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SYTL2 Synaptotagmin like 2 

TBR1 T-box brain 1 

TEA Tetraethylammonium 

TGF Transforming growth factor 

TPM Transcripts per million 

TTX  Tetrodotoxin 

TUJ1 Beta III tubulin 

UHG University Hospital Galway 

VGAT  GABAergic vesicular transporter 

VGCC Voltage gated calcium channel 

VGKC  Voltage gated potassium channel 

vGLUT1 Vesicular glutamate transporter 

VGSC  Voltage gated sodium channel 

VZ Ventricular zone 
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Abstract 
 

Autism spectrum disorder (ASD), a multi-factorial disease, often has co-morbidity 

with epilepsy, which is associated with excessive neuronal firing. The pre-synaptic 

protein Neurexin1 (NRXN1) signals bi-directionally through both excitation and 

inhibition, by forming synaptic complexes with post-synaptic Neuroligins, 

GABAergic or Glutamatergic receptors, and the scaffold proteins SHANKs. Deletions 

and/or mutations of the NRXN1 gene have been implicated in a number of 

neurodevelopmental diseases including ASD. However, patient-derived disease 

models are lacking. Induced pluripotent stem cells (iPSCs) have the potential to 

revolutionize human disease modelling in vitro and to target unmet clinical needs. We 

hypothesize that NRXN1a gene deletion may dysregulate the balance of synaptic 

excitation and inhibition. Using skin biopsies from ASD patients with NRXN1a 

deletion and healthy donors, we converted dermal fibroblasts into iPSCs by 

reprogramming. Their pluripotency was validated by the expression of stem cell 

markers (OCT4, SOX2, NANOG, SSEA4, TRA-1-60, 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 were shown to 

express the neural progenitor markers of NESTIN, FOXG1 and PAX6. The 100-day-

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. They also transcribed pre- and post-synaptic interaction partners of 

NRXN1, including CASK, MINT, MUNC18-1 PSD-95, NLGNs and Shanks. There 

was no significant difference between the control and NRXN1a deletion groups in the 

proliferation of iPSCs and NSCs, neuronal differentiation or maturation, suggesting 

that NRXN1a deletion may not affect early neurogenesis. Neuronal function was 

investigated using single cell patch clamping, and the 100-day neurons with NRXN1a 

deletion displayed higher potassium and sodium currents, with selectively impaired 

depolarization and repolarization characteristics. The action potential amplitude was 

significantly increased, whereas the action potential threshold was decreased in 

NRXN1a deletion neurons. The repolarization slope was significantly increased and 

consequently, the repolarization duration was decreased. Moreover, we have carried 

out live cell calcium imaging on the 100-day neurons with Fluo4-AM, and neuronal 
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networks displayed inherent spontaneous firing activity with a significant increase in 

the frequency and duration of calcium transients in NRXN1a deletion neurons. The 

whole genome transcriptome analyses have demonstrated substantial up-regulation in 

ion channels and transporter activity, with voltage-gated calcium channels (VGCCs), 

voltage-gated potassium channels (VGKCs) and voltage-gated sodium channels 

(VGSCs) being mostly enriched among the differentially expressed genes. In addition, 

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 deletions of NRXN1a gene directly impair the non-

synaptic function of human neurons, in addition of their calcium transients, illustrating 

the value of this patient-derived iPSC model with NRXN1a deletion for studying ASD 

disease phenotypes. 
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1.1 Autism spectrum disorder (ASD) 

Based on Manual of Mental Disorders 5th Edition (DSM 5) definition, ASD is a 

neurobehavioral disorder classified as deficits in verbal and social communication and 

in developing and maintaining relationships (Kogan et al. 2009). The ñautistic 

disordersò were classified into four categories; Aspergerôs syndrome, childhood-onset 

disintegrative disorder (CODD), Rett syndrome and pervasive developmental 

disordersô-not otherwise specified (PDD-NOS). Later, in 2013 all these conditions 

were collectively defined as ñAutism spectrum disorderò. 

The prevalence of ASD has been dramatically increased from 4/5 cases per 10,000 in 

1966 to almost 1 in 100 in recent years (Tchaconas and Adesman 2013). This 

occurrence is more prevalent in males than females (Developmental Disabilities 

Monitoring Network Surveillance Year 2010 Principal Investigators and Centers for 

Disease Control and Prevention (CDC) 2014). It has been reported that the prevalence 

of ASD in the UK also has been increased from 0.40 case per 10,000 to 2.98 case per 

10,000 (Smeeth et al. 2004). The 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; Davidovitch et al. 2013). 

Based on DSM-5, the conditions for the diagnosis 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 contact and 

difficulty in initiating conversations. Furthermore, they exhibit repetitive behaviour 

such as opening and closing of a door or switching on and off the light. They may 

have excessive attachment to an unusual object, spinning their head or body in a 

certain way or flapping their hands. Based on DSM-5 there are three levels of severity 

in ASD: level 1, 2 and 3 (Table 1.1). Therefore, ASD is characterized by deficits in 

social and repetitive behaviours as well as communication problems. ASD is known 

to be heterogeneous concerning their clinical phenotypes. Communication deficits 

include speech and language delay. They often donôt understand the body language, 

and they canôt respond accordingly. 
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Table 1.1. Different levels of ASD severity based on DSM-5. 

 

 

Autism Spectrum Disorder is a developmental disorder characterized by impairment 

in social behaviour, interaction and communication (Gillberg 1993; Wing 1997; Lord 

and Jones 2012). ASD 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 gastrointestinal disorder (Amaral et al. 2008). Genetically, ASD is 

associated with hundreds of genetic risk factors (Pinto et al. 2010; Pinto et al. 2014; 

Vorstman et al. 2017). The heterogeneity in anatomical brain structure and 

abnormalities in ASD is also huge (Parellada et al. 2014; Varghese et al. 2017). 

The neuropathological findings elucidate abnormalities in various brain regions such 

as hippocampus and cerebellum (Bauman 1991; Fatemi et al. 2002; Schmitz and 

Rezaie 2008), white and gray matter (Barnea-Goraly et al. 2004; Rojas et al. 2006) 

and cerebral, prefrontal and cingulate cortex (Zilbovicius et al. 2000; Courchesne and 

Redcay. 2004; Lewis et al. 2013; Lewis et al. 2014). Abnormality in the cerebellar 

cortex also involves alterations in brain volume as well as the size and number of 

Purkinje cells  (Courchesne et al. 2011).  

Level of severity Social communication Repetitive behaviours 

Level 1  In the absence of support there is 

evidence of deficits in social 

interactions and communications. May 

have difficulties in initiating 

conversations and lack of social 

interest. At this level support is 

required. 

There are difficulties in 

organization and switching 

among activities.  

Level 2 In the presence of support there is an 

impairment in verbal and non-verbal 

communications and limited response 

to social interactions. At this level 

substantial support is required. 

