitsui et al. 2003)

The ectopic expression of Oct4, Soxaylgc and Klf4 can reverse the differentiated
somatic cells. Kif4 belogs to the Krippéelke factor (KIf) that maintain the
proliferation, differentiation and development of ce{McConnell et al. 2007)
Furthermore Klf4 inhibits the differentiation of ESCs in the absence of other
pluripotency factors such #sukaemiainhibitory factor (UF) (P. Zhang et al. 2010)
KlIf4 suppresesthe P53 pathway, a potent inhibitor of Nanog expression in ESC or
IPSC differentiatior(Lin et al. 2005) This mears that Klf4 has a role in maintaining

and regulating the expression of Nanog.

Finally, the expression ofilyc and its role in pluripotency of ESCs have dieen
investigatedKim et al. 2008) Disruptionof c-Myc at E10.5 caused defects in vascular
and hematopoietic cel(®avis et al. 1993)Furthermore, the seienewal abiliies of
ESCsareinterfered in mouse knockdown moaélc-Myc (Varlakhanova et al. 2010)

The lack of eMyc in iPSC generation has been reported to dramatically reduce its
efficiency (Nakagawa et al. 2008C-Myc has a role in suppressing thieroblast
specificgene expression which is essential in the early stages of the reprogramming
procesgSridharan et al. 2009)

1.44 Generation of iPSCs

Thefirst step in generating iPSCs is to identify and celthe source cedl Then, the
appropriate reprogramming factorda® introducedo the selected source cells. There

are two ways of introducing the reprogramming factors; integrating and non
integrding methods. The integrating methods inéuding retroviral, lentiviral and
inducible lentiviralvectors,and nonrintegrating methods comprise 8éndaivirus,
episomal vectors aratlenovirugBrambrink et al. 2008; Fusaki et al. 200Bhe cells
undergo morphological changes and iPSC colonies generated by having round shape,
large nucleus and scant cytoplagihomson et al. 1998)The iIPSCs were then

characterizedon the basis gbluripotent transcription factors Oct4, Sox2 and Nanog
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and cell surface markers SSEA4 and Tra{lB@ernational Stem Cell Initiative et al.
2007)

Lentiviral and retroviral reprogramming methods have very high efficiency in

generating iPSCs, but it poses the risk of insertional mutagenesis. Thadvaiage

of using lentiviral is their ability to transduce both dividing and-diding cells. On

the other hand, neimtegrating models such as episomgprogranming have the

advantage of using only one single transfection to induce reprogramming|l @s

removing the potential risk of cancer generation dutagontegrationof virus. The

episomal vectors deliver into the cell using an oriP/EBNA backbone system called

Af ootf preiedt i PSCs. H o wislewerrin, conpérison to lerdivirdl i ci ency
(Robinton and Daley 2012)

Sendai virus has grown in popularity in the recent yieeiminate the risk associated
with lentiviral reprogramming and the low efficiency implicated using episomal
vectors (Zhou and Zeng 2013)The transgene expression decreased over time in
culture and had very high efficiency with high-quality iPSCs and similar
morphological charactistics as ESC@rusaki et al. 209).

1.45 Potential advantages of iPSCs

The iPSG are derivedrom fully differentiated somatic cells such as skin fibroldast
without the requirement of using human oocyte or embrFis removes the ethical

and political issue of using ESCs, in additimncomplex methods deriving them.
However, the methods used for generating iPSCs are relatively simple and achievable
in most laboratories. Direct reprogramming methodology enabled trezagiem of

iPSCs from healthy volunteers, a potential and immediate utility in drug screening and
toxicologytesting The potential advantages of iPSAsthe ability to generate iPSCs

from patients of various diseas@sisis very important in areas oésearctwherein

vitro human celmodelsare lackingi.e. brain, heart.

Human dermal fibroblast has been a robust starting material for inducing {P&Cs

et al. 2007)Thisenables the researchers to use fibroblast from patients to extensively
study the disease in vitro. ThegatientspecificiPSC lines can offer a tremendous
opportunity to model a disegsehich is not possible through animal reseaiiims

can be usedfor cellular therapy, given that they are derived from the patients,
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minimizing the immune rejection.

There are other sources of somatic cells which have been used to generate iPSCs.
These e blood cell{Kim et al. 2016) keratinocytes from plucked hgicim et al.
2016)and exfoliated renal tubular epithelial cebsid cellsfrom urine(Zhou et al.

2011) Apart from scalp hair, other facial hair sources such as hair from nose, eyebrow
and beard can aldme usedHowever, fibroblast ishe most commonly used primary

cell sourceThis is obtainedirom a skin punch biopsy with a common size of-3.5

4mm.

1.46 iPSCs as am? vitro disease model

There are a large number of disease models which lese developedh the last
decade. There are a variety of animal models using species such as mice, rats, dogs
and monkeys. However, these models can never recapitulate the human genetic make
up and microenvironment. Hence, iPSCs have been a great alternative in disease
modelling therapeutic interventions and drug discovefig(re 16). iPSCshave the
capability to selfrenew and differentiate into all different cell types. The first
suggestion was basedthreneurodegeneratiwtisease for applying iPSCs as a disease
model (Park et al. 2008)The proper differentiation to specific subtypes of neurons

allows researchers to find potential cures.

One of the most activelgtudied disease modelling in neurological disorders is

Al z hei me r(Rosdo dtials 20 E3sVeang and Doering 2Q1Ry using iPSC

model s, researchers have found that there
disease in A accumuation among different patiensrael et al. 2012)PSC models

havealso beemwidely studied for amyotrophic lateral sclerosis (Al(Riskinis et al.

2014; Chen et al. 2014dizophrenigBrennand et al. 201,13pinal muscular atrophy

(Sareen et al. 2012Rett syndromdAnaniev et al. 2011)PradeiWilli syndrome

(Yang et al. 201Q)fragile X syndromegUrbach et al. 200), PhelarMcDermid
syndromgShcheglovitovetal. 2013 nd Hunt i n dN. ghang stal.®2018)e a s e

There have been great aaees in using iPSC derived tissues in drug screening. For
example, loxapinevas identified as a potential drug target for schizophrenia by

increasing neurites and connectivity among neur@sennand et al. 2011)Jsing
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ALS patientspecificiPSC derived motor neuronisenpaullondnas been proved to be

a potential drug candidate fothe survival of neurons(Yang et al. 2013)These
discoveries show that iPSC technology has taken a signifstapto fill the gap
betweerthe pahogenesi®f diseasesThis strongly suggests the possibility of future
personalizednedicine in therapeutic intervention and application for patients with

various neurological and nareurological diseases.
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Figure 16. Use of induced pluripotent stem cell for drug and cell therapyrhis
process starts with skin biopsies to geneatisntspecifidPSCsThisis followed by directed
differentiation to desired cell lines or undergoing gene editing to correct tha.rRotatinig
discovery, the differentiated cells will be either used for drug screening apdaestitiueir
application foin vivaesting or wilbe usedor animal disease modelling. For cell therapy, the
corrected iPSCs will differentiate inteirdel cell types and will be used first in animals for in
vivo engraftment before their application into humans.
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1.5 Aims

Therehavebeen manytudies over the last few decades to identify genes which are
associated with ASD and predispose to the clinical phenotypes. However, ASD
encapsulates as very complex neurodevelopmental disorder which their
underlying pathways has yet to be determiri@aenotypes thadre associatedith

ASD are variel from mild to severe and cdme attributeddo more than one gene
mutation hencaet is not possible to model ASD in animals. Moreover, there are many
other disorders such as mental retardation, intebédisabilities, bipolar disorder
and epilepsyhat have comorbidity witASD (Volkmar et al. 2004)With the useof
IPSCs, many researchers around the world hgarerated manyesired human
disease modeh a dish Therehavebeen great advances in regenerative medicine to
recapitulatepatientspecificdisease phenotyp&his provides a great opportunity for

drug discovery and therapeutic interventions.

This study aimedio generate iPSCs from fibroblast obtained from patients with
NRXN1a deletionwho have been diagnosed wilSD and to investigate molecular

and functional changes MRXNZdeletion neurons derived from iPSCs.

The derivation of iPSCsvas achieved using viral and nemal reprogramming
methodsandiPSCs were extensivebharacteried using standard metho@Shapter
2). A differentiation protocolvasapplied to generate mature and functional cortical
neurons (Chaptet). The differeniation capability, synaptogenesis and early and late

neuronal developmemtere investigatedtthe molecular level (Chapted).

NRXN1 proteinis expressedh both excitatory and inhibitory synapsasddeletion
of either heterozygous and homozygdRXN1lhasbeen implicatedn altering the
excitatory and inhibitory postsynaptic transmission as fully discusstbe previous
section. Furthermore,Neurexins are essential for couplingltagegated calcium
channels to the release machindryis means thaNRXN1deletion may disturb the
electrical firing and calcium signalling of neurons (ChagBeand4). The aim of these
chaptes was to investigatethe impact ofNRXNZ1deletion on passive and active
properties of neurons (Chapt8), as well as calcium snglling among neurons
(Chapter4). To further understand the underlying molecular mecharagrany
observed phenotype whole genome RNA sequeneirg applied (Chaptes), the
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transcriptomes were systematically analysedunaover the molecular pathways

associated wittNRXN1deletion andiltered neuronal functions
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2.1 Introduction
2.1.1 Pathology of ASD

Induce pluripotent stem cellare similar tathe embryonic stem celland both can

be differentiatednto most cell types in the body. Transformation of adult somatic
cells to iIPSCs, and then to differentiated disease cell types, has been an innovative
technology, which facilitates powerful modelling of various human diseases and
overcoms ethical challeges. This allows researchers to underpin the molecular
deficits, cellular dysfunction/abnormalities and pathophysiology of human diseases.
Indeed, iPS@lerived neurons have been studied in many neurodevelopmental
diseases, such as schizophrgideennand et al. 2011Rett syndromgKim et al.

2011; Ananiev et al. 2011; Marchetto et al. 2010; Ricciardi et al. 2Gtayile X
syndrome(Sheridan et al. 2011; Liu et a0D22)and Timothy syndromé Pakca et
2011; Krey et al. 2013)

The cortical thickness is shown to predict the symptom severity scores of ASD derived
from the Autism Diagnostic Observation Schedule (ADOS). Moradi and calsag
were able to correlate the severity of ASD with cortical thickness by analysing 156
ASD individuals and using two main adaptation and learning qtdgeadi et al.
2017) Furthermore, abnormality the mini-columnarstructure of neocortex has also
shown to be a common pathological finding in A&maral et al. 2008)This
evidencesuggest abnormalkorticogenesis during brain development of ASD.

In support othe previousstatement, the overgrowth thie brainespeciallyin the first
and second year of life was reportesh significantincrease in ASD individuals in
comparison to healthy contrdl€ourchesne and Redc&p04; Stanfield et al. 2008)
This brain enlargementas alsoobservedn neuroimaging studies ithe amygdala
and cerebellar volume but a reductioncorpuscallosum volumgStanfield et al.
2008; Frazier and Hardan 200@)ortical thickness and folding have been additionally
reported in children with ASQEcker et al. 2013)

In a more recendtudy, Libero and colleagues investigated the neural architecture by
comparing a set of 19 higtunctioning ASD adults to 18 typically developing peers,

using multiple brain imaging modalities of structural MRI, Diffusion Tensor Imaging
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(DTI) andProtonMagnetic Resonance Spectroscopy-IRS). Their morphometric
analysis also revealed an increasthathicknessof cortex in highfunctioning ASD

individuals.

An increase in left cingulate and left inferior temporal cortex and a decrease in cuneus
and right precentral gyrus have also identified as neuropathology of ASD individuals
(Libero et al. 2015)In a subsequent study, they investigated neurochemical balance,
and found a significant increase of cholinéhacingulatecortex of ASD adults, with

a marginal increase itihe dorsalanterior cingulate corteibero et al. 2015)An
increased number of neurons, decreageldme of neuronal soma and increased

neuropil were also observédarghese et al. 2017)

On the other hand, diminished cortical widths also reporteffom a comparative
morplometrical study of ASD coronal brain sections and contiokerms oflocation

and size of the frontal lobes, this reduction was consistent with a diagnosis of focal
cortical dysplasiaSpatial statistics identified smaller pyramidal cells andduction

in a total number of interneura During corticogenesis, the cortical malformation
resides in heterochronic divisions of periventricular germinal cells, and
desynchronising development of the migrating neuroblasts (future pyramidal cells)
(Casanova et al. 2013)

Neuronscommunicateisingsynapses via excitation and inhibition. GABA is a major
inhibitory pathway. The GABAA subunit expression in the postmotissues was
shown to be decreased in the superior frontal cortex, parietal cortex and cerebellum of
subjects with autisnfFatemi et al. 2009)Parvdbumin marks a major subtype of
GABAergic interneurons and Parvalbumin mRNA was significantly lower in
Purkinje cells of Crus Il of the lateral cerebellar hemispheres in ASD compared to
control braindSoghomonian et al. 20LMlowever, using inducegluripotent stem
cellsto model sporadic ASD, ASDerived organoids were recently found to exhibit
overexpression of th&OXG], an accelerated cell cycle and overproduction of
GABAergic inhibitory neurongMariani et al. 2012)

Evidencealso shows that the cortical thickness may indicate the maturation and
connectivity of cortex and the development of white mnattieich largely take place
after birth(Shaw et al. 2008; Raznahan et al. 20Thjs elucidates that there might
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be an impirment in maturation and density of dendritic spines which were also
observed in ASD(Varghese et al. 2017)These pathological analyses reveal the
heterogeneity, compleyi, and even controversy of ASD neuropathology. To a certain
degree, we think this reflects the heterogeneity of different genetic factors involved.
Meanwhile, littleis knownabout the corticogenesis and excitatory pathways in the
pathogenesis of ASD. Uerdstanding normal corticogenesis in mammals and humans

will be usdul in identifying ASD neuropathology.