There are difficulties in 

managing and coping with 

changes, as well as difficulty 

in changing focus 

Level 3 There is a severe deficit in both verbal 

and non-verbal communications and 

very limited response to social 

interactions. This level required hugely 

substantial support. 

There are extremely 

difficulties in coping and 

managing with changes. 

Repetitive behaviours seen 

in all aspects of spheres. 
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1.2 Causes of Autism Spectrum disorder  

1.2.1 Epigenetics and environmental factors 

 

Epigenetic mechanisms such as genomic imprinting, DNA methylation and histone 

modifications regulate gene expression and DNA structure. Genomic imprinting 

usually happens throughout life when a parental allele becomes inactive and 

imprinted. There are chromosomal areas termed as ñhot spotò for genomic imprinting. 

These are located on loci 7q and 15q (Luedi et al. 2007), which have also been strongly 

implicated in ASD (International Molecular Genetic Study of Autism Consortium 

(IMGSAC) 2001). These evidences clearly indicate the association of epigenetics in 

the etiology of ASD.  

DNA methylation is another epigenetic control affecting gene expression. Mutations 

in DNA binding protein Methyl-CpG 2 (MeCP2) have been implicated in Rett 

syndrome, seizures and ataxia (Amir et al.1999). MeCP2 have also been shown to 

regulate the expression of various synapse-related genes such as brain-derived 

neurotrophic factor (BDNF) and distal-less homeobox 5 (DIX5) (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 neurons (Jessberger et al. 2007). The 

extrinsic environmental factors may include parental age, heavy metals, food 

contaminants and environmental pesticides (Durkin et al. 2008). Organic pollutants 

can alter calcium signalling and hence deficits in neurotransmitter GABA and 

acetylcholine (Pessah et al. 2008). Furthermore, pesticides can cause oxidative stress 

and neuroinflammation and results in neuronal death (Herbert 2010). 

 

1.2.2 Genetics 

It is becoming increasingly clear that dysfunctions in synaptic genes are strongly 

implicated in ASD. These include, cell adhesion molecule, scaffolding proteins, 

neurotransmitter receptors, ion channels and cytoskeletal proteins. Alteration in 

synaptic activity and assembly are associated with many neuropsychiatric and 

neurodevelopmental disorders (Blanpied and Ehlers 2004).  
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1.2.2.1 Ion channels 

Ion channels belong to transmembrane proteins in which ions diffuse down their 

electrochemical gradient. Ion channels are different in their gating properties. The 

gating mechanism of voltage-gated ion channels have sensors based on the electrical 

potential across the membrane. These channels respond to a change in membrane 

potential by opening and closing, which is essential for action potential propagation. 

Both voltage-gated and ligand-gated ion channels are essential for regulation of 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, which have been 

impaired in ASD individuals (Table 1.2).  

Table 1.2. Sodium, Calcium and potassium channels associates with ASD in 
SAFARI database.  

 
Gene symbol Gene name Genetic category Autism report/  

total report  

SCN1A Sodium channel, voltage-gated, 

type I, alpha subunit 

Rare single gene mutation, 

syndromic, genetic 

association 

14/46 

SCN2A Sodium channel, voltage gated, 

type II, alpha subunit 

Rare single gene mutation, 

syndromic 

26/49 

SCN4A Sodium channel, voltage gated, 

type IV, alpha subunit 

Rare single gene mutation 3/3 

SCN5A Sodium channel, voltage gated, 

type V, alpha subunit 

Rare single gene mutation 2/2 

SCN7A Sodium channel, voltage gated, 

type VII, alpha subunit 

Rare single gene mutation 3/3 

SCN8A Sodium channel, voltage gated, 

type VIII, alpha subunit 

Rare single gene mutation, 

syndromic 

3/26 

SCN9A Sodium voltage-gated channel 

alpha subunit 9 

Rare single gene mutation 2/5 

CACNA1A Calcium channel, voltage gated, 

P/Q type, alpha 1A subunit 

Rare single gene mutation, 

genetic association 

3/11 

CACNA1B Calcium channel, voltage gated, 

N type, alpha 1B subunit 

Rare single gene mutation, 

genetic association 

4/7 

CACNA1C Calcium channel, voltage gated, L 

type, alpha 1C subunit 

Rare single gene mutation, 

syndromic, genetic 

association 

10/38 

KCNB1 Potassium voltage-gated channel 

subfamily B member 1  

Rare single gene mutation, 

syndromic 

1/4 
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KCND2 Potassium voltage-gated channel, 

shall related member 2 

Rare single gene mutation, 

genetic association 

2/4 

KCND3 Potassium voltage-gated channel 

subfamily D member 3 

Rare single gene mutation, 

syndromic, genetic 

association 

3/8 

KCNJ10 Potassium inwardly-rectifying 

channel subfamily J, member 10 

Rare single gene mutation, 

syndromic, genetic 

association 

3/10 

KCNJ12 Potassium inwardly-rectifying 

channel subfamily J, member 12 

Rare single gene mutation 1/1 

KCNJ15 Potassium inwardly-rectifying 

channel subfamily J, member 15 

Rare single gene mutation 2/2 

KCNJ2 Potassium inwardly-rectifying 

channel subfamily J, member 2 

Rare single gene mutation 1/1 

KCNK7 Potassium two-pore domain 

channel subfamily K member 7 

Rare single gene mutation 1/1 

KCNMA1 Potassium large conductance 

calcium activated channel, 

subfamily M, alpha member 1 

Rare single gene mutation 4/18 

KCNQ2 Potassium voltage- gated channel, 

KQT-like subfamily, member 2 

Rare single gene mutation, 

syndromic, genetic 

association 

2/18 

KCNQ3 Potassium voltage- gated channel, 

KQT-like subfamily, member 3 

Rare single gene mutation, 

genetic association 

4/7 

KCNT1 Potassium channel, subfamily T, 

member 1 

Rare single gene mutation, 

syndromic 

1/10 

KCND13 Potassium channel 

tetramerization domain 

containing 13 

Rare single gene mutation 2/6 

 

 

There are nine classes (NaV1.1-1.9) of sodium ion channels which have been 

functionally characterized (Catterall, Goldin, et al. 2005). They all have 50% 

similarity in their amino acid sequence (Catterall, Goldin, et al. 2005). They express 

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

express in the central nervous system, while Nav1.7, 1.8 and 1.9 are strictly abundant 

in the peripheral nervous system. Furthermore, Nav1.6 is expressed in both peripheral 

and nervous system (Catterall, Goldin, et al. 2005). Voltage-gated sodium channels 

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

molecular targets for many neural toxins such as batrachotoxin and tetrodotoxin. They 

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

potentials (Cestèle and Catterall 2000). 



Chapter 1 

 

 

 

 

6 

The alpha subunit of sodium channels have a key role in pore forming of the channels 

while the kinetics and gating properties of channels are governed by auxiliary b 

subunit. The a subunit comprises of four homologous domains in which each domain 

has six segments (S1-S6) (Figure 1.1). S1-S4 of the domain has a role in the opening 

of the channel upon depolarization, while S5-S6 with extracellular pore loops forming 

the pore domain of the channel (Figure 1.1).  