2.1.2 Mouse corticogenesis

The cerebral cortex in mammals and humans is a laminar tissue divided into six layers,
which arecytoarchitectonicallyand functionally distinct. Each layer contains a unique
subset of neurons, including glutamatergic excitatory projection (pyramidal) neurons
and GABAergic inhibitory interneurons. This structwas generateih a cell cycle
dependent manner in which innlayers i.e. layers 5-6 were generated first during
neurogenesis. The ventricular zone in the neural tube comprigésstfipositive
progenitors. These progenitors undeagexpansiorof the neuralprogenitor pool or

later divide into postmitotic dolddcortin (DCX) positive cells. The early postmitotic
neurons formingpreplatewill split into superficial layer 1 (CajeRetzius) and layer
sixaround E10.5. Latayn, at around E12.5, postmitotic neurons migrate along radial
glial cells (RGCs) and formyar 5 and 6 ofhecortex Layer 24 neuronsre produced

from the new neurons at E14.5 (Figure 2.1). Thus, six layers are largely completed at
E17.5 in mouse embryo before birth.
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Figure 2.1. Mouse neurogenesis and neuronal migration in the neocortéx<E10,

neural progenitors (NPs) in the ventricular zone (VZ; blue) of the developing neocortex divide
symmetrically to expand the NP pool. Corticogenesis occurs in a-@dpeyderandinside

out manner. Eardlgorn neurongorm the deep layers, aieas latdsorn neurons migrate past

older neurons to form the superficial layers. Diverse subtypes of projection neurons are generated
sequentially, first SP neurons, followed by the deep layers (L6 and L5; red), and finally, the upper
layers (L4, L3 arld?; green). The significant proportion of upper layer neurons emerge from
intermediate progenitor celBE9 which haveeen migratei thesubventriculazone(SV2).

Finally, NPsindergagliogensis generating astrocytes and ependymal and blood cells at the end

of E17.5. CR, CajRetzius neuron; DL Pyr, ddager pyramidal neuron; 1Z, intermediate zone;

UL Pyr, uppetayer pyramidal neuron, WM, white mékeran et al. 2012)

Sox5andTbrl are the key transcription factors for generatioaafy-borndeep layer
neuronsSox5sbelongto SOX transcription factors atglexpresseth postmitotc SP
and L6 neurons. It has a role in migration, axonal projection and differentiation of L6
neurons(Kwan et al. 2008; Lai et al. 2008xnd dowrregulates L5 transcription
factorsFezf2andCtip2 (Kwan et al. 2008; Lai et al. 20Q8)he expression dfezf2
and Ctip2 are esseatifor the subcorticaldevelopment of L5 neuror{érlotta et al.
2005; B. Chen et al. 2005;-G. Chen et al. 2005; Molyneaux et al. 2Q0B)r1 is
seletively expressed in L6 corticothalamic projection neurons and L1 -Bajlius
neurongHevner et al. 2001Ybrl alsosuppresses and dowegulates the expression
of Fezf2andCtip2 in L6 corticothalamic neuron@dan et al. 2011; McKenna et al.
2011) Thrlis also required for differentiation and axonal pathfindidgvner ¢ al.

2001; Han et al. 2011; McKenna et al. 2011)
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Satb2is highly expressed in postmitotic 15 projection neurons and is an interacting
transcription factor that regulates the upfsgrerspecific genesCux2 Cdhl0and
Rorb (Alcamo et al. 2008)but suppress Ctip&Satb2is involved in many aspects of
upper layer neurons such as differentiation, axonal guidance and migsitamo

et al. 2008; Britanova et al. 2008)thertranscription factorthatare expessedn L2-

L5 of projection neurons include Pou3f2 (formerly Brn2) and Pou3f3 (formerly Brnl)
andthey belong to POU domain transcription factgvieEvilly et al. 2002; Sugitani

et al. 2002)

The six layers can be distinguished by lageecific markersfor exampleCalretinn

marks layer 1 CajaRetzius cellsCuxlandCux2areexpresseth layer 2 and 3; Brnl

labels layer 24; FoxP2andTbrl expressed by layer VI, and Ctip2 is positive in layer

5 and 6 neuronflizarraga et al. 2010)These markers are important for assessing
normal corticogenesis as well as identifying any alteration in bothinpagem tissues

and disease model of ASD. Furthermore, the process of corticogenesis can be
investigated using proliferating marker Ki67, the S phase maielU, and M phase
marker- phosphehistone H3, the newborn pestitotic cell marker- Dcx, the pan

neuralneuronal cell markerTujl, and mature neuronal markekéap2and NeuN.

2.1.3 Human corticogenesis and developmental markers

A prominent feature of the human brain is the fabulous size of the cerebral andex

its sophisticateccerebralfolding appeared as grooves on its external surface of the
cortex. Cortical expansion and folding are essential processes in human brain
development, leading to human intellectual and cognition performances. Cortical
folding begins from embryonic developmnieto generate a functional brain wiring
network and to enable an appropriate fit in a limited cranial volume. An alteration or
impairment in cortical folding in humans may correlate to intellectual disability and
epilepsy(Walsh 1999Barkovich et al. 2012)There has beeagreatadvancement in
understanding human cortical development in the last 15 years in the field, including
the proliferation of NPs, the size othe cortex novel germinal zones and different
types of NPs, and spific genes associated with neocortical expan@t@nnandez et

al. 2016; Florio eal. 2017)
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At the start of corticogenesis in human, neuroepithelial cells possess feattires of
apicalradial glial cell GBRGQ mainly expressinPAX6and Vimentin (reviewed by
(Tavernaet al. 2014). The neuroepithelial cells (aRGCs) undergo symmetrical
divisions of either new postmitotic doublecortibd@X) positive cells or to
intermediate neural progenitor cells (IPCs), the same process as at E10 mouse
embryogenesi$Endund et al. 2005)Figure 2.2). More asymmetric divisions will
take placen order togenerate more IPCs froaRGCs(Noctor et al. 2004)These

IPCs generate the majority of excitatory cortical neuronshencerebral cortex
(Kowalczyk et al. 2009)In the ventricular zones, apical intermediate progenitors
(alP9 divide at theimapical surface and produce neurons, but the subapical progenitors
divide to generate IPC&tancik et al. 2010)In SVZ, the basal radial glial cells
(bRGCs) expresBAXG sharing many similarities to aRG(C3hitamukai et al. 2011,
Wang et al. 2011(Figure 2.2).

The abundance of aRG@&smuch higher irgyrencephalispecies than in mouse and
rats. This abundance occurs dughwhighproportion of neural epithelial cells at early
stages of corticogenesis as well as increasedassdfification of aRGCs The
abundance of basal progenitors is further accompaniedplayagang SVZ into outer
and inner SVZ (OSVZ, ISVZ respectivelffernandez et al. 2016)

The OSVZ comprises two main factors that are crucial for cortical folding and
expansion. They are present in various progenitor cell types for high amplification
(Lui et al. 2011; Borrell and G6tz 2014h gyrencephalicspeciesthe majority of
basal progenitors are bRGCs rather thd@s which is abundant in lissencephalic
mouse (Borrell and Reillo 2012; Reillo et al. 2011; Betizeau et al. 2013)
gyrencephalicorticogenesis such as in macaque and ferret, the generation and self
amplification of neuronsake much longer in comparison to roderfornack and
Rakic 1998; Borrell and Reillo 2012nabling a much greater cell divisifDehay

and Kennedy 2007; Florio and Huttner 2Q1he® statements suggest that OSVZ
has an essential role in increasing neurogenesis and cortical folding in mammals
(Figure 3.2)Fietz and Huttner 2011; Borrell and Reillo 2012; Borrell and Gotz 2014,
Florio and Hatner 2014) Thisis further examined by forced expression of OSVZ, in
which the surface area and folding of cortex dramatically increased, while the
suppression and blockade of OSVZ reduced cortical foldRejllo et al. 2011;
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NonakaKinoshita et al. 2013)The OSVZ thereforeplays a central role in cortical

expansion and foldings they not only prominently contribute to the increased neuron

production, but also specifically to its high content of bRGCs.

These discoveries in cortical development, expansion and folding comerfaom

multidisciplinarystudies includinginvestigaton of mechanism at the molecular and

cellular levels governing neurogenesis, their pattern of folding and growth. These

studies also show how genetic evolution steers cortical size, folding dineng

evolutionof human brain development and how genetic alterations may cause human

brain diseases.
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Figure 2.2. Schematic diagram of cerebral cortex ddopment in gyrencephalic
brains. This diagram shows the essential types of progenitor cells and their camoeetioct

on cerebral cortex development. Most neuroepithelial cells undergo amplification to generate
apical radial glial cells. Neurons emerge from aRGCs from either basal radial glial or intermediate

progenitor cells durirtge neurogeniphase. Thisidgram shows the list of molecules playing a
role in each phase (adopted f(&®rnandez et al. 2016)

2.1.4 Neural induction using dual SMAD inhibition and
subsequent neuronal cultures

During mammalian cortical development, neurons, radial glial, oligodendrocytes and

astrocytes emerge from neural stem cells (NSCs). These are precisely programmed
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developmental processes involving eall interactions, environmental signals and
intrinsic signalling pathways. Bone morphogenic proteins (BMPs) belong to
transforming growth factob (TGFo) cytokine superfamily that promotes various
cellular events for neuronal fate determination. They also interact with basic fibroblast
growth factor (bFGF)rad sonic hedgehog (Shh) which pkgrucialrole in NSC sel
renewal and expansion. There are more than 20 different BMPs with distinct functions
depending on their interactions with various receptors and the tissues they are
accumulating (Mishina 2003) While they have an essential role in stem cell
proliferation and selfenewal, they block neuronal differentiatipring et al. 2003)

and promote nomneuronal (i.e. mesodermal) differentiatiofu et al. 2002; Ying et

al. 2003)

In the last few years, theleve been many methods proposed to differentiate ESCs
and iPSCs into neural progenitor cells (NPCs) and then to different neuronal lineages
(Zhang et al. 2001)A common differentiatiomprotocol was established on the isas

of the embryonic body (EB) formation(Clark et al. 2004) This protocd has
disadvantages of heterogeneous production of cells angttnmsaiming procedure. A
monaclayer andthe serumfree based protocolvere establishedYing et al. 2003)
based on certain signalling pathways that are requirdz tmhibitedduring brain
development.BMP signalling pathway inhibitors, such as chordin, Noggin and
compound LDN193189, are impartt in early embryo development through SMAD
signalling(Sasai et al. 1994; Smith and Harland 19€2yly studies irXenopusave
shown that the BMP signalling prevents neural differentiaflanker and Stern
2004) In addition it is shownin chick andXenopusthat theantagonist of BMP
protectsthe presumptiveneural plate and enhances neuronal differentigmica

and Brivanlou 2006)However, the inhibition of BMP sigrialg alone is not sufficient

for neural induction. In the mouse model lacking all the BMP signalling antagonists,
the nervous system is still develog&tukhopadhyay et al. 2001; Bachiller et al. 2000;
McMahon et al. 1998)

|l nhi bition of anot her S NsAaBo feundgto ardmiote n g , TGFDb
neur al i ndu deinhibitredoy aBriGafl molecude malled SB4315@2atani
etal. 2009) Activin and Nodal signalling are memb

are responsible for theamtenance of iPSC pluripotency and gelfiewal, as well as
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inducing mesodermal differentiatigivallier et al. 2004; Vallier et aR005; Beattie

et al. 2005; James et al. 2008pdal binds to complexes of Activin receptors (ALK4,

ALK7 and ActRIl), which eventuallyaffect SMAD signalling (reviewed if{Schier

2003) SB431542 <can inhibit TGFDb/ activinl/
through the phosphorylation of ALK7, ALK5 and ALK4 (Figure 3.Bhis elucidates

that nodal signalling not only promotes tH#ferentiation of mesodermbut also

provides an inhibition mechanism towards neural fate iootivo andin vitro (Smith

et al. 2008; Vallier et al. 2004)
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Figure 2.3. TGH and BMP signalling pathways SB431542 molecule inhibits Activin

type | receptor and Nodal type | receptor, and both of which are responsible for phosphorylation
of SMAD2/SMAD4, which induce mesoderm and ectodermal differentiation. LDN193189
selectively hibits BMP receptor I, ALK2 and ALK3, which in turn inhibit SMAD1/5/8

activation. Inhibition of TG and BMP pathways drives stem cells toward ectodermal
differentiation\yww.selleckchem.com/T@setahtml).

Their synergic action of both SB431542 and L8B8189 was shown to drive the
IPSCs into NPCs and to specific neuronal subtypes such as pyramidal neurons
(Chambers et al. 2009; Shi, Kirwan, Smith, et al. 2012; Es@amgacho et al. 201.3)
Therefore, the dual SMAD inhibition strategy was used to differentiate iPSCs towards

the aneérior neuroectodermal lineage and telencephalic glutamatergic neurons
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(Chambersteal. 2009) Thisis a key for the generation of cortical neurons. A notable
feature of this method is that different classes of neurondeageneratedh the
temporal order as that utera Early, deep layer neuronBBRI/CTIP2") may appear

in thefirst 20/30 days of differentiation, while upper layer cortical neur&4sT@2,
BRN2") will be generateds late as 80/90 dayShi, Kirwan and Livesey 2012\Ve
have used this protocol in this study togeate excitatory cortical neurons from the

control andNRXNZ*deletion ASD iPSCs for phenotypic analyses.

2.1.5Reprogramming from fibroblast to iPSC

The discovery of iPSCs in 2006 has opened up a redviiith many branches of
translational and regenerative medic{iiakahashi and Yamanaka 2006; Takahashi,
Tanabe, et al. 2007The iPSCs are derived from adult somatarcesut have the
pluripotency resembling ESCsegarding the capability of selfenewal and
differentiation to any desired cell lineage. They cé#merefore,overcome ethical
complication of human ESCs and provide a great opportunigvtutionizehuman
disease modelling vitro by targeting unmet clinical needs, to study disease in eultur
dish and to investigate the underlying disease mechanism. Moreoterms ofcell
replacement therapy, the immune rejection upon allogenic transplantation legkbe

of a concern with cells derived from patient own somatic tissue. Although stem cells
canalso beaderived from umbilical cord blood, blood, bone marrow and adipose tissue
(Gnecchi and Melo 2009)he mesenchymal stem cells derived from these sources can
only be differentiatedo certain cell lineages such asteocytes, chondrocytes and
adipocytes.The humanbrain is particularly difficult to access, and primary human
neurons do not grow wahh vitro. The iPSC technology has thus provided unique and
invaluable opportunity for studying neurological and neuropsychiatric disorders to
explore the fundamealt molecular and cellular pathways impaired in
neurodevelopmental and neurodegenerative diseases, editthbe challengingp

model in rodents.

The main transcription factors involved in early embryonic development, as well as
pluripotency and selfenewal properties are SOX2, OCT4, NANOGnd KLF4
(Takahashi, Tanabe, et al. 2007There are various methods which have been
developed to convert somatic cells into iPSIBsthe forced expression of essential

genes which are critical for the pluripotendentity. The original method of
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reprogrammingitilized retroviral transductionlhiswas a simple and efficient model

but may cause multiple genomic integrations of transgenes, due to the limited cloning
capacity of the retroviral vector. Therefore, muliivectors are needed to express
transcriptional factors, which made a conaegardingclinical applications of iIPSCs

and the risk of insertional mutagenesifis was followed by the development of
lentiviral, Sendi virus and episomal vectof¥u et al. 2007; Takahashi, Tanabe, et al.

2007; Fusaki et al. 2009Wwithadi f f er ent Afgene cocktail o
discovery(Takahashi, Tanabe, et al. 2007; Yamanaka 2@D8pnvert somatic cells

to iIPSCHqFeng et al. 2009; Buganim et al. 2012)

Later, lentivirus with Lox P sitewas introducedwvhich had a larger capacityto
incorporate four reprogramming factors into a single vector, thus minimikang
integration sites into the host genomic DNK. addition with the aid of Cre
recombinase the floxed reprogramming genes can be removed after the iPSC
generation(Chakraborty et al. 2013; Sommer et al. 20I0) further increase the
transgene expression, transposons were introdGrdbundzija et al. 2013)
However, none ote genomentegrating vectorss consideredafe becausthe DNA

foot-print may remain, and a possible genomic rearrangement or deletion may occur.

This led tothe explorationof nonintegrating methods for iPSC transgene delivery.
These methods involve using plasmid transfectioglépenetratingroteins and non
integrating virusesetc (Stadtfeld et al. 2008; Okita et al. 2008; Kim et al. 2009)
Although these methods resolved the issue of possible genetic rearrangement and
deletion, the reprogramming efficienaeyas reduced.Sendai virus is also a non

integrating method with very high efficien¢iyusaki et al. 2009)

A norrintegrated and newiral method is the use of episomal DNA vectdiisisis an

easy and inexpensive method with limited transfeciitais means that there is a very
low risk of integration of a transgene into host transfected cells. It ippiBnizedto

be usedn feedeifree condition medium. The Epi5 reprogramming is a method which
was used by myself for this study for the first time in the laboratory to obtain
pluripotent stem cells. The episomal vectors haverdEBNA-1 backbone.The
presere of oriP/EBNAL backbone ensures the gradual loss of the episomal vectors
ataratio of 5% per cell cycle without any further manipulati&pi5 reprogramming

vectors are a mixture of three episomal vectors, with a replication origin (oriP) element
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andcis-acting EBV nuclear antigeh (EBNA-1) carrying the reprogramming genes
Oct4, Sox2, Lin28, tMyc and KIf4. In addition tothe EBNA-1 backbone in the
episomal reprogramming, expression of mp53DD improve the reprogramming
efficiencies. p53 is a protein which is essential for cell cycle regulation. In the presence
of cytotoxic activity, p53 causes cell cycle arrest and cell death. Therdfe
dominantnegative mutation of p5i3 used in this episomal reprogramming, diluting

out gradually after passaging iPSCs.

The source of somatic cells can be fibroblasts, keratinocytes, peripheral blood cells
and exfoliated cells from urin@akahashi, Tanabe, et al. 2007; Aasen and Izpista
Belmonte 2010; Staerk et al. 2010; Zhou et al. 2012; Takahashi and Yamanaka 2006)
The efficiency of reprogramming methods is important to obtain a good yield of iPSC
colonies, and iPSC clonekall have less bias to differentiate into any cell type. We

therefore have used skin biopsy and derived dermal fibroblasts in this project.

The lines which have been used in this prageetderivedrom lentiviral and episomal
vector reprogramming methodghis reflected the history of the project from a single
lentiviral vector (integrated) performég former group membaet the initial stage to
norrintegrated (episomal) method when | joined thejgct. The expression of the
reprogramming genes may vary among iPSC lines. However, all iPSCs have been
standardizednd efficient expression level @ICT4 SOX2and NANOGhavebeen
validatedacross the lines.

This chapter aim$o generate iPSCs and cortical glutamatergic neurons from both
control andNRXNZla-deletion lines, using dual SMAD inhibition differentiation
protocol (Chambers et al. 2009; Shi, Kirwan, Smith, et al. 2012; Shi, Kirwan and
Livesey 2012) The molecular and cellular changes of iPSCs to neural progenitors
were validatedht different early stages of differentiation (i.e. day 10, 20, 30) at both
RNA and protein levelsFor example PAX6was analysed as ftas an important
determinant role in the fate of neural progenitors and the density of cortical neurons
in the forebran (Jones et al. 2002T he expression &FOXG1transcription factor was

also determined at RNAand protein level at early stages of cortical neuron
differentiation, aF=FOXG1plays a critical role in proliferation and neurogenesis o

pyramidal neurons in the forebrafWartynoga et al. 2005We also validated the
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protocol with Tujl, MAP2, SYN1 and excitatory neuronal markers. Expression of
Tujl is an essential pameuronal marker, which is expressed specifically by neural
stem cells, developing and mature neur@vienezes and Luskin 1994)lost ofthe
postmitotic neurons in forebrain originate from Thjpositive progenitor cells in the
anterior part of SVZLuskin et al. 1997; Menezes et al. 199bhe iPSCderived
neurons also show expression of mature neuronal marker MAP2, which is a forebrain
pyramidal marker, and is mainly present in dendrites of pyramidal céfiecerebral

cortex (Curtetti et al. 2002)Furthermore, the expression afseriesof excitatory
neuronal markers at prand posisynaptic membrane, synaptic marker SYN1 genes

and different cortical layer markengere investigatedt the RNA and mtein levels.

2.2 Material & Methods

2.2.1. Fibroblast culture

Skin biopsies (3mm) were obtained from both control (healthy volunteers) and
identified NRXNIU del eti on patients at Gal way Uni
studywas grantedby NUI Galway research ethics committee (reference C.A.750).

Skin biopsies were washed iBulbecco's Phosphatguffered SalindDPBS)

(Thermo Fisher Scientific 14190250) containing 5% penicillin/streptomycin (Thermo
Fisher Scientific 10,000 U/ml 1514012&hd cut in to small pieces using a sterile

scalpel blade. Dissected biopsies were cultured in ¢gligtose Dulbecco's Modified

Eagle Medium Thermo Fisher Scientific 11965092) supplemented with 10% fetal
bovine serum (Thermo Fisher Scientific HY001-354R), 1% penicillin/streptomycin

and 1% noressential amino acids (Thermo Fisher Scientific 11140050).

2.2.2 Derivation of iPSC using lentiviral (By Katya
McDonough) and episomal reprogramming method (in
conjunction with Katya McDonough)

The IPSCs were gersed using lentiviral and episomal reprogramming methods.
Table 2.1 provides thaletails of patient and control liseincluding their
reprogramming methgodage where biopsies taken and their deletegions where

applicable(Hg19builder).
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Table 2.1.Source information for iPSC lines.

iPSC line Reprogramm| Control | Sex| Age Inheritan | Deletion region
ing method | or (at ce (Hg19 startstop)
patient biopsy
)
1CC2 Lentivirus Ctrl M 4 N/A N/A
3VCX1 and Lentivirus Ctrl M 21 N/A N/A
3VC2
4C3and ££X1 | Lentivirus Ctrl M 19 N/A N/A
2VC1 Lentivirus Ctrl F 20 N/A N/A
NCRM-1 NIH: Ctrl M Not N/A N/A
episomal known
ND1 C1 Lentivirus Patient | M 6 De novo | Exon 613 50566968
50897061
ND2 C11 and | Lentivirus Patient | M 20 De novo | Exon 15:51122091
ND2 CX1 51314430
ND4-1C1 and | Episomal Patient | F 19 De novo | Exon 15: 50982113
ND4-1 C2 51446873

2.22.1 Lentiviral

Step 1: Day 0 (seeding of fibroblasts)Fibroblastswere seededt a density of
5.0X10" in a 6well plate. Cells were maintained at 37° C overnigh2.5 ml of
fibroblast mediumywhich consisted of DMEM high glucose 4.5g/L (Thermo Fisher
Scientific, 11965092), 1% neessential amino acids (Thermo Fisher Scientific 100X,
11140050), 1% penicillin/streptomycini{ermo Fisher Scientific, 10,000 U/ml,
15140122 and 10% Hycloné" fetal bovine serum (Fisher Thermo Scientific,
10309433).

Step 2: Day 1 (% transduction): Prior to transduction, a control well of fibroblasts
were dissociated using Trypsin/EDTA (Thermo Fisher Scientific, 25200056) to count
the number otells, which were used to calculate the multiplicity of infection (MOI)
for reprogramming of other wdissociated fibroblasts which were seeded with same
cell numbers at the same time. The MOI of 5 were used in this protocol to achieve
high and efficient @programming of the cells. One vial of Human STEMCCA
Constitutive Polycistronic (OKSM) virus (MerdMdillipore Cork, Ireland, SCR510)

was thawed in ice after its removal fro80 C. For a batch with the titre value of
3.2X1@ infectious units (IFU), the virses were diluted in 1:100 in DMEM high

glucose medium. Theultural medium in the reprogramming-\@ell plates was
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replaced with 1 ml of fresh fibroblast medium. Polybrene (Merch Millipore LU&3)

was diluted in 1:10 with culture grade water (Sigma Aldrich 59900C) ahdf%his

was added to each well for obtaininggdml final concentration. The virus volume
was calculated using the formutaumberof cells/virus titre x MOI /1 ml x1000 and
required amount of virus was added directly to the fibroblast well. The plate was
rocked gently to distribute the virus acrosswredl and cells were incubated at 37° C
overnight.

Step 3: Day 2 (29 transduction of fibroblasts): On the following day, the second
transduction was applied to the fibroblasts using the same approtuhpasvious
day. To calculate the correct virus vioia on the second day, using an additional well
of control fibroblasts seeded at day O.

Step 4: Day 3 (change of medium with bFGF)On day 3 of reprogramming, the
medium was aspiratedand cells washed three times in DPBhermo Fisher
Scientific, 14190250). The mediumas replacedvith Knockout DMEM medium,
whichwas madef 195 ml Knockout DMEM Thermo Fisher Scientific, 10829108),

50 ml Knockout serum supplement (Thermo Fisher Scientific, 10828010), 2.5-ml non
essential amino acids, 2.5 ml -glutamine (Thermo Fisher Scientific, 200 mM,
25030081), 1821 b-mercaptoethanol (Thermo Fisher ScientistOmM, 31356010),

and 10 ng/ml bFGF (Peprotech UK, 154 a.a). The medium was changed every day
with thefreshaddition of bFGFandthe morphology of cellaras monitoredvith light

microscopy.

Step 5: Day 5 (MEF layer preparation): The inactivated mouse embryonic
fibroblasts (MEF) (Thermo Fisher Scientific, A24903) were seededwellGlates
pre-coated with 0.1%gelatinfor 1 hour at 37° C. Then, the gelatin was aspirated
1.5X1C inactivated MEF were seeded on each well-ofedl plate and incubated at
37° C overnight.

Step 6: Day 6 (% passage of fibroblast):At this stage, transduced fibroblast cells
are 8090% confluent and are ready to be passaged ontoddited plates. The MEF
medium was aspiratecind the well was wastd once with DPBS. Transduced

fibroblasts were trypsinised and seeded @énsityof 4.0X1¢ cells per MEFcoated
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well. The medium was changed every other day and inactivated W&Ee added

every seven days

2.2.22 Episomal
Step 1: Day 0 (seedindibroblast): The density of 1.0X10cells were usedas a

starting point for transfection. 1.0X1Ccells were resuspende¢h 100 mi of
nucleofection buffer (Nucleofector kits for Human Dermal Fibroblast (NHDH),
Lonza, CG2509) in addition to i of Epi5™ reprogramming vectors (Take2) and

1 m of the EpiSM p53 & EBNA vectors (Tabl&.2). The mixturepCEhOCT3/4,
pCE-hSKandpCE-hUL vectors delivers 5 essential factors for iPSC generation. The
mixture ofpCEmP53DD and pCXHEEBNAL improves the reprogramng efficiency

by delivering mp53DD and EBNAThe solution was placed in a transfection cuvette
and electroporated using Nucleofector 2b device (Lonza) under programme U0023.
The cellswere immediately transferrehto geltrexcoated éwell plate with the

additionof 3 ml fibroblast medium. The cells were incubated at 37° C overnight.

Step 2: Day 1 (medium change and maintenancefhe medium was aspirated and
replaced with N2B27 medium, whictvas madeof DMEM/F12 with HEPES
(Thermos Fisher Scientific1B30032), 1% N2 supplement 100X (Thermo Fisher
Scientific 17502048), 2% B27 supplement 50X (Thermo Fisher Scientific 12587010),
1% nonessential amino acids, 0.58tutamax100X (Thermo Fisher Scientific 35
050-061), b-mercaptoethanol 1000x, and 10 ng/m{3# The medium was changed

every other day until day 15 of reprogramming.

Step3: Day 15 (medium change)fhe medium was then aspirated and replaced with
essential E8 medium (B8, Thermo Fisher Scientific, A1517001). The E8 medium
was changeevery other dayandiPSC colonies were picked using dDpipette tip

from day 2030 of reprogramming period. Each colony were isolated and placed into

an individual precoated geltrex well.

Table 2.2. Epi5 episomal reprogramming vectors.

Vectors Genes
pCEhOCT3/4, pCEnSK, pCEhUL Oct4, Sox2, Klf4, EMyc, Lin28
pCEmP53DD, pCXBEBNA1 mp53DD, EBNA1
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2.2.3 Monolayer neuronal differentiation of iPSCs derived
from control and NRXN1a-deletion patients

The differentiation protocol starts as followi(i§gure 2.4):

1) iPSC propagation (Day-2/-3): iPSCs were washed once in 1ml of DPSB and
incubated with 1ml of gentle cell dissociation reagent (Stem Cell Technologies
070174) at room temperature for approx. 5 minutes. Once signs of detachment
visible the reagentvereremoved, and the cells washed gently with 1 ml of DPBS
and replaced with 1 ml of E8 medium containteg UM rock inhibitor (Stem Cell
Technologies, Y27632). Cells were detached and scratched using 5 ml pipette to
evenly dissociate cellsyhich were platecht a very high density of 45,06050,000
cells/cnt on a 6well plate precoated with geltrex (Thermo Fisher Scientific,
A1413302). Geltrexcoated éwell plateswere preparetly adding ~1.5 ml geltrex into

a 6well plate whichwas keptat 37° C for at least one hour. Cells were fed with E8
medium every day and grown for the maximum of 3 days until they reached
approximately 8685% confluency.