 

Figure 1.1. Structure of voltage-gated sodium channels. (A) Each channel consists of 
four homologous domains (in green, purple, blue, yellow) with each domain having six segments 
(numbered 1-6). Upon membrane depolarization segment six moves and head to the opening of 
the channel. The pore domain contains 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). 

 

SCN1A (NaV1.1) is a type 1 sodium voltage-gated channel and necessary for action 

potential propagation and axonal conduction. Mutation in SCN1A has been identified 

in more than 70% of individuals with epileptic encephalopathy (Harkin et al. 2007). 
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These patients have certain behavioural abnormalities such as impaired social 

interactions, anxiety, hyperactivity and cognitive impairment (Weiss et al. 2003). 

These phenotypes are very similar to those observed in ASD, hence a link between 

SCN1A, epilepsy and ASD. Furthermore, a mutation in SCN1A also showed autistic-

like phenotypes (Li et al. 2011).  

Another member of voltage-gated sodium channels is SCN8A (NaV1.6) which is 

highly expressed in the cortex, hippocampus and cerebellum of the central nervous 

system (Schaller et al. 1995). They are abundantly expressed at the initial segment of 

axons where they initiate and propagate action potential and hence have a role in 

neuronal excitability (Schaller et al. 1995).  

The proximal end of the axon is where the most sodium channels are highly abundant. 

In cortical pyramidal neurons, the action potential initiates from the distal part of the 

axonal initial segment (Van Wart et al. 2007). NaV1.6 is predominantly expressed at 

the distal part of axons, and patch clamping by step depolarization showed activation 

threshold of -55 mV, while in axon initial segment the threshold activation was -43 V 

(Wenqin Hu et al. 2009). This explains the role of NaV1.6 in lowering the threshold 

activation of action potential initiation. This also means that the membrane that has a 

higher level of NaV1.6 is more excitable and has higher threshold activation.  

Loss of homozygous Scn8A in null mice displayed motor deficits and difficulty in 

learning (Burgess et al. 1995). Heterozygous deletion of Scn8A showed the absence 

of seizures, anxiety and sleep disorder (Papale et al. 2009; Papale et al. 2010). An 

inherited frameshift mutation was observed in a child with intellectual disability and 

attention deficit hyperactivity disorder (Trudeau et al. 2006). More than 30 cases of 

de novo mutations have been identified with early infantile epileptic encephalopathy 

(Estacion et al. 2014; Vaher et al. 2014; Ohba et al. 2014). There were characterized 

by the presence of early-onset seizures, intellectual disability and autism (Estacion et 

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

Potassium channels are heterogenic proteins, essential for 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 and autistic-like characteristics 
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(DôAdamo et al. 2013). They were first discovered from a shaker mutant of 

Drosophila melanogaster (Tempel et al. 1987). Potassium channels are now classified 

into twelve members of Kv1 to Kv12   (Chandy and Gutman 1993). They comprise 

six transmembrane segments with four identical a pore forming subunits (Figure 1.2). 

Their structure is very similar to VGSCs with having a pore domain responsible for 

ion selectivity and gating properties (Figure 1.2). 

 

Figure 1.2. Structure of voltage-gated potassium channels. (A) They comprise of four 
subunits and six segments. S1-S4 act as voltage sensor and S5 and S6 make the pore domain for 
the passage of ions across the membrane. (B) The structure of the S4 domain in dark blue and S1 
to S3 in pale blue. (C) The pore domain structure of the channel with S6 in green.  
 

KCND2 which encodes for Kv4.2 subunit of voltage-gated potassium channels is 

referred as A-type current generator. They activate at sub-threshold membrane 

potentials, inactivates quickly and returns to its active states very rapidly (Zhu et al. 

1999). They are highly clustered in pyramidal neurons of CA1 region of the 

hippocampus in which they are responsible for setting action potential threshold and 

repolarization as well as back-propagating the action potentials (Kim et al. 2007). 

Given the importance of this particular channel, mutations on this gene have been 

correlated to many neurological diseases. Mutations, rare variants of KCND2 in 



Chapter 1 

 

 

 

 

9 

humans have led to temporal lope epilepsy (Singh et al. 2006) and autism (Okamoto 

et al. 2011; Mikhailov et al. 2008). Kv4.2 binds to fragile X mental retardation protein 

(FMRP) and is a contributor to fragile X syndrome, autism and intellectual retardation 

(Garber et al. 2008). Fragile X syndrome exists in 5% of individuals with ASD. FMRP 

protein has a key role in the maintenance of long-term depression,  long-term 

potentiation and synaptic plasticity (Weiler et al. 1997; Huber et al. 2000). In the 

hippocampus, FMRP protein interacts with Kv4.2 and prevents its translation, leading 

to a reduced expression of Kv4.2 channel (Lee et al. 2011). This means that alterations 

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

be associated with fragile X syndrome and ASD conditions.  

Calcium-activated potassium channels have also been implicated in neuropsychiatric 

disease (Chandy et al. 1998). For example, missense mutations have been found to 

alter the KCNMA1 channel in an individual with ASD (Laumonnier et al. 2006). It is 

interesting that the family of these channels have been implicated in ASD, via 

interaction through  FMRP protein (Deng et al. 2013).  

Voltage-gated calcium channels mediate the influx of calcium into presynaptic 

terminal upon depolarization. This influx leads to a number of functions including 

neurotransmitter release and intracellular signalling. They comprise of a a subunit 

pore domain, determining the channel selectivity. There are ten a1 subunits, clustered 

into three different subfamilies Cav1, Cav2 and Cav3. They all have different patterns 

of expression and generate different currents (Catterall, Perez-Reyes, et al. 2005).  

A de novo missense mutation in CACNA1C results in Timothy syndrome that have 

features of ASD along with language delay and social impairment (Bader et al. 2011). 

In addition, a single-nucleotide polymorphism in CACNA1G is associated with ASD 

(Strom et al. 2010), a T-type voltage-gated calcium channels contributing to neuronal 

firing (Lory et al. 2000). Loss of function mutation in CACNA1A, a P/Q type voltage-

gated calcium channel has been associated with autism, ADHD, febrile seizures, 

episodic ataxia and refractory absence epilepsy (Damaj et al. 2015). 
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1.2.2.2 Cell surface adhesion molecules 

Neuroligins are post-synaptic cell adhesion molecules that are expressed in both 

excitatory and inhibitory synapses (Song et al. 1999; Varoqueaux et al. 2004). They 

have large and small extracellular and intracellular domains with PDZ binding motif 

respectively. There are five neuroligin members, with NLGN3 and NLGN4X been 

implicated in the etiology of ASD (Jamain et al. 2003). Mutant forms of NLGN3 and 

NLGN4X results in a reduction of binding to cell surface adhesion molecules, 

neurexins at presynaptic terminals in vitro (Chih et al. 2004; Antony A Boucard et al. 

2005). Nlgn3 knockout mice showed deficits in excitatory NMDA receptor signalling 

(Chubykin et al. 2007). NLGN2 mutant Drosophila showed a reduction in synaptic 

bouton and transmission (Chen et al. 2012). Many reports have established the 

Neuroligins are vital for synapse maintenance, function and maturation (Chih et al. 

2005; Südhof 2008).  

Contactin-associated protein-like 2 (CNTNAP2) belongs to the Neurexin superfamily 

and have been implicated in ASD (Alarcón et al. 2008). CNTNAP2 gene encoded a 

transmembrane domain CASPR2. The main function of CASPR2 is to cluster 

potassium channels at the juxtaparanodes of myelinated axons (Poliak et al. 2003). It 

is highly expressed in human fetal brain with a distribution gradient towards the frontal 

lobe of the cortex, indicating a role for cognition and language and a role in ASD 

(Abrahams et al. 2007). Individuals with a mutation in CNTNAP2 exhibit cortical 

dysplasia-focal epilepsy syndrome, in which they show characteristic features of ASD 

(Strauss et al. 2006). Rare single base pair mutation in CNTNAP2 have also been 

implicated in ASD (Alarcón et al. 2008). Cntnap2 mutant mice showed impairment in 

the number of interneurons, deficits in neuronal activity as well as hyperactivity and 

epileptic seizures (Peñagarikano et al. 2011). Furthermore, treatment of the Cntnap2 

mutants with antipsychotic risperidone was able to reduce repetitive behaviours, 

confirming the role of Cntnap2 in neuronal development and ASD in the mouse model 

(Peñagarikano et al. 2011).  

Two other members of cell adhesion molecules are cadherins (CDHs) and 

protocadherins (PCDHs). They are involved in synaptic function and formation 

(Arikkath and Reichardt 2008) in which their reduction in brain results in deficits in 

neuronal functionality and connectivity (Redies et al. 2012). Homozygous deletion of 
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protocadherins (PCDH10) have been reported in children with ASD (Morrow et al. 

2008). 

Neurexins are another member of cell adhesion proteins which are predominantly 

expressed in the presynaptic membrane (K Ichtchenko et al. 1995). Neurexins are 

surface proteins that interact with Neuroligins, glutamate receptor delta 2 and leucine-

rich repeat trans-membrane neuronal proteins at the post-synaptic terminus (Dean et 

al. 2003; Scheiffele et al. 2000). Neurexins are the prime example of adhesion surface 

proteins at the pre-synaptic terminus, the most extensively studied modulators of 

synaptic activity (Brose 1999; Ushkaryov et al. 2009). Copy number variations are the 

significant cause of many genetic diseases (Rujescu et al. 2009). NRXN1 deletions 

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 

transmission (Chubykin et al. 2007). Such disruptions are involved in ASD (Marshall 

et al. 2008; Wang et al. 2009; Bucan et al. 2009; Ching et al. 2010; Béna et al. 2013; 

Viñas-Jornet et al. 2014), schizophrenia (Need et al. 2009; Kirov et al. 2014; 

Vrijenhoek et al. 2008; Rujescu et al. 2009; Todarello et al. 2014), mental retardation 

(Zahir et al. 2008), ADHD (WiŜniowiecka-Kowalnik et al. 2010) and epilepsy (Gregor 

et al. 2011; Møller et al. 2013; Schaaf et al. 2012; Béna et al. 2013; Dabell et al. 2013). 

A summary of NRXN1 deletions from the literature was performed in 2015. This 

includes patient ID number, their coordinate of deletion and indicated phenotypes that 

they have been diagnosed (ID (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)) (Table 1.3). 
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Table 1.3. Phenotypic diversity associated with NRXN1 deletion. 

Reference Patient 

Original 

Coordinates 

(Hg19) 

ID EP MCD ASD SCZ DD LD SD MD ADHD 

Schaaf et al E16 
chr2 

49885294 

50046403 
Hg18 

  Ṋ    Ṋ             

Schaaf et al E17 
chr2 
49885294 

50046403 

Hg18 

  Ṋ    Ṋ             

Wisniowiecka

-Kowalnik et 
al 

family 

2 

chr2 

50006408 
50200141 

Hg18 

      Ṋ     Ṋ       

Wisniowiecka

-Kowalnik et 
al 

Family 

1 

chr2 

50034351 
50413346 

Hg18 

      Ṋ             

Wisniowiecka

-Kowalnik et 

al 

family 

3 

chr2 

50106298 

50437268 
Hg18 

      Ṋ             

Dabell  et al 34a 
chr2 
50118810 

50179711 

Hg18 

      Ṋ   Ṋ         

Bena et al 1 
chr2 

50194000 
51344000 

Hg18 

Ṋ      Ṋ             

Gregor et al  N2 
chr2 

50270203 
51257206 

Hg18 

Ṋ                    

Bena F et al  13 
chr2 

50359788 

50584706 
Hg18 

Ṋ Ṋ          Ṋ       

Dabell M et 
al  33a 

chr2 
50271164 

50936973 

Hg18 

          Ṋ         

Bena F et al  5 
chr2 

50376840 
50845795 

Hg18 

Ṋ Ṋ          Ṋ       

Dabell M et 

al  29 
chr2 

50480647 
50600362 

Hg18 

      Ṋ             

Dabell M et 

al  28a 
chr2 

50503145 

50865069 
Hg18 

      Ṋ             

Schaaf et al  E11 
chr2 
50545885 

50922836 

Hg18 

     Ṋ             

Schaaf et al  E12 
chr2 

50545885 
50922836 

Hg18 

 Ṋ  Ṋ    Ṋ             

Schaaf et al  E13 
chr2 

50545885 
50552890 

Hg18 

  Ṋ  Ṋ             Ṋ 

Dabell M et 

al  18 
chr2 

50664886 

51250425 
Hg18 

Ṋ      Ṋ             

Bena F et al  7 
chr2 
50642229 

51040803 

Hg18 

Ṋ     Ṋ   Ṋ Ṋ       

Dabell M et 

al  30 
chr2 

50680324 
50720466 

Hg18 

      Ṋ             

Bena F et al  17 
chr2 

50693782 
50909965 

Hg18 

  Ṋ        Ṋ         
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Bena F et al  12 
chr2 