2) Neuronal induction (Day 0} The E8 medium was removed from the well, washed

with 1ml of DPBS ad replaced with neural induction medium. The Neundiliction

(N2B27) medium compsed of 2/3 (v/v) of DMEM F/12 (Thermo Fisher Scientific,
BE12719F), 1/3 (v/v) of Neurobasal (Thermo Fisher Scientific, 21043), 1/150

(v/v) of N2 supplement (Thermo Fier Scientific, 17502048), 1/150 (v/v) of B27 w/o
Vitamin A (Thermo Fi sher Sc imeroaptoethanaol, 125
(Thermo Fisher Scientific, 3138M0), supplemented with 100 nM LDN193189

(BMP signalling inhibitor,Stem Cell technologies2102) and 10 nM SB431542

(TGFb si gnal | Sigmg, S43aM.i bi t or

3) Neural progenitor generation (Day 112). Half of themediumwas changed every

day for up to day 102 with the fresh addition of SB431542 and LDN193189 to
N2B27 mediumThisis depedent on the formation dhethickenedneuroepithelial

sheet and the appearance of neuronal rosettes, elongation of cells which are variable

between lines.
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4) First passage of neural progenitors (Day 2Q2): N2B27 mediumwvas removed
cells were washed one with 1ml of DPBS and replaced with 1ml of conditioned
medium (N2B27 + fresh 10 pM rock inhibitor) and incubated for 1 hour at 37° C.
Following the incubation, the conditioned medium was collected and placed in a 15
ml falcon tube. Cells were washed oncelml of DPBS and replaced with 1 ml of
0.02% EDTA for 32 minutes at 37° C. The EDTA was aspiratettithe conditioned
mediumwas addedo the cells. Cells were gently and evenly scratched with 5 ml
pipette tip to generat@big cluster of cells. Cellsvere collectednto a 15 ml falcon
tube. The remaining cells in the well oirell plate were washed with 3ml of N2B27
containingtenuM of rock inhibitor and transferred to the falcon tube. Cells from each
6-well platewere passagddto four wells of a 12well plateand then incubated at 37°

C until the next day.

5) Neural progenitor maintenance (Day 10/12 20). Half of the medium was
changed every two days with N2B27 medium until day220This might be slightly
variable between lines as thwas determinetly theconfluencyof the cells and when
multi-layered of cells become visible.

6) Second passagmr terminal differentiation(Day 20-22): At this stage cellsvere
passagetbr terminal differentiation withouiny further passaging. Cellgere plated
on PolyD-Lysinecoated 12wvell plates or 15 mm coverslips (Fisher Scientific
12362138) oibidi 8-well chambersibidi, 80826)for different analyses at the end of
experiments. Cultural plates, coverslipsitwdi chambersvere preparedhy adding
required amount of Polp-lysine (10rg/ml in DPBS) for 1 hour at 37° C. Then
cultural wares were washed three times with DPBS and incubated waigfindlOof
laminin at 37° C for overnight. On the following day, plates were washed once with
DPBS prior to use. Cells were passaged on PDH.ysine/Laminincoated culture
wares as described aitep4, with the following passaging ratios: 1:2 fromd2ll
tol2-well plates, 1:3 from J-vell to 15mm coverslips and 1:8 from-@&Il to 8well

ibidi chamber slides.

7) Maintenance for mature neuronal differentiation (Day 20/22100): Cells were
fed every 23 days with half of the new N2B27 (w/o vitamin A) mediuntiuday 26,
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and then switch to N2B27 plus (with vitamin A, Thermo Fisher Scientific, 17504044)

from day 27 to 100 for neuronal differentiation and maturation.

At day 100, cellsvere processefbr immunocytochemistry, western blotting, RNA

sequencing, el&éphysiology and calcium imaging experiments.

On
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Figure 2.4. Flow diagram of cortical neuronal differentiation.

2.2.4lmmunocytochemistry

Cells were washed with PBS and fixed in 4% paraformaldehyde (Santa Cruz 30525
89-4) for 20 minutes at rootemperature (RT). The cells were then washed 3 times

in PSB for 5 minutes before the blocking solution with 0.2% bovine serum albumin
(Sigma Aldrich A2153) in 0.1% tritiotX100 in PBS for 1 hour at RT. Following
blocking, cells were incubated with primaaytibodies at desired dilution (Table 2.3
prepared in blocking solution at 4° C overnight. The following day the primary
antibodies were aspirated and cells were washed 3 times in PBS before incubating in
secondary antibody. Cells were incubated withrepate fluorophore conjugated
secondary antibody in blocking solution for 1 hour at @able 2.4) Cells were
washed 3 times in PBS and then imaged using Andor confocal microscope. Image J
were used for quantification and normalized to the number ofIDgdsitive nuclei

in that images.
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Target Manufacture | Dilution Species Lot No.
Oct4 Cell Signalling | 1:200 Rabbit 2840S
Sox2 Cell Signalling | 1:200 Rabbit 3579S
SSEA4 Cell Signalling | 1:200 Mouse 4755P2
Tra-180 Cell Signalling | 1:200 Mouse 4745P2
Ki67 Abcam 1:500 Rabbit Ab15580
P-Histone H3 | Cell Signalling | 1:500 Mouse 9706S
Nestin Abcam 1:400 Mouse Ab18102
Pax6 Abcam 1:400 Rabbit Ab5790
Map2 Abcam 1:200 Rabbit Ab32454
Tujl Abcam 1:1000 Mouse Ab78078
Synapsinl Abcam 1:1000 Rabbit Ab8
Doublecortin Abcam 1:1000 Rabbit Ab18723
GFAP Dako 1:200 Rabbit 20028619
Table 2.4 list of secondary antibodies used.
Target | Label Manufacture | Dilution Species Lot No.
Rabbit Alexa Fluor 488 Cell Signalling | 1:1000 Goat 4412S
Mouse Alexa Fluor 555 Cell Signalling | 1:1000 Goat 4409S

2.2.5Western blotting

Medium were aspirated and cells were washed with PBS and centrifuged at 100g for
2 minutes to get a pellet. The pellet of cells were lysed in RIPA buffer (Sigma Aldrich
R0278) containing 1x phosphatase inhibitor (RE20@845001), 1x protease inhibitor
(Roche 05892970001) and 1ml Phenylmethylsulfonyl fluoride (Sigma Aldrich
000000010837091001The concentration of proteins determined using BCA assay
(Thermo Fisher Scientific 23227). The lysates prepared in 1x sample l@2&f@miM
Tris-HCI (pH 6.7), 0.5 Msodium pyrophosphate, 1.25 mM EDTA, 1.25% (w/v)
sodium dodecyl sulphate, 0.06% (w/v) bromophenol blue, 12.5% (v/v) glycerol and
50 mM dithiothreitol; all from Sigma Aldrich). Five or ten ug of protein sample was
run on a 10% acrylamide/bisacrylamide gal &round 70 minutes at 120V. Proteins

were transferred to Bolyvinylidene difluoridemembrane (Amersha®600023) for
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60 minutes at 100V. The membrane blocked in 5% BSA Tris bufferedJalieen20
(TBS-T) for 1 hour at RT, following an incubation with gleed primary antibody,
diluted in blo&ing solution at 4° C overnigh©On the following day, the membrane
washed 3 times in TBST and incubated with appropriate-etitfugated secondary
antibody Bands were visualized usingemiluminescence (Thermo Fist&arientific

32106) and developed usingra&y film (Medical Supply Company 34088).

2.2.6Quantitative real time polymerase chain reaction T -
PCR)

Medium were aspirated and cells washed with PBS and RNA extracted using RNeasy
Mini kit (Qiagen 74104)fob wi ng t he manuf actureds instr
and purity measured using Nanodrop. 1ug RNA transcribed in to complementary
DNA (Qiagen QuantiTect Reverse Transcription kit 205311) and run at final
concentration of 10 ng cDNA per well (in tripliedton a Step One or Roche
LightCycler 480(Table 2.5) The resulted cycle threshold (ct) value were normalized

to their GAPDH. The relative quantities of mMRNA expression were calculated as being
21ddCtysing the average dCt of a fibroblast or an iPSC line
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Primer Forward Reverse

Name
GAPDH AGGGCTGCTTTTAACTCTGGT CCCCACTTGATTTTGGAGGGA
OCT4 ACTTCACTGCACTGTACTCCTC CACCCTTTGTGTTCCCAATTCC
SOX2 AGACTTCACATGTCCCAGCACT CGGGTTTTCTCCATGCTGTTTC
NANONG ATAACCTTGGCTGCCGTCTC ATAACCTTGGCTGCCGTCTC
FOXG1 CCTGCCCTGTGAGTCTTTAAG GTTCACTTACAGTCTGGTCCC
SYN1 CCCCAATCACAAAGAAATGCTC ATGTCCTGGAAGTCATGCTG
TUBB3 GCTCAGGGGCCTTTGGACATCTCT| TTTTCACACTCCTTCCGCACCACAT
PAX6 CGGTGAATGGGCGGAGTTAT CCCTCCCATAAGACCAGGAGA
NESTIN GCACTTCAAGATGTCCCTC GGGAAGTTGGGCTCAGGACTG
PSD95 AGTCAGAAATACCGCTACCAAG CCG TTCACCTGCAACTCATATC
VGLUT1 TCAATAACAGCACGACCCAC TCCTGG AATCTGAGTGACAAT
SHANK?2 GAGCAGCAGCCTCTATGCTT GGGAGAGCTTGAGGGTGAAC
SHANKS3 ACTCATCCTTCCGCCAACAG CCCACAGGTGAGTGTGAGAC
GRIN1 AGGCCGTGAGAGACAACAAG GCCATTCTCGTGGGACTTGA
GRIK1 TCCCGATGGCAAATATGGGG CCATTGGGCTTCCGGTAGAG
GRIK3 CAATGCCGTCCAGTCCATCT GGATGAGCCCTGTACTGTCG
GRIA1 GCCATCAGTTTTTGTGCGGA CTGCTCGTTCAGTTTCTCAGG
GRIA4 CGGTTGAGCGAATGGTCTCT ACTGATGGCTCTGCTGATCG
CASK CGACGCAAAGGAACTAAAG AATAGGGAGAGGTGGGAG
MINT1 CTCCACAATCACCACACCTA GACCTGATCCACTTCTCCAAG
MUNC181] TTCTTATGCCAGTGCCCATAG CAAACTTGACACCAAACACTACC
NRLG1 GCTGAGTGCAGTTGTAATGAC CGGTTGGGTTTGGTATGAATG
MAP2 CAGTTTCTGCGCCCAGATTTTA TCCCAATCAATGCTTCCTCG
NRXN1 TGGACATGGGGTCAGGTACT TCTCACTCTCACCAGGAGCA
NRXN1 CCGGAGCCAGGAACTTAGAC GAGCATCGGAGATGAGGTCC
NRXN1 GTCCGCCTCGCAAGGAT ATTTCCATGGCAGCAGCAAG
CACNA1A| CAGACACCAGCCCCATGAAG GGTCATGCTCAGGTCTGTCC
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2.3 Results

2.3.1 Fibroblastsolation and culture

Human fibroblastsvere useds an ideal source of somatic cells for the derivation of
IPSCs. Skin biopsies cdie obtainedrom patients/healthy volunteers with ethically
approved procedureandfibroblasts are relatively easy toltue. The skin biopsies

have high viability after the biopsy collection and transport, and a high rate of
subsequent attachment of cells upon seeding and growing. Human dermal fibroblasts
can reach high confluency onwll plates around 14 days after diegy with high
success rate, making them an ultimate starting material to study elistzied

cellular phenotypes.

The skin biopsies were 3mm in diameter obtained with round Visipunch instrument.
The biopsy procedures were carried out by a traineccidmiat University Hospital
Galway (UHG). Theyvere placeih DEME with high P/S and 10% glucofserouring

the growth of fibroblasts. The-\ell plates were scrapped with tips at the culture
surface to increase roughness. Biepsvere mechanically cut it few pieces and
dragged along the scraped surface-ofdll plate to enhance attachment. This method
has advantages over enzymatic dissociation of biopsy, which requires lengthy
enzymatic treatment, which can reduce cell viability, and-digestion andiifficulty

of handling cells can also occur.

An outgrowth of cells from the biopsies could starb3ays after the initial plating
(Figure 2.5), which became very confluent after48days, where theyere passaged

into 6-wells or T25 flask. The successte of this method is very high, and only one
newborn biopsy failed to produce fibroblasts out of over 60 biopsies collected in our

laboratory.
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Figure 2.5 Fibroblast outgrowth from skin biopsyA piece of biopsy was plated in 6
well plate at day 1 and left untouched for 48 hourssi@gdidto migrate out of the biopsy after

3-5 days (A) of culture and became progressively confluentlafteiags of culture {B).
Representative images weoen the ND4-1 biopsy. Scale bar is 15um. (representative images
are from patient line ND%). Scale bar is 50um is at A, B, C, D.

2.3.2Episomal reprogramming

While most of the cell lines mentioned in Table 2.1 were generated by Katya

McDonough the lines on Tabl@.2 were generated by myself, includiag ND4-1

l'ine on Table 2.1. I n Professor Shenés | ab,
by myself in the group (Table &. The reprogramming efficiencies varied a lot

between fibroblast fies. It seemed that there was no direct correlation between
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age/passage number to the number of colonies collected from this small cohort of

experiments.

Table 2.6 Summaryof Epi5 episomal reprogramming.

Fibroblast Passage Age of the| Number of | Number of starting
Line number donor colonies cells

ASD-CB 4 4 14 1x10P

ASD-CD2 4 6 2 1x1CP

4C3 12 30 2 1x1CP

NRXND4-2" ? 53 3 1x1P

NRXND4-1" 3 30 11 1x10P

* In conjunction of work with other members of the group for transfection, maintenance

and picking up colonies.