50815420 

51083778 

Hg18 

      Ṋ   Ṋ Ṋ       

Gregor et al  N5 
chr2 

50861527 

51090563 
Hg18 

Ṋ  Ṋ                  

Bena F et al  21 
chr2 
50897002 

51006610 

Hg18 

Ṋ      Ṋ     Ṋ       

Dabell M et 

al  19 
chr2 

50900500 
51020557 

Hg18 

      Ṋ   Ṋ         

Schaaf et al  E10 
chr2 

50902643 
51036715 

Hg18 

      Ṋ           Ṋ 

Bena F et al  22 
chr2 

50975394 

51079873 
Hg18 

Ṋ                    

Bena F et al  2 
chr2 
50797032 

51412595 

Hg18 

      Ṋ             

Bena F et al  6 
chr2 

50783685 
51180001 

Hg18 

Ṋ Ṋ    Ṋ     Ṋ       

Schaaf et al  E9 
chr2 

50753008 
51666029 

Hg18 

Ṋ                  Ṋ 

Bena F et al  10 
chr2 

50847740 

51170975 
Hg18 

  Ṋ    Ṋ   Ṋ Ṋ       

Gregor et al  N1 
chr2 
50860393 

51208000 

Hg18 

Ṋ  Ṋ                 

Dabell M et 

al  12 
chr2 

50890607 
51167934 

Hg18 

Ṋ                    

Schaaf et al  E7 
chr2 

50892598 
51125770 

Hg18 

      Ṋ             

Bena F et al  9 
chr2 

50894976 

51223965 
Hg18 

Ṋ      Ṋ     Ṋ       

Dabell M et 
al  13 

chr2 
50928021 

51157870 

Hg18 

  Ṋ       Ṋ         

Ching et al   4 
chr2 

50936914 
51167934 

Hg18 

      Ṋ             

Bena F et al  24 
chr2 

50941534 

51421039 
Hg18 

      Ṋ     Ṋ       

Bena F et al  25 
chr2 

50941534 

51421039 
Hg18 

      Ṋ     Ṋ       

Dabell M et 
al  11 

chr2 
50989149 

51178152 

Hg18 

      Ṋ             

Dabell M et 

al  15 
chr2 

50999149 
51130917 

Hg18 

  Ṋ                 

Bena F et al  19 
chr2 

50963194 

51144527 
Hg18 

Ṋ Ṋ    Ṋ   Ṋ  Ṋ       

Schaaf et al  E5 
chr2 

51006222 

51167932 
Hg18 

Ṋ   Ṋ Ṋ           Ṋ 

Schaaf et al  E8 
chr2 
51017041 

51307360 

Hg18 

  Ṋ  Ṋ            Ṋ 

Bena F et al  18 
chr2 

51029000 
51212526 

Hg18 

Ṋ Ṋ    Ṋ   Ṋ         
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Gregor et al  N6 
chr2 

51033865 

51496143 

Hg18 

Ṋ                    

Schaaf et al  E4 
chr2 

51036654 

51125770 
Hg18 

     Ṋ             

Schaaf et al  E3 
chr2 
51056636 

51167934 

Hg18 

Ṋ   Ṋ      Ṋ        

Ching et al   6 
chr2 

51059410 
51316396 

Hg18 

    Ṋ Ṋ         Ṋ   

Ching et al   7 
chr2 

51090504 
51212385 

Hg18 

Ṋ      Ṋ             

Schaaf et al  E2 
chr2 

51096075 

51415269 
Hg18 

                Ṋ 

Dabell M et 
al  37 

chr2 
51124517 

51354094 

Hg18 

  Ṋ       Ṋ         

Dabell M et 

al  4 
chr2:50989

149-
51675291 

Hg18 

      Ṋ             

Dabell M et 

al  3 
chr2 

51020497 
51178152 

Hg18 

  Ṋ       Ṋ         

Dabell M et 

al  5a 
chr2 

50996352 

51555511 
Hg18 

  Ṋ       Ṋ         

Schaaf et al  E14 
chr2 
50160134 

50481919 

Hg18 

     Ṋ             

Bena F et al  4 
chr2 

50638683 
51168031 

Hg18 

          Ṋ         

Ching et al   9 
chr2 

50689280 
50853329 

Hg18 

            Ṋ       

Bena F et al  20 
chr2 

50953916 

51105061 
Hg18 

            Ṋ       

Dabell M et 
al  7 

chr2 
50788065 

51318184 

Hg18 

          Ṋ         

Ching et al   3 
chr2 

50897002 
51212385 

Hg18 

                Ṋ    

Bena F et al  16 
chr2 

50898579 

51114964 
Hg18 

          Ṋ  Ṋ       

Dabell M et 

al  17 
chr2 

50900500 

51124577 
Hg18 

          Ṋ         

Dabell M et 
al  9 

chr2 
50900500 

51211695 

Hg18 

          Ṋ         

Dabell M et 

al  16 
chr2 

50928021 
51124577 

Hg18 

Ṋ         Ṋ         

Dabell M et 

al  8 
chr2 

50989149 

51211695 
Hg18 

            Ṋ   Ṋ   

Dabell M et 

al  6 
chr2 

50989149 

51354094 
Hg18 

          Ṋ         

Dabell M et 
al  2 

chr2 
51020497 

51178152 

Hg18 

          Ṋ         

Dabell M et 

al  1 
chr2 

51079673 
51459761 

Hg18 

          Ṋ         
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Todarello G 

et al  

family 

8 

mother 

chr2 

50270339 

50295780 

Hg18 

        Ṋ           

Todarello G 

et al  

family 

2 

father 

chr2 

50735657 

50800548 
Hg18 

        Ṋ           

Todarello G 
et al  

family 
9 

mother 

chr2 
50735657 

50800548 

Hg18 

        Ṋ           

Todarello G 

et al  

family 

3 
mother 

chr2 

50947040 
50979926 

Hg18 

        Ṋ           

Ching et al   10 chr2 

50714297 
50853329 

Hg18 

      Ṋ             

 

1.2.3 Copy number variations 

Autosomal genes are normally two copies, one copy from father and another from 

mother. Copy number variation (CNV) refers to genetic alterations as results of 

microduplication or microdeletion, via either inherited or de novo mutations. CNVs 

have been implicated on an strong genetic contributor to many complex 

neurodevelopmental diseases (Sebat et al. 2007; Christian et al. 2008; Marshall et al. 

2008; Luo et al. 2012). These CNVs are deletions or duplications of genes in forms of 

familial or de novo inheritance. The common causes of developmental delays are 

based on deletions or duplications, in which the structure, expression and function of 

a gene is disturbed. Deletion and duplication in many loci have been associated with 

ASD, and even rare cases of CNVs have been detected by genome-wide arrays (Ma et 

al. 2009), and these include, for example, duplication within 15q13 (Christian et al. 

2008), microdeletion within 16p11.2 (Sebat et al. 2007; Marshall et al. 2008; Weiss et 

al. 2008), Prader-Willi syndrome at 15q11-1 and Williams syndrome within 7q11.23 

(Glessner et al. 2009; Sanders and Ercan; Sanders et al. 2011). 