The Epi5 episomal reprogramming contdime vectors. The mixture of three vectors
deliver five reprogramming factaDct4, Sox2, Klf4, EMyc, and Lin28, and the
mixture of two vectors express mp53DD and EBNAle vectors were delived by
single transfection using electroporation (programi@8), following by immediate
transfer into feedeiree conditions. The starting number of fibroblast cells was®.x10
with a considerable amount of cell death after electroporation at day 0. The
morphology of cells was noticed to change framelongatedshape of fibroblast to
smaller cytoplasm and bigger nucleagtoplasnratio of ESGlike cells.Thishappens

at appra. Day 3-7 of posttransfection. The iPSC colonies started to appear after
approx.Day 14 (Figure 3.6D). iPSC colonies generated by forming a very clear edge
and boundary around them, making them distinguishable from surrounding fibroblasts
(Figure 2.6F).
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Figure 2.6. Representative images of different stages of episomal reprogramming
Patched reprogramming cells appeared from day-3 following electroporation

(A). At this stage, the morphology of cells starts to chaeligaregetting clump together and

small cleaedge iPSC colonies begin to appear from day 13 above (B). The colonies start getting
biggeiin sizeandthey are visible withenakecdeye (EF). Representative images are from-ASD

CB and 4C lines. Scale bar isf5or day 7, 13, 20, 24 andr®® for day 30 and 32.
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TheiPSC colonies were mechanically picked and grown on getivaked plates.
They were passaged afte65lays mechanically using epaste, or chemically using

gentle cell dissociation reagentdbie 2.7).

Figure 2.7. iPSCs passaged with mechanical and chemical manipulatioRSCs

were passaged with -patste method (A) or gentle cell dissociation reagent (B)-é6vday$

and maintain their pluripotency by keeping their-lik€Gnorphology (round and small
cytoplasm and big nucleus) (C). Witdhcutpastemethod only 4050% of cells will attach to

the geltrexcoated plates (A). At later passages, iIPSC can be passaged using gentle cell dissociation
reagent withthe muchhigher attachment of over 80% (b). At early stages of iPSC generation,
iPSC may go through spontaneougrdiftiation, whicheed to be mechanically removed (c,
redarrows). (A, B 03VC2, C, D ASID2, E 04C iPSC lines). Scale barmdvRtor A, B, C, D

and 50rM for E.
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When iPSC colonies become stalttey have the morphology resemblance to ESCs
(Figure 2.8).

Figure 2.8. iPSC colonies resembling ESlike morphology. iPSCs care easily
identifiedundera brightfield microscope (a, b). They have round and very small cytoplasm to
nucleus ratio (b). This morphology provides an early indication for healthy iPSC cbknies to
pickedfor expansion, maintenance and further application, i.e. differentiation. Sczbaidar

After iPSC generation, the first step is dbaracterizehe cells and confirm their
pluripotency and their capability for differentiation. Td¢tearacterizatiof almost all
iIPSC lineswas carried out by Katya McDonough. There are standardyarof

molecularcharacterizatiotechniques to verify the pluripotency of iPSCs.

Alkaline phosphatase (AP) staining is a simple method for confirming the
pluripotency of iPSCs. AP istaydrolysng enzyme which dephosphorylates proteins
and nucleotides.Pluripotent iPSCs turn to a purple/dark pink colour after staining
with high levels of the enzyme (Figur29), while differentiated cells remain

colourless.
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Figure 2.9. iPSCs are positive for alkaline phosphatase stainirRepresentative
image®f control and patient lines. Both patient and control lines demonstrate positive staining

for alkaline phosphatase. Scale bar im#00

While AP staining is a reliable method and indicator for pluripotency, more robust
assaysvere requiredor validation of iPSCs pluripotency. Next, it was necessary to
validate and quantify the level of endogenous expression of pluripotent genes
expressed in iIPSCs. For this reason, Risharvested from 3 different iPSC clones
from each line to reduce tieterogeneity among iPSCs. Quantitative ¢ROR was

performed to measure the expressio®0fT4andSOX2(Figure 2.10).
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Figure 2.10. iPSCs express pluripotency markers verified by (fRCR. iPSCs from

all control andNRXN1a deletion lines used in thisdy showed positive expressio®afT4
andSOX2 GAPDH used asfmousekeepingenes and fibroblast (FIB)eagegativeontrol.

Next, immunocytochemistry staining was used to validate the expression of
endogenous associated pluripotency markers OCT4, SOX2 at the protein level (Figure
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2.11, 2.12)aswell as surface markers SSEA4, TRA0 and TRA1-81 (data not
shown). All cell lires demonstrated for this study showed very high levels of

expression for all the pluripotency markers.

ND2(TI

Figure 2.11. iPSCs positively express pluripotency markeRepresentative images of
Control anda patientline showing positive expression of OCT4 (green) with DAPI (blue)
(Adopted from Katya McDonough PhD thesis). Scale lodv.10
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02vCl

: . -

Figure 2.12. iPSCs positively express pluripotency markeRepresentative images of
Control andapatientline showing positive expression of SOX2 (green) with DAPI (blue)
(Adopted from Katya McDonough PhD thesis). Scale lva.10

For iPSCs to be able to differentidgteany germ layers, embryoid bodies (EB&re
generated This was to confirm the capaliyi of iIPSCs into the tdineage
differentiation, giving rise to three germ layers. 2.0XiEB5Cs were dissociated with
accutaseand transferred into Aggrewell plates. EBs were transferred in suspension
culture into a flask after only 24 hours of cultureisresulted in generating 8a100

EBs per line. To validate the pluripotency of the cells, the EBs were picked and seeded
into Geltrexcoated 8well chamber slides. Different types afpontaneoug
differentiated cells emerged from the EBs after subsequent six days of culture. Cells
were stainedor makers for all three germ layeralghafetoproteinfor endoderm,
alphasmoothmuscle actin for mesoderm and betatlibulin for ectoderm(Figure

2.13)
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(A) (B) (€)

Figure 2.13. EBs shows tiineage differentiation into endoderm, ectoderm and
mesoderm Representative images of control line 02VC1 of EBs spontaneously differentiate to
(A) AFP+ (endoderm), (B) TUJ+ (ectoderm) and (C) ASM+ (mesoderm). Scale(at.100
(Adopted from Katya McDonough PhD thesis).

Finally, the isolated RNA from iPSQgere further validateaith pluritest Thiswas

a widely used method to replace the teratoma formation assay. The RNA sagerples
shippedto Cedars Sinai, Los Angeles fpluritesttest to be performed. Pluritedid

not carrytest ofall the iPSC linesbut at least one clone for each patient and control

line were testedTable 3.4).

Table 2.7. Summary of all pluripotency tests performed on iPSC line from the
lines which were usedn this study.

Cell line | AP gRT-PCR Immunostaining | EB Pluritest
stain (OCT4, (OCT4, SOX2, | formation
SOX2, NANOG,
NANOG) SSEA4, TRAI1-
60, TRA-1-81)

01C N N N N N
02v N N N N N
03V N N N N N
04C N N N N N
ND1 N N N N N
ND2 N N N N N
ND4* N N N N N

*All testswvere performely Dr Katya McDonough (I partly involved in generating, maintaining,
picking up colonies and giPTCR for ND4).
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To validate the deletion ®RXN1a gene, whole genomic sequencing was performed
at University College Dublin (UCD) Academic Centre on Rare Disease by Professor
Sean Ennis. The CNV data confirmBdRXN1a deletion in all patient iPSC lines
(Table 2.5) with ndNRXN1a deletion in control lines.

Table 2.8 Whole genomic DNA sequencing ofWVRXN1aiPSC lines.

Cell line name ND1 C1 ND4-1 C1 ND4-1 C2 ND2 C11
Chromosome chr2:50711687 | chr2:50983186 | chr2:50983186 | chr2:51120335
position (Hg19) 51044633 51471321 51471321 51360666

No. SNP 116 131 131 71

Length (bp) 332,047 488,136 488,136 240,332
Deletion/Duplication | Deletion Deletion Deletion Deletion

Copy number 1 1 1 1

Start SNP rs10221724 rs17041014 rs17041014 rs17041090
End SNP rs10185764 rs2193392 rs2193392 rs11125335

2.3.3 The IPSC proliferation remained unchanged in
NRXN1a deletion lines

To assess the proliferation rate of iPS{d@munostainingvas performedn control
and patient lines. Proliferating cells were presented by the percentage of Ki67 positive
cells and cells at the mitotic phase (M) using PH3 antibody. The statistical analyses
showed that there was no significant difference between controladietitnPSCsn

relation toproliferating cells and mitotic cells (Figure 2.14).
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Figure 2.14There is no significant differencan proliferation rate between control
and patient iPSCsRepresentative images of double immunostaining of Ki67 (red) and PH3

(green) of undifferentiated iPSCs from control individualNRXN1a deletion patients. The
diagram shows the percentage of cells positive for Ki67 and PH3. (Ctrl n=4, Patient n=3). All

data summary were means + SEM. Scale Indd 6@ all except for ND4 C1 which is 100
M.

2.3.4Neural induction using dual SMAD inhibition

IPSCs were plated in 3.7 émdish (12well plate) at very high confluency (90%) for
the maximum of three days. The SMAD inhibitors LDN193189 and SB431542 were
added daily for neural induction period for-12 days, leading to a thick and very
dense layer of neuroepithelium formed.riDg this period, the large nuclei of iPSCs
gradually replaced with small and elongated nuclei of neuroepithelial cells. The high
number of cell death was also aberrant after around-@agépending on the cell line
(Figure 2.15A).

Cells at day 1412 were then passaged 1:2 ratio of aggregates of 3@GDO0 cells by
pipetting up and down 3~4 times to gently suspend cells in neural induction medium.
The neuronal rosettesere observedinderan inverted microscope after the split.
These were a developmental signature and a good indication of NPCs (Figure 2.15A).
The cells during this stage lost their pluripotency by lacking the expression of
pluripotent markers such &CT4and gradually increased thepegssion of neural
progenitor cell (NPC) marker such B8 X6(Figure 2.15B).
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Figure 2.15. Successful neuronal induction generating neuronal rosettes, a
signature indicator of neural progenitors(A) Timedependengeneration of neuronal

rosettes through the course of neural induction from day 0 to 12 (top to bottom). Cell
morphology changes from small, round, big nucleus of iPSCs into columnar shape, bigger and
elongated cytoplasm of NPCs (red arrow). Scale fglrid@ay 0, 4, 8, 10, and 14 in day

12 (B) successful confirmation of neural inductidowgregulatiorof pluripotent markedct4

and expression of cortical progenitor mapket6 by gRFPCR (control n=2).

2.3.5Validation of iPSC derived neuronst an early stage of
differentiation

NPCs undergo proliferatioandthe culture distbecomsvery dense. At the stage of
day 20, NPCs were validated and quantifiedtihg positive expression oPAXG
NESTIN FOXG1 and NGN2 at RNA level using gRIPCR (Figure 2.15A). The
expression ofPAX6 (p<0.60), NESTIN (p<0.29), FOXG1 (p<0.10) andNGN2
(p<0.74) showed no significant difference between the controN&¥INla deletion

neural progenitors.

To further verify the NPCs, cellstained with NESTIN (Figure 2.16C) and PAX6
(Figure 3.2D) whichwere foundn 87% and 82% of cells, respectively (Figure 2.16B).
This furtherindicatethat the majority of the cells were of the dorsal identity of the
progenitorsMoreover, the expression of PAX6 at day 20 was also quantified using
western blot along with its negative expression in iPSCs (Figure 3.16E), and abundant

PAX6 proteinswere also detectad NPCs differentiated from all lines of iPSCs.
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Figure 2.16.Dual SMAD inhibition allows highly efficient generation of neural
progenitors in feedeffree monolayer differentiation.(A) Realtime PCR shows the

relative positive expressifAxX6, NGN2, FOXGEndNESTIN in Control [n=4 (1CC2, 3VC2,

4CX1, NCRML] and paéents [ n=4 (ND41C1, ND2C11, ND1C1, ND2CX1)], iPSCs shown as
dashed bars as negative control. (B) Representative images of NESTIN and PAX6 with
gquantitative analysis (Control n=2 (3VC2, 4CX1)). (Scale bar 50 uM for DAPI/NESTIN images
and 25 uM for DAPI/NESTIN/PAX6 image). (C) Quantitative positive measurement of PAX6

in western blotting in neuro progenitor cells and negative expression in iPSC line [Control (3VC2,
4CX1, NCRML, 4C3)]rformalizedo GAPDH). All data summary are means + SEM.

The proliferaion rate of NPCsvas evaluatedby the positive expression of Ki67 at

day 20 of differentiationThis was comparetetween a group of control and patient

lines andno significant changeasobserved (p<0.21) (Figure 2.17).
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Figure 2.17. NPQoroliferation remains unchanged in NRXNA deletion neurons.
(A) Representative images of Ki67 marker (green) in control [1CC2, 3VC21|N&CRM
patients (B) [ND4AC1, ND2C11, ND1C1]. (C) The proportion of Ki67+ neuronal progenitors

in control and patients shows no significant difference. Scalenbar/ADdatssummary are
means + SEM.

Cellswere further passaged day 20 of differentiation in 1:2 ratio into pelylaminin
12-well plates with aggregates of 3800 cells using 5 ml pipette. Cells at day 30 of
differentiation were validated and assessed using@BER and immunofluorescence

staining.

The expression of PAX6 was significantly reduced on the next consecutive 10 days
by day 30 of differentiation at the cellular level using immunofluorescent staining, and
PAX6" cells were reduced from 87% at day 204#9% at day 30 (p<0.0009, Figure
2.18A), indicating more cellsome out of cell cycles during the period. Pasitotic
newborn neurons express doublecortin (DCX), essential for developing and migration
of cortical neurons. The expression of DCX was showagignificantly increase at
early stages of differentiation at the RNA leyex0.0001) between day 20 and 30 of
differentiation (Figure 2.18B). Consistent witkthe birth of neurons, the relative
expression of paneuronal marker TUJ1 was significantly increased in day 30
cultures (p<0.007).
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Figure 2.18. Expression level of PAX6, DCX and Tujl at early stages of
differentiation. (A) The PAX6+ cells were reduced by 40%h filay 20 (87%) to day 30 (47%)

(p< 0.0009) using immunofluorescence staining (control n=2). (B) Comparative analysis reveals
a marked increase of pasitotic markerDCX mMRNA expression between day 20 and 30,
suggesting a significant birth of #mrn neuons during the period. [Control n=4 (1CC2, 3VC2,

4CX1, NCRML1)]. (C) Comparative analysipakneuronamarkerTUJL using qRTPCR also

showed a significant increase from day 20 to 30 of differentiation [Control n=4 (1CC2, 3VC2,
4CX1, NCRML1)]. Statistical analysis evaluated tiss(p<0.05), **p<0.01, *** p<0.001). All

data were presented as means = SEM.