Pinto et al assessed both de novo and rare CNVs in cohorts of over 2000 ASD 

individuals to characterize associated ASD genes to identify their biological 

relationships and pathways (Pinto et al. 2014). This study showed that there were a 

strong enrichment in post-synaptic density (PSD) and fragile X mental retardation 

proteins (FMRP), underlying the genes which have a susceptibility to ASD (Pinto et 

al. 2014). FMRP belongs to multiple signalling pathways such as P13K-RAS-MAPK 

and P13K-Akt-TSC-PTEN-mTOR which have been reported before in ASD 

individuals by both over-expression and under-expression (Ascano et al. 2012). Their 

results further demonstrated that genes associated with ASD participate in a wide 
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range of processes and pathways, i.e. MAPK (Pinto et al. 2014) (Figure 1.3). The 

SAFARI gene analysis also showed that MAPK is one of the top enriched pathways 

in ASD (Wen et al. 2016). 

 

 

Figure 1.3. Genes affected by CNVs and SNVs in ASD. ASD pathway network are 
grouped together into three different classes, neuronal development and axon guidance, MAPK 
& other signalling pathways and chromatin modification and transcription regulation. Genes in 
red were identified by de novo CNVs, genes in blue were detected by de novo LoF (loss of 
function). SNVs from published exome sequencing and genes in white were affected by 
hemizygous LoF. SNVs on the X chromosome of males and genes in yellow were known to be 
implicated in 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 from (Pinto et al. 2014)) 

 

Pinto et al further evaluated and combined all CNVs with single nucleotide variation 

(SNVs) from previous exome sequencing (Iossifov et al. 2015; Neale et al. 2012). 

Among all the genes, 11 were found to be affected on both CNVs and SNVs (NRXN1, 

SHANK2, ARID1B, RIMS1, TRIP12, SMARCC2, DLL1, TM4SF19, MLL3, PHF2 and 
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CSTF2T) (Pinto et al. 2014). Further analysis using network-based analysis of 

genomic variation (NETBAG), three genes (NRXN1, SHANK2, RIMS1) were found to 

be enriched and overlapped (Figure 1.4) (Pinto et al. 2014). This strongly suggests the 

association of NRXN1 and SHANK2 in ASD (Figure 1.4).  

 

Figure 1.4. NRXN1 is one of the most prominent risk factors in ASD. (A) Pie chart 

displaying the proportion for each of five categories. The number of events and inheritance are 
in parentheses. (B) NRXN1 and SHANK2 are the common risk factors, from the Venn diagram. 
This diagram overview 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 genes with hemizygous LoF SNVs 
on the X chromosome of male ASD subjects, and 92 ASD-implicated genes previously described 
as autosomal dominant, X-linked dominant, or X-linked recessive in males (Adopted from (Pinto 
et al. 2014). 
 

It is interesting that genes which are associated with ASD have a key role in 

modulating synaptogenesis.  For example NLGN4 (Jamain et al. 2003), TBX1, 

PCDH10 (Morrow et al. 2008) and SHANK3 (Gauthier et al. 2009; Durand et al. 

2007). In addition, genes such neurexin1 (NRXN1) (Marshall et al., 2008; Wang et al., 

B
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2009., Bucan et al., 2009; Ching et al., 2012; Bena et al., 2013; Vinas-Jornet M et al., 

2014), CNTNAP2 (Bakkaloglu et al. 2008), NLGN1 (Glessner et al. 2009) and 

DLGAP2 (Pinto et al. 2010) have been implicated as ASD risk factors. A list of all 

genes implicated in the pathogenesis of ASD are listed in Table 1.4 (Banerjee et al. 

2014).  

Table 1.4. Conserved genes which are associated and implicated in ASD (Banerjee 
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 

association 

(Arking et al. 2008) 

NrCAM Ig-CAM Genetic association (Marui et al. 2009) 

CDH9/10 Transmembrane Genetic association (Bucan et al. 2009) 

CDH18 Transmembrane Chromosomal 

abnormality 

(Marshall et al. 2008) 

PCDH9 Transmembrane 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 Genetic association (Gharani et al. 2004) 

 

These evidence explain that synaptic plasticity might be an important molecular 

mechanism in the pathophysiology of autism. For instances, NRXNs are presynaptic 

cell adhesion molecules that interact with Neuroligins at post-synaptic terminals and 
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have a key role in synaptic formation and maintenance (Missler et al. 2012). 

Alternative splicing in Neuroligins regulates synaptic diversity by interacting with 

various receptors at the post-synaptic terminus, i.e. NMDA, AMPA and GABA-ergic 

receptors (Missler et al. 2012). Furthermore, SHANKs are scaffolding proteins that are 

important for the function of synapses (Böckers et al. 2001) and couples with NRXNs-

NLGNs complex. 

1.2.4 Brain structure in ASD 

Neuroimaging approach has been widely used to detect an abnormality in the brain in 

vivo. Magnetic Resonance Image (MRI) have shed light on the underlying 

characteristics of many neurodevelopmental diseases (Ecker et al. 2015). For example, 

by using structural MRI (sMRI) an abnormality in the grey and white matter of ASD 

individuals have been found (Schumann et al. 2010). 

One of the most consistent differences between ASD and typically developing control 

brain is the total brain volume. Studies showed enlarged total brain volume (frontal 

and temporal lobes) at early age of 2-4 years in some of ASD individuals (Nordahl et 

al. 2011). However, this usually follows by a decline or no difference in ASD brain 

volume at later 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 before the age of 2 years could be caused by expansion of 

cortical area rather than its thickness (Hazlett et al. 2011). This explains that the 

impairment in the white matter of ASD brain affects the acceleration of the cortical 

gray area.  

Different phenotypes observed in ASD such as deficits in social behaviours, language 

processing and repetitive behaviours are associated with a core region of the brain. 

For example, the parietal cortex, amygdala and frontal lobe may be associated with 

social behaviours (Adolphs 2001). Furthermore, the caudate nucleus has been linked 

to repetitive behaviours (Atmaca 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 age-dependent manner (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 might be an underlying 

cause of abnormality in cortical folding (Van Essen 1997). During early adolescence 

and adulthood in ASD individuals, the cortical folding is accelerated in the bilateral 

posterior region of cortex with increased gyrification (Wallace et al. 2013). On the 

other hand, in the right inferior frontal and medial parieto-occipital region of cortex in 

children with ASD, the level of gyrification is significantly reduced (Schaer et al. 

2013). These results show that the level of gyrification in ASD patients alter 

throughout the lifespan. 

1.2.5 Animal models of ASD 

There have been many animal studies to model ASD, mostly recapitulating the major 

phenotypes 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 

are mouse models of Phelan-McDermid syndrome which recapitulate the syndromic 

forms of ASD achieved by Shank3 knockout (Peça et al. 2011), Mecp2 in Rett 

syndrome (Shahbazian et al. 2002), Cacna1c in Timothy syndrome (Bader et al. 2011) 

and Fmr1 in fragile X syndrome (Ronesi et al. 2012). There are also knockout mice 

models which represent a non-syndromic form of ASD, i.e., Neuroligin 3 knockout 

(Baudouin et al. 2012). Other mouse models of ASD have included a lesion in 16p11.2 

model of autism (Horev et al. 2011), 22q11.2 mouse model lacking Pten (Zhou et al. 