To examine the effect RXN1a on early neuronal development and differentiation,
the expression of various proteimgere investigatedgt day 30 of differentiation.
Quantitative expressiodCX (double cortif, TUJ1(pan neuronaharker) andsFAP
(astrocyte marker) measuredla¢ RNA level using gRTPCR (Figure 2.19A). There
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wasno significant difference between control ad&XNla deletion cultures PCX
p<0.22), TUJ1p<0.19), GFAPp<0.37)].

To quantitatively measure the appearance of early-mpastic neurons and
proliferating cells, DCX and Ki67 examined at day 30 of differentiatibhis
confirmed that the proliferation of neurons at early stages of differentiation was similar

between combl and patient samples (Figure 2.19B).
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Figure 2.19. Expression of early poshtitotic and proliferating marker at 30 days

of differentiation. (A) Representative immunofluorescence imaging of DCX (green) Ki67 (red)
with nuclear staining DAPI (blue), wgthantification graph at the bottom left. Scale bam50

(B) Comparative analysiDdZ X, TUJlandGFAP at day 30 of differentiation using gRTCR
[Control n=6 (1CC2, 3VCX1, 4C3, 3VC2, 2VC1, 4CX1), Patient n=41@I04ND2C11,
ND1C1, ND2CX1)]. All data summary are means + SEM.

82



Chapter 2

To examine the morphology of the neurons at early days of differentigtieoell
body size and the diameter of the celese measureish TUJ1 positive cells at day 30
of differentiation (Figure 2.20A). There was no significant difference between control

and patients (Figure 2.19B).
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Figure 2.20. The morphology of cell remainsnchanged in NRXN1la deletion

neurons.(A) Representativenage®f TUJZX cellstaining. (B) The cell body size and diameter
of TUJ1 positive cells showed no significant difference (P<0.48, P<0.52 respectively) (Control

n=3 (1CC2, 3VCX1, 4C3; Patient (ND@1, ND2C11, ND1C1, ND2CX13calebar 2%m.
All data summary are means + SEM.

2.3.6100 days neurons express different classes of excitatory
cortical neurons

NPCs were cultured for up to 100 days to become mature neurons and to generate
different classes of excitatory cortical neurons. The-pogitic population of neurons

emepged from neuronal rosettes and created a very dense neuronal network throughout
the course oflifferentiation (Figure 2.21).
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Figure 2.21. Morphological changes in iPS@erived cultures during neuronal
differentiation. (A) Neuronsemergd from neuronal rosettes (a) and differentiatechiveoy
dense network of cells by day 100 of differentiation. ScalenbaraB@ay 20, 40, 60, 80 and

100, and 66M atday 30.
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To characterize the subsets of excitatory neyrtmial RNAwasharvestedandthe
expression of lower layer cortical markefBR1, CTIP2 and upper layer markers
(BRN2, SATBRwas quantitatively measured at day 100 of differentiated neurons
using gRTFPCR (Figure 2.22A). It appeared there was no significant difference in
NRXN1a deletion neurons in their differentiation capability to different subsets of
cortical neuronsTBR1p<0.63 CTIP2p<0.41,BRN2p<0.23,SATB2p<0.06)].

The expression of these markers was further evaluated at the RNA level using highly
sensitive whole genome RNA sequencing method. The transcript per million (TPM)
of TBR1, CTIP2BRN2and SATB2shows the samednd of expression as in qRT
PCR, confirming our previous results and differentiation protocol (Figure 2.22B) with
no statistical differenceThis suggests thaNRXNla deletion may not alter the
architecture of excitatory cortical cdilpes if migrationis not takerinto count. To
further confirm the expression of the selected markers, CTIP2 and TBR1 also
measured athe cellular level using immunofluorescent staining, which showed
36.18% of CTIP2cells and 23.35% of TBR1ower layer cortical neurons amg the

total population (Figure 23B). However, the expression of major inhibitory markers,
such as Parvalbumin and SST, showed very little expression in comparison to
excitatory markers (Figure 2.23BJhis further confirmed that the majority of the

iIPSC-derived cells were the excitatory cortical neurons.
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Figure 2.22. Successful generation of cortical neurons from control and NRXaN1

deletion iPSCs(A) Comparative analysis of mMRNA expressieraifatoy cortical neurons

TBR1, CTIP2, BRNéndSATB2using gRTPCR and RNAequencingBj. Day 0 indicate an

iPSC line as a negative control and n.d stands for not detected as the value was too small to be
seen on the graph. [gfPCR samples: 1CC2, 3VCX1, 4C3, 3VC2, 2VC1, 4CX1aDh4

ND2C11, ND1C1, ND2&1)]; [RNASeq samples: 3VCX1, 4C3, 3VC2, 2VC1, 4CX1, NCRM

1, ND2C11, ND1C1, ND2CX1, NDAC2]. RNAwas harvestddom independent duplication

of the differentiation. (C) Quantitative expression of TBR1 and CTIP2 at selected control lines
(n=2; 4C3, 3VC2hswed ratios of lower layer cortical neurons. All datsuwerearizeas

means = SEM. Scale bar ist/Rh
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2.3.7100 days of neurons express excitatory pr@and post
synaptic neuronal markers

To further assess the differentiation of iR&Eived excitatory cortical neurons,
quantitative RTPCR was carried out to examine the expression of excitatory post
synaptic markers JHANK1, SHANK2, SHANKS3, P&I5), vesicular glutamate
transporter YGLUTY) and series of inotropic NMDA receptoitSRIN1, GRIN2A
AMPA receptors GRIAL, GRIAY and Kainate GRIK1, GRIK3 receptors. The
statistical analyses showed that there were no significant effeRXIN1a deletion

on expression oPSD95 (p<0.23),VGLUTL (p<0.97),SHANK1(p<0.09),GRIN2A
(p<0.22),GRIK1 (p<023) or GRIA4 (p<0.41) (Figure 2.23A). Howeve§HANK?2
(P<0.03), SHANKS (p<0.009), GRIK3 (p<0.03) and GRIN1 (p<0.04) were
significantly elevatedh NRXN1a deletion neurons (Figure 2.23A).

The nature of the 100ay differentiated culturewas evaluatedy transcriptome
analyses for the excitatory/inhibitory neuronal types. The whole panel of inhibitory
markers, including vesicular GABA transport®/{GATJ and ionotropic GABAergic
receptors GABRA1, GABRA4, GABRA6, GABRB1, GABRD, GABRE, GABRG],
GABRP, GBRR1, GABRR2, GABRR3vere showed to have very low levels of
expression in the 16@ay cultures (Figure 2.23B). On the other hand, substantially
higher levels of excitatory transcripts, i.2$D95, VGLUT1, SHANK1, SHANK2,
SHANK3, GRIN2A, GRIK1, GRIK3,RFA4 and GRIN]1 were detected (Figure
2.23B). These data cross confirmed that the majority of theda@Ccultures were

excitatory neurons.
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Figure 2.23. iPSC derived cortical neurons exhibit positive excitatory neuronal
markers.(A) Quantitative analig of RNA using qRPCR showed the expression of glutamate
transporter markerVGLUT1) and possynaptic glutamatergic markers (SHANKs) and
ionotropic NMDA, AMPA and kainate receptors. Day 0 indicated an iPSC line used as a negative
control and n.d standisr not detected as the value was too small to be seen on the graph. (B)
Transcript per millioaxpressionsing RNA sequencing confirmed the expression of excitatory
markers in (A) and low expression of GABA transp&f@AT1) and a series of ionotropic
inhibitory GABAergic receptomnd inhibitory GABAergimterneuronsSHANK1 has a
significant differential expression in patients (FDR>0.05}HGRT1CC2, 3VCX1, 4C3, 3VC2,
2VC1, 4CX1, ND4C1, ND2C11, ND1C1, ND2CX1)]; [RN2eq: 3VCX1, 4C3, 3VC2, 2YC1
4CX1, NCRML, ND2C11, ND1C1, ND2CX1, NDB#C2] RNA were extracted from
independent batches of differentiation. All data summary were means + SEM.

2.3.8100 days of neurons express low levels of astrocytic
marker

Although the differentiation protocol used this studywas enrichedor excitatory
cortical neurons, other brain cells types could also exist, as neuronal rosettes might
also give rise taGFAP positive astrocytes. To evaluate astrocytes in thedby0
culture, we have performed ICC with MAP2 famature neurons (Red, Figure
3.24A/B) and GFAP for astrocytes (Green, Figure 3.24A/B). The data showed that the
majority of the culture populations were MAP2 positive neurons (Red, Figure
2.24A/B). However, there was also a small proportion of GABS§itive cells present

in the 100day cultures (Green, Figure 3.24A/B/C). The quantification of MAP2
immunofluorescence staining at day 100 of differentiation (Figure 2.24C) showed no
significant difference between control amdRXNla deletion neurons (p<0.06).
Additionally, the expression of GFAPwas also measuredby both
immunofluorescence (Figure 2.24C) and western blotting (Figure 2.24D) and revealed

no significant effect upoNNRXN1a deletion (p<0.19, p<0.95 respectively).
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Figure 2.24. Mixed population of neurons with astrocytes at 100 days of
differentiation. (A) Representative images of 3 control lines [3VCX1, 4C3, 3V@#kand
patient lines (B) [NDAC1, ND2C11, ND1C1] showing expression of MAP2 (red), GFAP
(green) and DAPI (blue) at 100 days 8Gitkerived cortical neurons. (C) The quantitative
expression of MAP2 (Control 3787+223.2 mm2; Patient 2814+170.2 mmm?2) and GFAP
(Control 151.7+49.28 mmim2; Patient 283.7+66.78 mmmi2) calculated as length in mm per
mm2. (D) Quantitative expression ®FAP using western blotting showed no significant
difference iNRXN1a deletion neurons (Normalized to GAPDHihis was repeateih 4
individual experiments. All data summary are means + SEM. ScalertMr is 25
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Expression of TUJWas observeds early as day 20 of differentiation (Figure 2.25C,
D). The majority of postnitotic neurons emerge from TUJ1 positive neural progenitor
cells (Luskin et al. 1997; Menezes et al. 199bhis parneuronal marker was also
quantitatively measured at the RNA level using ¢fROR (Figure 2.25A, B) and at
the protein level using Western blotting (Figw2.25C). There was no significant

difference in either RNA (p<0.06) or protein expression (p<0.97) of TUJ1.
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Figure 2.25. Pameuronal marker expression at day 100 of differentiatio(®)
Comparative expressionTdiJlat RNA level using gRAFCR and RNA sequencing (B) [gRT
PCR: 1CC2, 3VCX1, 4C3, 3VC2, 2VC1, 4CX1,-NI¥ ND2C11, ND1C1, ND2CX1)];
[RNA-Seq: 3VCX1, 4C3, 3VC2, 2VC1, 4CX1, NARMD2C11, ND1C1, ND2CX1, NB4
1C2]. The experimentsere repeateth 2 indepenght batches of differentiation. (C)
Quantitative expression of TUJ1 in western blottiagn@lizedto GAPDH) and thiswas
repeatedh 4 individual experiments. All data summary are mean + SEM.
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2.3.9100day neurons maturity showed synaptogenesis

The maturity of 100 day cortical neurongere measuredith positive expression of
mature neuronal markev!/AP2 and SYN1 essential for synaptogenesihis was
validated at the RNA level using gRACR (Figure 2.26A).

The expression of MAP2 and TUJ1 at day d@differentiation was quantified at the
cellular level by immunocytochemical staining (Figure 2.26C). The puncta
localization of SYN1 staining was observed (Figure 2.26C). Furthermore, the
guantitative expression d@he SYN1 protein was measured using wea blotting
(Figure 2.26B) which displayed no major effectsNiRXNla deletion on SYN1
protein expression. Themasno significant difference iNRXNJa deletion neurons

in terms ofmaturity MAP2 (p<0.07) and synaptogenests'Nlat the RNA level
(Figure 2.26A, p<0.08).
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Figure 2.26. Day 100 cortical neurons exhibit maturity in a tirgependent
manner.(A) Comparative analysidiP2andSYN1lat day 100 of neurons at the RNA level
using qRTIPCR [qRTPCR: 1CC2, 3VCX1, 4C3, 3VC2, 2VC1, 4CX1,-NIi4 ND2C11,
ND1C1, ND2CX1)]; [ RNASeq: 3VCX1, 4C3, 3VC2, 2VC1, 4CX1, NARMD2C11,
ND1C1, ND2CX1, ND41C2]. (B) Quantitative expression of SYNleprstusing western
blotting showed no significant increag¢RIXN1a deletion neuronsi¢rmalizedo GAPDH).