2009), mutant Shank2 (Won et al. 2012) and Cntnap2 (Peñagarikano et al. 2011).  

There is also a model of autism in rats in which valproic acid is used as an 

environmentally triggered form of ASD (Rodier et al. 1997). Injection of valproic acid 

before neuronal tube closure is associated with disrupted inhibitory circuits, reduced 

Purkinje cells, repetitive behaviour and hyperactivity (Gogolla et al. 2009). Zebrafish 

also have been used with less popularity to mouse models for modelling the genetic 

basis of autism (Tropepe and Sive 2003). Zebrafish model has been used to investigate 

brain development and neuronal connections in ASD, but it is difficult to recapitulate 

the behavioural phenotypes (Tropepe and Sive 2003).  

Studies have shed light on some of the key genes which are associated with ASD, such 

as Neurexin 1 (Li et al. 2007; Zeng et al. 2007), Neuroligin 1 and 2 (Banovic et al. 



Chapter 1 

 

 

 

 

21 

2010; Chen et al. 2012) using Drosophila. Other invertebrates such as Aplysia showed 

that the interaction between neurexin and neuroligin is essential for storage of long-

term memory, a deficit implicated in ASD (Choi et al. 2011). C. elegans also been 

used to study the neuronal synaptic communication and abnormalities which are 

apparent in ASD (Calahorro and Ruiz-Rubio 2012). All of these ASD models will aid 

in understanding the complex aetiology of ASD. This will help researchers to find the 

underlying functional deficits that are implicated in ASD. 

1.3 Neurexin and their Significance  

Neurexins are a potential risk factor for not only ASD but also other 

neurodevelopmental and neuropsychiatric diseases, as discussed in previous sections. 

Neurexins are a particular class of synaptic proteins that are one of the key elements 

in governing the dynamics of neuronal circuits (Südhof 2008). Currently, they are the 

most studied regulators of synaptic properties.  

1.3.1 Neurexins: Structure & expression 

There are three neurexin genes, NRXN1, NRXN2 and NRXN3, and two major isoforms 

of larger Ŭ and shorter ɓ encoded by each neurexin gene (Ushkaryov et al. 1992; 

Ichtchenko et al. 1996). The long isoform of Ŭ-neurexins consists of 

six laminin/neurexin/sex (LNS) hormone binding globulin domains extracellularly, 

which are separated by three epidermal growth factor-like domains (Figure 

1.5A). They have a short cysteine-loop domain, transmembrane domain followed by 

a cytoplasmic sequence. The short form of ɓ-neurexins are transcribed from a different 

promoter and are effectively N-terminally truncated and are a shorter version of Ŭ-

neurexins with a short and specific N-terminal motif (Figure 1.5A). NRXN1 and 

NRXN3 are much more closely related in comparison to NRXN2 (Treutlein et al. 2014). 

All three Neurexins are equally expressed in the brain with subtle neuroanatomical 

differences, but Ŭ-neurexins are much more abundant in comparison to ɓ-neurexins 

(Aoto et al. 2013; Schreiner et al. 2014). Neurexin expression in the brain occurs early 

in brain development and is prior to synapse formation, perhaps for synthesizing 

essential synaptic proteins (Daly and Ziff 1997).  
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The expression of neurexins varies during development, and over 1000 different 

isoforms may be produced due to alternative splicing sites and differential promoter 

usage (Ullrich et al. 1995; Schreiner et al. 2014). The alternative splicing occurs at six 

different canonical sites (segment 1 -segment 6) (Ullrich et al. 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 brain region, the 

expression of all neurexins seems uncorrelated, which creates a significant difference 

in alternative splicing among neurexins (Figure 1.5B). The NRXN1 signalling is 

coupled to both excitatory and inhibitory synapses (Figure 1.5C). 

1.3.2 Neurexins: Ligands and receptors 

One of the first described Neurexin ligands were Neuroligins (Konstantin Ichtchenko 

et al. 1995; Ichtchenko et al. 1996). In total, Neurexins binds to at least seven different 

postsynaptic protein families, i.e. Dystroglycans, Cerebellins, LRRTMs and 

Latrophilins. There are three well-defined ligands binding site for Neurexins: (1) 

binding to Neurexophilins and Dystroglycans can be specifically mediated via LNS2 

domain  of Ŭ-Neurexins (Missler et al. 1998; Sugita et al. 1998); (2) LNS6 which is 

shared between both Ŭ and ɓ isoforms and bind to Neuroligins, Cerebellins, 

Latrophilins, LRRTMs and GABA-A receptors (K Ichtchenko et al. 1995; Ichtchenko 

et al. 1996; Ko et al. 2009; de Wit et al. 2013; Siddiqui et al. 2013; Uemura et al. 2010; 

C. Zhang et al. 2010; A A Boucard et al. 2005), and (3) binding to CA10, CA11 and 

C1qls can be achieved through both  Ŭ and ɓ isoforms (Sterky et al. 2017; Matsuda et 

al. 2016) (Figure 1.5D).  

All the mentioned ligand-receptor interactions are hugely dependent on alternative 

splicing (Figure 1.5D). The interactions between Neurexins and Neuroligins are 

regulated by SS4 splicing sequence, in addition of splicing site called SSB at 

Neuroligins (Antony A Boucard et al. 2005; Chih et al. 2006). The ɓ -Neurexins with 

a lack of SS4 insert bind only to Neuroligin1 that contain an insert of SSB (Tanaka et 

al. 2011). However, all Neuroligins that contain an insert of SSB can bind to all Ŭ and 

ɓ neurexins  (Tsetsenis et al. 2014; Chih et al. 2006; Comoletti et al. 2006). 

Interactions of Neurexins with other postsynaptic ligands are also regulated by 

alternative splicing at SS4 within the LNS6 domain. For example, Cerebellins only 
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interact with Neurexins that have an insert of SS4 (Uemura et al. 2010), while 

Latrophilins only bind to SS4- Neurexins (Boucard et al. 2014). 

 

(A)
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(C)

(D)
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Figure 1.5. Neurexin Domain structure and alternative splicing. (A)  The extracellular 

part of NRXN1ǟ consists of six-laminin/neurexin/sex hormone (LNS) binding globulin domains 
separated by three epidermal growth factor (EGF)-like domains, which are followed by an O-
linked sugar attachment domain (O-Glyc). The Ǡ-NRXNs are truncated version of ǟ-NRXNs, 
sharing LNS6, O-linked sugar attachment region, a single transmembrane domain and a short C-
terminal tail. (B) total RNA expression of Nrxn1,2 and three at different brain region (grey bars 
at the top) and mRNA expression of the SS4+/SS4- splice isoform ratio (bottom bars blue and 
green) in mice shows a dramatic difference in Neurexin splice sequencing expression (adapted 
from review by (Südhof 2017). (C) Neurexin is involved in both excitatory and inhibitory synapses 
with interaction of ǟ and Ǡ Neurexins to different ligands at the postsynaptic membrane (D). 
Intracellularly Neurexins at presynaptic nerve terminus bind to CASK, Mints and velis. At 
extracellular region, they bind to various ligands depending on their spliced sequence (B & C are 
adapted from review by (Südhof 2017). 
 