The experiments were repedtad times independently. All data summary are means + SEM.
(C) Representative images of SYN1 (green) with TUHNh{gdincta staining of SYN1 staining
was observed control and patient lines. Scale bar V25
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2.3.10L00 day cortical neurons express psynaptic VRXN1a

interacting partner with no significant difference inVRXN1a
deletion patients

The iPSCderived neurons showed expressiorN&tXN1linteracting partner at the
RNA level, andthis was detected using gFEICR and RNA sequencing (Figure 2.27).
The expression oNRXN1main interacting receptors at pastaptic membrane
NLGNswasalso quatified at the RNA level (Figure 2.27). There was no significant
difference at the RNA level using gFRATR in the expression of these gerdBiNT1
(p<0.42),CASK(p<0.45),MUNC18(p<0.25),NLGN1(p<0.84)].
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Figure 2.27. NRXNZX deletion showed no significant effect orthe expression of
its interacting partners.(A) Quantitative expression ©ASK, MUNC18ndNLGN1 by
gRT-PCR and RNA sequencing (B)additionto NLGN2 andNLGN3. [gRTPCR: 1CC2,
3vexl, 4C3, 3VC2, 2VC1, 4CX1, NOZ1, ND2C11, ND1C1, ND2CX1)]; [RN2eq: 3VCX1,
4C3, 3VC2, 2VC1, 4CX1, NCRIMND2C11, ND1C1, ND2CX1, NBAC?2]. The experiments
were carried out in 2independent repeats. All data summary are means + SEM.
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2.3.11INRXN1 isoform expression in iIPSC derived artical
neurons throughoutthe course ofdifferentiation

The quantitative expression BRXN1a andb isoformswere validatedat the RNA
level at day 20, 40, 60, 80 and 100 of differentiation in control i8&@&ed neurons
(Figure 2.28A), anctlevatedNRXN1ImMRNA expressiorwas seerafter 40 days of
differentiation. Next, the expression NRXN1a andb isoformswere quantifiedn

both control andNRXNZX deletion neurons at day 100 of differentiation (Figure
2.28B). The exons-17 are unique tBIRXN1a, where the exon 18 is the first coding
exon unique ttNRXN1. We designed two pairs of PCR primers flanking exon 9 and
15 respectively and carried out gfPCR to analyse thBRXNla expression. The
NRXNla mRNA was reduced to ~76£28% (exon 9) and ~74+23% (exon 15),
respectively, in the day 100RXN1a deletion neurons compared to healthy controls
(100%). Meanwhile, theNRXN1 isoform was significantly upregulated by
~172+22%in the patienderived cells. Thee data showed that whidRXN1a is
heterozygously deleted in patient cells, there appeared a compensational change in the
expression of thi&NRXND isoform, which may have functional consequences on

neuronal activity.
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Figure 2.28. Expression of NRXN&a and NRXN1b at 106day iPSC derived
neurons. (A) The guantitative expressionNRXN1a and NRXN14 at two control lines
(03VC2, 04C3) representetirae-dependentnanner using gqRPCR. Both th&lRXN1a and
NRXN1b were significantly upregulated at day 40 of differentiation and redatesilzy day
60. (B) The quantitative expression usingREBER shows the expressionNRRXN1la with

primers from exon 15 and exon 9 BRKN1 b with primers from the unique codixge (exon
18).
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2.4 Discussion

A great phenomenon in the central nervous system is the complexity of
communication between neuronal cells, whigtdevelopeduring synaptogenesis,
and a large proportion of which occurs durithg early neonatal periodyhich is
coincidedwith the development of ASD. Adhesion protein systems form the essential
part of physical contact between mynaptic and postynaptic termini (Brose N,
1999; (Krueger et al. 2012)Neurexinsare the prime example of adhesion surface
proteins at the prgynaptic terminus, the most extensively studied modulators of
synaptic activity, which signal 4lirectionally via binding to postynaptic
Neuroligins (Brose N 199%Jshkaryovet al 2009). Deletions of a gene encoding
Neurexins, NRXNL, have been associated with many neurodevelopmental and
psychiatric disorders including AS{3chaaf et al. 2012; Marshall et al. 2008; Ching
et al. 2010; Dabell et al. 2013Jhe hypothesis is th&RXN1linfluences neuronal
excitation and inhibition and deletions dfetNRXN1may disturb an imbalance of

excitatory and inhibitory synaptic transmissi@hubykin et al. 2007)

There has been great amount of work on studyiRgXN1a deletion in animal models

with various phenotypic characteristi@ddissler et al. 2003; Etherton et al. 2009; Pak

et al. 2015; Aoto et al. 2013; Aoto et al. 2015; Chen et al. 2017; Grayton et al. 2013;
Zhang et al. 2005)Deletionof a isoformof NRXN1/2/3genes hava consequence

on vesicle release in knockout animal models, emphasising the coupling mechanism
of neurexins in synaptic transmission and presynaptic release mac{iissier et

al. 2003; Kattenstroth et al. 2004)

In a mixed genetic background af SV129/C57bl6mouse model ofNrxn123a

knock out, Missler and colleagues have discovered a significant deanebeéh
spontaneous and evoked frequency of mMEPSCs in cultured slices from neocortex and
acute slices fronthe brainstem While there was no change in amplitude of mMEPSCs

of either GABA or AMPA mediated postynaptic responses, but thenere a
significant alteration and decrease in amplitude of evoked inhibitory and excitatory
postsynaptic responsegMissler et al. 2003)This has indicated that there is a
reduction inthe probability of neurotransmitter releag®lissler et al. 2003)This

impairment in neurotransmitter relead@es been found to be directly related to a
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reduction in presynaptic EacurrentgMissler et al. 2003)In a subsequent study, the
triple knock out of alla-neurexins (SV129/C57b16 mouse model) resulted in an
alteration only on NMDAreceptordependenmEPSCs currents (but not AMPA)
without a change in their protein lev@attenstroth et al. 2004'hese results are
consistent withan incline in whole cell C&" currents, presumably mediated by
postsynaptic calcium channdlglissler et al. 2003; Kattenstroth et al. 200fhese
recent studies have suggested thaeurexins might exert both pre apdstsynaptic
effects, involving in controlling of both pre apdstsynapticdynamicgMissler et al.
2003; Kattenstroth et al. 2004Ylore recent studyhas also shown that deletion of
Nrxn3ab in excitatory hippocampal synapses caused a selective reduction in AMPA
receptors, leaving the presynaptic release unchai@eeh et al. 2017)This further
suggests a link between neurexins and both prepastgsynapticfunctionality. It is
worth mentioning that using either a mouse model with mixed or pure genetic
background have significantly affected the behavioural phenotypd$RiXNIla
(Etherton et al. 2009; Laarakker et al. 2012; Grayton et al. 2018je in mixed
genetic background of C57BL6/SV129, an increasgebtitive grooming behaviour

as well as increased response to noveltgre observedEtherton et al. 2009;
Laarakker et al. 2012)an opposite resulivas found in pure genetic background,
observing a reduction in locomotactivity in novel situationgGrayton et al. 203).
Thiswas the first behavioural study linking altered social behaviours seen in humans
with ASD to Nrxnla deletion in a mouse mod@brayton et al. 2013 he severity of

the phenotyp has been shown to be stronger in human ESC moN&XRN1deletion

(Pak et al. 2015Paket al identifiedno phenotype in heterozygous and homozygous
deletion of Nrxnl1 deletion in cultured mouse cortical neurbiasvever the induced
mutation in ESCs showeddhpairmentin the frequencyof mMEPSCs in ES@erived
cortical neurongPak et al. 2015)Thus, iPSC technologyasused in this study to
investigatehemoreprecise functiomf NRXN1a in cortical neurons, investigating the
effect ofNRXN1a in early and late development, including any potential alteration in

thelevel of series of molecules at both @med postsynapticmembrane.

The IPSC technology offers great promise in the field of disease modelling by
providing an unlimited number of patierspecific stem cells with particular genetic

aberrations for most disease cell types. ainattemptto elucidate howNRXNla
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deletion pretspose to the clinical phenotypeur iPSC lines from 3NRXNla
deletion patients ansix iPSC lines from sex, agendethnicmatchedcontrols, were

differentiated into cortical excitatory neurons in this study.

We have derived iPSCs from fibroblasts, a reliable and efficient starting material. One
of the advantages of using fibroblasts as somatic adults#iiat it only requires a-3

mm punch of biopsy, and @an surviveat normal room temperature for daysduit
dermal fibroblasts requireery low maintenanceandthey can emerge from a small
punch of biopsies after onlya few days. The success rate gfowing was
overwhelmingly high in our laboratory, andibiopsies from 60 donoif@atients and
control9, only one biopsy from a newborn baby did not produce fibroblasts for the
iIPSC projectsin contrast to other sources of cells, i.e., mononuclear cells from blood
samples or keratinocytes from hair follicles, which may meet some levels of
challenges. The iPS0n the current study were reprogrammed using lentiviral and
Episomal techniques. All generated iPSCs were validatedchadacterizedfor
expression of pluripotency genes, three germ layer differentiation potentials, and
whole genome CNVs. Then, we susstilly used these iPSC lines to generate cortical
excitatory neurons which is related to ASD disease, as excitation and inhibition
balanceis consideredis a central for normal brain physiology and the imbal@ce

proposeds neuropathology f@a numbeiof neurodevelopmental disorders.

There are many lines of evidence for using dual SMAD differentiation strategy and
serumfreedefined factors to drive cortical neuronal differentiafjging et al. 2003)
Several studies iKenopus laevieave demonstrated that inhibitors of BMPs have an
essential role during neuronal developm€amith and Harland 1992)A small
molecule SB431542 has been shown to induce neuronal differentiation through
inhibition of TGHo, further inhibiting the downstream SMAD signallif@hambers

etal. 2009; Patani et al. 2009)he dual action of BMP and T®FRnhibitors have
shown to beritical for neuronal induction proce§Shambers et al. 2009; Shi, Kirwan
and Livesey 2012) This strategy has been used to generate -tR$i@ed neurons
from heterozygouslRXN1la deletion patients to investigate the disease phenotype in

this project.
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The dual SMAD inhibition with SB431542 and LDN193189 were used for directional
programming of iPSCs to become neural progenitor cells of cerebral cortical neurons.
Using this approachthe expression of transcription fact®eAX6 was significantly
increased during the firstndays of neural induction whereas the pluripotent marker
OCT4 was significantly decreased (Figure 2.15Bhis defined the efficient
generation of neural progeois, as well as morphological differences froig round
nucleus of iPSCs intihecolumnarshapedmall nucleus of neural progenitors (Figure
2.15A). Furthermore, the appearance of neuronal rosettes was the signature of the
development of neural progeniso Cortical NSCs and NPs were further characterised

at day 20 by the expressioniAX6, NESTIN, FOXGandNGN2at the RNA level.

PAX6 expression was found in over 87% of the stained cells éaybf induction,
elucidating the cortical identity of tH¢P cells in the majority of cells (Figure 2.16B,

C). Relative expression of these essential markers was quantitatively measured by
gRT-PCR between control and patient$here was no significant difference for the
expression of NP markers at day 20, sugggsthat NRXNla deletion does not
significantly affect the initiation of the neural induction (Figure 2.16A) or production

of NSCs in ASD patients.

Both macrocephaly or microcephaly were reported as ASD phendtypaschesne

et al. 2001)An increase igrayand white matter volume has been reported 12%

in adolescents and adults with Af®Zaccarino et al. 2009An increase ithecortical

grey matter could be mainly due to an increasea mumber ofneurons or glial cells
(McCaffery and Deutsch 2005Although there was no obvious increase/decrease of
head circumference in the ASkatientsrecruited in our studywe further validated

the proliferation capability of NPs with a proliferating marker Ki67, which showed no
significant difference between control (n=3) and patients (n=3) in 20 days of cultures.
A similar proliferation rate of NPwas obtainedt the early tage of differentiation
between controlindASD derived iPSCs.

Changes in cell body siteve also beemeported in postortem studie§Courchesne
et al. 2011) The cell body size ratiavas also measureth our study, with no
significant difference iMRXN1a deletion TUJ+ neurons at day 8Bigure 2.20B).
These results suggest that neurogenveasnot grossly affected bMRXN1a deletion.
Thisis consistent with the phenotyp&Nrxnl knockout mice, which showed no major
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neuroanatomical defedfdlissler et al. 2008 Thisis also consistentith Mariani and
coll eaguesd study i n which proliferatio

individuals remained unchang@dariani et al. 2012)

The decreased PAX6 expression and increased expression -ohifmist neuronal
marker DCX marked the progression of neuronal differentiation from day 20 to day
30 under the current differentiation protocol (Figure 2.18A, B). This process was
intended foNP expansion bwvas also accompaniég the birth of newborn neurons
(DCX™). In the same time, the expression of TUJ1 was also significantly increased
(Figure 2.18C). Most ahepostmitotic neurons in cerebral cortex emerge from TUJ1
positive progenitcs cells(Luskin et al. 1997; Menezes et al. 199&hd TUJlis
therefore useds a pameuonal maker during neuronal development and maturation
(Menezes and Luskin 1994)e quantified the percentages of cells becoming DCX
and cells remaining as Ki6nheural stem cells at day 30 of early differentiation, and
the results showed no significant alteratioNRXNla deletion neurongFigure 2.19).
TUJ1 and DCX are all microtububssociated proteins in which alteration in their
expression associated with brain developn{&ieeson et al. 1998)They are the
integral componentsf brain connectivity. Mutations in tubulins or MAPs can cause
significant abnormalities in brain development which contribute to developmental
delay and epilepsgMutch et al. 2016)Furthermore, mutations in tubulin genes have
been associated with white matter anomaligsirier et al. 2013)In our study, the

RNA and protein expression of tubulin amicrotubuleassociategbrotein remained
unchanged ilNRXNla deletion neurons, suggesti?ddRXNla haploinsufficiency
does not grossly alter neuronal migration and formation of white matter by axonal

extension.

Completecortical neurogenesis occurs over 100 days period in hu(@awness et

al. 1995)and onlysix days in micgTakahashi et al. 1996)Glutamatergic neurons in
theadultcerebral cortex are genegdtin a temporal order and defined by expression
of different transcriptional factors. Layer 6 projection neuron3 BRlpositive, layer
five subcortical neurons are CTIP2 positiand layer 24 neurons ar&8RN2and
SATB2positive cells(Arlotta et al. 2005; Alcamo et al. 2008)These factorsvere
usedas markers in our study for day 100 of differentiated cortical neuftwessmilar

time frame has been used to generate glutamatergic corticahsdoom iPSCs and
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ESCs in vitrgShi, Kirwan, Smith, et al. 2012) he epression off BR1, CTIP2, BRN2
andSATB2wvere quantifiect the RNA level (Figure 2.22A). The expression of CTIP2
and TBR1 were also quantified at the cellular level, sho@B§3%6 of TBRI and
36.18% of CTIPZ (Figure 2.22C) cortical neurons were present in-d&Q cultures.
Transcriptome analyses showed tBRINZ2 a marker for upper layer cortical neurons,
hasshown acomparableaumber of mMRNA (TPM) expression in comparisoiP2
MRNA (Figure 2.22B) Thesedata together showed that both upper and low layers of
excitatory cortical neurons are abundantly present in owda@Geuronal cultures.

We examined theexpression of inhibitory GABAergic receptors and GABA
interneurons (Parvalbumin and SSandthey emained at considerable low levels in
100-day neuronal cultures (Figure 2.23Bhe mpulationof astrocytesvere also
evaluatecdat 100-day of differentiation, and GFAP positive cellgere quantifiedoy
immunocytochemistry and showed no significant diffiees in NRXNla deletion
neuronsifigure 2.2). Thisis different from Zengt al study, in which they observed
reduced astrocyte differentiationWRXNL knocked down iPSC and ESC cdlieng

et al. 2013)by a reduction in generation GIFAP cells. One reason to explain this
difference is that they used shRNA in human iPSCE®@swhich could affect both
NRXN2la and NRXN1, whereas our cohort of samples &BXNla deletion only.
The second difference is that they performed spontaneous differentiation, whereas we

carried out directional differentiation witivery small population of astrocytes.

The implication of glutamatgic receptordias been observed in autisfRurcell et al.
2001; Fatemi et al. 2011forexampleincreased expression of metabotropic receptor
densityor decreased expression of AMPA receptor densis/been observed in
cerebellar samples or peasiortem tissue samples of autism people, respectively
(Purcell et al. 2001; Fatemi et al. 201Dne posmortem study found significant
difference in subunione protein level of NMDA receptors, while others found no
difference in NMDA receptor expressiofBlatt et al. 2001; Purcekt al. 2001)
Furthermore, the deletion birxn3a/b has been shown to have a significant effect on
upregulation of AMPA receptor@\oto et al. 2013)In our study, the expression of
various ionotropic and metabotropic glutamatergic recept@sexaminedat the
RNA level, andsignificant upregulatiowas identifiedor some of them. These results

have firstly validated and ofirmed the expression of excitatory neurons using dual
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SMAD differentiation protocol. The quantitative expressiotheivesicularglutamate
transporter (GLUTYJ) also confirmed the excitatory differentiation protocol against
the very low expression of inbitory GABA vesicular transporteVGAT) (Figure
2.23B). Secondly, it illustrates that tiN\RXNla deletion may have a downstream
effect on expression of glutamatergic neurons, as the expres$dtil8andGRIN1

were significantly increased MRXN1a deletion neurons (Figure 2.23A).

The scaffold proteins SHANKSre expressedat the poskynaptic density of
excitatory synapseandtheir mutation and duplication have been implicated in ASD
(Durand et al. 2007; Pinto et al. 201They are essential for synaptic development
and function(Sheng and Hoogenraad 200KF)utations in SHANKSs have displayed
phenotypic characteristics similar to A%dang and Ehlers 20133hankL knockout

mice also showed decreased vocal communication, increased anxiety and alteration in
long-term memory (Hung et al. 2008)Furthermore Shank and Shank3 knockout

mice show increased anxiety, repetitive behaviours, as well as deficits in social
communicatior{(Schmeisser et al. 2012; Pecga et al. 20hlgurstudy, the expression

of SHANK2andSHANK3hasbeen identifieds a significant upregulation MRXN1a
deletion neurons (Figure 2.23A). SHANK proteins directly interact with glutamatergic
receptors at postynapticomnembraneuch as NMDA and AMPA receptors. Therefore,

an alteration in SHNAKs expression level may also change thespoaptic level of
NMDA and AMPA. This suggests thatiRXNla deletion has a consequence on post
synaptic density by regulating the expression of glutamatergic receptors and
scaffolding protein SHANKS.

Over expressiorof glutamatergic receptors as well as SHANK proteins in-post
syngtic density may suggest ovexcitation on NRXNla deletion neurons,
suggesting thaNRXN1a is essential for inhibitory synaptic transmissidmis is
further investigated atfunctionallevel using electrophysiology and calcium imaging
in Chapter 3 and,4espectivelyThiswill allow a muchcloser look into single level
properties of neurona terms oineuronal excitability as well as calcium dynaminos,
terms ofinflux and efflux of calcium and insight into neurotransmitter release and

synaptic transmission.
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A critical step in neuronal network development is forming synapses, and this occurs
largely afterbirth andis coincided with the ASD development. The faton the
physical synapses at day 100 of differentiatieme quantifiedat the protein level by
expression of SYN1 using western blot (Figure 2.26B) and by immunocytochemistry.
This was further quantified at the RNA level using gRTR (Figure 2.26A). T
localization of SYN1 was observedas puncta staining at the protein level using
immunostaining in bothontrok, andASD derived neurons (Figure 2.26C). There was

no significant difference in the quantity of the SYN1 expression inrouitro cell

model Pak and colleagues also demonstrated no significant change on synaptogenesis
in ESCNRXN1mutation(Pak et al. 2015)

The effect oNRXN1a deletion on the maturity of 18@ay cortical neurons was also
validated by the presence of microtubaksociated protein MAP2VIAP2 are a
family of proteins which have a key rolestabilizingmicrotubules, wititMAP1 and
MAP2 primarily seen in neurong&assimeris and Spittle 2001)he presence of
MAP2 was quantified using immunostaining with no significant difference in
NRXNla deletion neurons (Figure 2.24A, B). This neuronal matungs also
guantified with the parentage of cells generating spontaneous calcium transients,
which significantly increased in time-dependentmanner (Figure 4.3). Moreover,
spontaneous and evokedtian potentialsas well as the presence of voltagged
sodium and potassium currentiere observedduring electrical examination of
neurons (Chapter 3). All these data above showed the maturity of neuronsdaty100
of differentiation whichwasgeneratd using dual SMAD inhibition molecules, but we
did not observe haploinsufficiency BiRXNla on the maturation of iPS@erived

neurons.

In summary, we explored the molecular basis of iPSC derived neurdiRXiNla
and control progenitor at 20/30 days, anuhture neurons at 1@fays of
differentiation, respectively. We tested for gene expression alteration in mRNA and
proteins that are critical for synaptic signalling, interaction, adhesion and function. We
demonstrateihcreasedexpressiorof excitatory postsynaptic glutamate receptors as
well as postsynaptic density SHANKs. We demonstrated elevated expression of
SHANKSs and some of the glutamatergic recept®tss strongly indicates an over
excitation INnNRXNla pat i ent 6 s mayechuk significanh alterdtion in
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electrical properties and neuronal excitability (Chaptef Bjs strongly supports our
hypothesis that the balance between excitatory and inhibitory is disturN&XN1a

ASD patients. At the same time, the mutations did fiet aeurogenesis or synaptic
numbers. It is worthy to mention that iPSCs derived from patients have a genetic
background. The normal ESCs and isogenic mutant lines with the same background
may have an advantage in dissecting the effects of a giventgameyer, how will

such a discovery be readily able to apply to patients of different genetic background
remain to be validated. In our study, ND1 and ND4 patients have a history of seizures
and/or epilepsy, and we cannot exclude the potentiaemtifiedgenetic background

may contribute to the overall cellular phenotype. It is reasonable to state that using
iIPSCs derived from patients may have potential advantages in finding the potential
role of NRXN1. However, it is almost necessary to consider fetg;fastly NRXN1
deletions predispose to a variety of clinical phenotypes from ASD, intellectual
disability, developmental delay, mental retardation to schizophrenia and epilepsy
(Mgller et al. 2013; Autism Genome Project Consortium et al. 2007; Glessner et al.
2009; Marshall et al. 2008; Béna et al. 2013; Ching et al. 2010; Gregor et al. 2011)
Cofactors as widentified genetic background may exist in differendlividuals
which leads to different clinical symptoms of NRXN1 deletions. Also, NRXNL1 is a
large gene, and different individuals may involve in different regions of deletions. The
deletion borders may not precisely have defined by copy number variataiasstu

and the nature of the deletion transcripts are still unknown.

While the charactesation of neurons in the Chapterasessential, it is not sufficient

to conclude the functionality in neuronal networks, which Wwédl discusseth the

following chapters.
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3.1Introduction

Neuronsaretheworkhorseof thenervoussystem providinga platformfor rapidand
complex communication algorithms, over long (meters) and short distances
(nanometers)Neuronsare excitablecells, they can rapidly (1-4ms) and reversibly
changanembrangotentialfrom arestingvalueof -80mV to a peakof +30mV. This
rapid spke in membranevoltageis termedan actionpotential(AP), andis the basis

of neuronalcommunication.

Hodgkin and Huxley originally proposeda modelto explainthe ionic mechanisms
underlying the initiation and propagationof action potentialsin squid giant axon
(Hodgkin and Huxley 1952b) Adapting the voltage clamp techniqueproposedby
Colein 1949andtaking advantagef therelativelylargesizeof the squidaxon,they
usedongslendeiintracellularelectrodeso recordmembrangotentialchangesThey
guantitativelyrecordedactionpotentialsanddemonstratethe involvementof Na" in
therising (depolarizatioh phaseof anactionpotential. Theyalsouncoveredherole
of voltagegatedion channelkinetics in the initiation and propagationof action
potentials. To date the Hodgkin and Huxley model is still the basis of our
understanding of single cell electrophysiology in the study of modern

neurophysiology.

Investigatingheelectrophysiologypropertieqionic flux, membraneonductancend
voltagegatedproperties)of neuronsis essentialwhen characterisingany model of
neurodevelopmentalr neurodegenerativéiseasen termsof neuronafunction. The
electrophysiologicgbropertiedemonstrat¢hefundamentafunctionalphenotypesf
neuronsandthe neuronalcircuits. Moreover,thesetypesof studiesprovide a better
understandingf theeffectivenessf thedifferentiationprotocolsemployedfocusing

on the maturity of neurons.

The iPSCtechnologyhasbeenwidely usedin the generationof functional neurons

providingimportantmodelsystemdor enhancingur understandingf neurobiology

and neuronal signalling in specific neuronal cell types. Specifically, excitatory

pyramidalcellsrepresenthe majority of the popuktionof the cerebralcortex,where

they integrateinformation betweenthe extracortical inputs and disparatecortical
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structures.Theseneuronalstructuresprovide the executivefunction of the human
brain, and its malfunctionsare associatedvith many diseasestatessuchas ASD,
epilepsyandA | z h e idiseasg8hg Kirwan, Smith, et al. 2012; Chambert al.
2009;Marianietal. 2012)

In the developingcortex, the appearancef embryonicsynapsdormationcoincides
with the developmenbf spontaneouglectrical activity in the developingneurons
(Katz and Shatz1996) Human cortical neurogenesistartsat a round week 5 of
gestationandcontinuesor over 70 days(Cavinesstal. 1995) The developmenbf
synapssstartsat aroundweek9/10of humanfoetaldevelopmen{Huttenlochesetal.
1982) Glutamatergicand functional deeplayer neuronssuchaslayer5 andsix are
foundto bepresentatearlystage®f differentiation(Kirwan etal. 2015) Thefunction
of theseneuronschangesver time, reflectingtheir developmentn vivo (Kirwan et
al. 2015) The neuronal network within the cerebral cortex undergoesstagesof
oscillatory activity during foetal development.These oscillations and bursting
network activity begin approximatelyhalfway through the gestationup to birth
(DreyfusBrisacandLarrochel971) Thecharacterizatioof cerebrakortexneuronal
networksderivedfrom humaniPSCsrequiresweeks/monthsf differentiationbefore
cellsacquirefunctionalfiring propertiegShi, Kirwan, Smith,etal. 2012) It hasbeen
shownthatactionpotentialheightincreasesndrestingmembrangyotentialdecrease
through the progressivematurationin vitro (105 daysin culture) of the cortical
neurongPréetal. 2014;Kirwan etal. 2015)

The expressiorof voltagegatedion channelgduring neuronaldevelopmenprovides
the essentiaimachineryfor neuronalexcitability. The expressionof thesevoltage-

gatedon channelss theprimarysourceof neuronablepolarizatiorandrepolarization
Their gating propertiesand the ion speciesselectivity determinethe kinetics of

changesin membranepotential. Subtypesof various Na" and K* channelsare
expressedh differentbrainregionsandhavea rangeof physiologicalproperty.They
all compriseof 6 transmembransegments(S1-S6), which are divided into two

modulardomainsthe voltagesensingdomain(S1-S4) andthe poreforming domain
(S5S6). The S4 segmentctsasthe mainvoltagesensomandrespondgo changesn

electricalpotentialby inducinga conformationchangeresultingin the openingof the
channelJoginiandRoux2007)
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Themagnitudeof theinwardNa" currentis notedto increaseverdevelopmentaime,
in line with neuronalmaturationand sensitivityto the channelblockertetrodotoxin
(TTX) (Preetal. 2014; Songet al. 2013) On the otherhand,K™ currenthasbeen
reportedto remain unchangedhroughoutneuronaldevelopment(Belinsky et al.
2011)

In this chapterl haveexploredthe passiveand active propertiesof 100-day iPSG
derived neuronsfrom NRXN1a deletion patientsand controls. We have applied
voltage and current clamp recording to investigatethe electrical excitability of
neuronsWe reportherethedetailedcharacterizationf thefunctionalneuronsThese
dataserveto validatefirstly the maturity andfunctional networkactivity of neurons
in anin vitro humancell modelandsecondlyto uncovemew insightsinto the effects

of NRXN1a deletionon non-synapticpropertiesof neurons.

3.2Material & methods

3.2.1Cell culture

TheiPSGderivedneuronsvereculturedon 15-mm roundcoverslips(ThermoFisher
Scientific 12362138)in 12-well plates,which were previouslycoatedwith poly-D-
lysine (seeMethodssectionChapter2). Cellswereculturedin N2B27medium which

wasrefreshé everytwo daysuntil thedayof theanalysis.

3.2.2Whole cell patch clamp recording method

Whole cell patchclamp configurationwas usedto recordfrom 98 neurons(Control
n=54, Patientn=39, and medianof 10 cells recordedper line for both control ard
patients)at day 100 of differentiationin all casesAll recordingswere performedat
roomtemperaturéapprox.18-20°C) in warmextracellulabathsolution,with140mM
NaCl (SigmaAldrich 71387),5 mM KCI (SigmaAldrich P9333),2 mM CaChk
(SigmaAldrich C5670),2 mM MgCl> (SigmaAldrich M8266), 10 mM HEPES
sodiumsalt(SigmaAldrich H7006)and10 mM glucoseat pH 7.4.Singlecellswere
selectedor recordingsasedon a pyramidalmorphologyandbright, clearcell body.
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