1.3.3 Neurexins: Function  

As mentioned previously, NRXN1 is significantly associated with ASD (Pinto et al. 

2014). Most of the NRXN1 mutations are heterozygous copy number variations, with 

truncation or missense mutations being less frequent (Gauthier et al. 2011; Enggaard 

Hoeffding et al. 2014; Todarello et al. 2014).  

Although the exact function of NRXNs remains unknown, at this point, there are few 

key results that may suggest the Neurexin functions. In 2003, the constitutive knockout 

of all three Ŭ Neurexins in mice impaired synaptic transmission through an alteration 

in calcium influx during an action potential, in addition to early postnatal death caused 

by a failure in the respiratory system (Missler et al. 2003). Missler et al. (2003) showed 

that deletion of compound Ŭ-neurexins in newborn mice caused a reduction in 

spontaneous neurotransmitter release (Missler et al. 2003). This was performed on 

cultured slices from neocortex and acute slices from the brainstem (Missler et al. 

2003). The results showed a significant reduction in the frequency of both excitatory 

and inhibitory spontaneous miniature postsynaptic activity (Missler et al. 2003). This 

reduction was not due to the number of postsynaptic AMPA or GABA-A receptors, 

but partly due to impairment in calcium channel function (Missler et al. 2003).  

Two years later, Zhang et al. investigated that Neurexin domain and voltage-gated 

calcium channel caused this impairment (Zhang et al. 2005). They demonstrated that 

the transgenic Nrxn1Ŭ could rescue the alteration in neurotransmitter release and 

calcium current phenotypes. Furthermore, the N and P/Q type voltage-gated calcium 

channels are selectively affected by Nrxn1Ŭ knockouts (Zhang et al. 2005). These 
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findings suggest that Ŭ-Neurexins couple and regulate neurotransmission through N 

and P/Q type voltage-gated calcium channels (Missler et al. 2003).  

Reduction in frequency of miniature excitatory spontaneous synaptic transmission was 

also observed in hippocampal CA1 pyramidal neurons of homozygous Nrxn1Ŭ 

knockout mice (Etherton et al. 2009). The behavioural phenotypes of this model 

showed impairment in nest building activity and an increase in grooming behaviours 

and no change in spatial learning, at least in part similar to phenotypes observed in 

human patients (Etherton et al. 2009). This behavioural phenotype was further studied 

in heterozygous Nrxn1Ŭ knockout mice (Laarakker et al. 2012). Their results identified 

an increase in locomotor activity and habituation when exposed to the new 

environment, only observed in male mice (Laarakker et al. 2012). This reflects the 

sex-dependent differences in behavioural phenotypes in a mouse model of 

heterozygous Nrxn1a deletion (Laarakker et al. 2012). 

A study by Grayton et al. (2013) was designed to investigate the behavioural deficits 

in the Nrxn1Ŭ knockout model (Grayton et al. 2013). They showed that the KO male 

mice had an increased aggressive behaviour, which increases their social approach 

toward intruders and a reduction in locomotor activity. This aggression was not 

observed in female Nrxn1Ŭ (Grayton et al. 2013). The male Nrxn1Ŭ KO mice showed 

reduced social approach towards the juvenile conspecific, in social sniffing 

investigation task. The social behaviour alterations were in contrast with studies 

reported by Etherton et al. (2009) and Laarakker et al. (2012), where no significant 

alteration was found. However reduction in nest building behaviour, which is an 

aberrant indication of social behaviour (Lijam et al. 1997), was replicated in both 

Grayton et al. (2013) and Laarakker et al. (2012) findings (Grayton et al. 2013). 

Conditional knockout of all ɓ-Neurexins also caused a synaptic impairment but no 

lethality (Anderson et al. 2015). In this study, the presynaptic release probability was 

suppressed in cultured CA1 hippocampal neurons in the subiculum, and this was 

caused by disinhibition of postsynaptic endocannabinoid synthesis (Anderson et al. 

2015). This results in increased secretion of endocannabinoid, which subsequently 

activated presynaptic CB1-receptors and hence impairment and inhibition in 

neurotransmitter release (Anderson et al. 2015). This study strongly suggests that ɓ-
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Neurexins have a functional property on post-synaptic endocannabinoid synthesis, 

independent of a-Neurexins (Anderson et al. 2015).  

A recent study has confirmed that Neurexins exert different functions at different types 

of synapses (Chen et al. 2017). Chen et al. showed that conditional triple knock-out of 

all Neurexins caused a loss in synapses but no change in action potential-dependent 

calcium influx in parvalbumin-positive inhibitory neurons in the prefrontal 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 

somatostatin-positive inhibitory neurons (Chen et al. 2017). These results imply 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 

that Neurexins have a canonical functional role in presynaptic calcium channel, as the 

same phenotype observed in both pan-a-Neurexin and pan-ab-Neurexin knockout 

mice in the same synapses, but this phenotype were diminished in other synapses with 

no explained reason (Missler et al. 2003; Chen et al. 2017). It is very difficult to 

conclude whether each Neurexin in pan-ab Neurexin knockout shows distinct 

phenotypes in different synapses. Nrxn3 is the only well-studied Neurexin member, 

which can partly answer this question (Aoto et al. 2013; Aoto et al. 2015). 

The conditional deletion of Nrxn3 in mice showed that there was a decrease in AMPA 

receptor-mediated excitatory response due to a loss in a number of AMPA receptors, 

when examined in the hippocampal CA1 region (Aoto et al. 2013; Aoto et al. 2015). 

However, the same deletion also showed a decrease in GABA receptor-mediated 

inhibitory synapse at olfactory bulb neurons (Aoto et al. 2013; Aoto et al. 2015). These 

phenotypes were only rescued on the hippocampal neurons with Nrxn3b protein (Aoto 

et al. 2013; Aoto et al. 2015). This clearly shows that the Nrxn3 performs different 

functional phenotypes at different types of synapses and neurons, echoing the complex 

implication of Neurexins in neuronal circuits and synapse assembly. 

Although there have been many studies that have been described in a constitutive 

mouse model of Nrxn1a deletion, the functional analyses of cultured neurons were 

lacking. The only available data were from Etherton et al. study in which the 

homozygous Nrxn1a knockout caused an alteration in synaptic transmission, but the 
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exact association of homozygous or heterozygous deletion remained unknown 

(Etherton et al. 2009). For this reason at 2015 Pak et al. investigated both in 

heterozygous and homozygous deletion of Nrxn1a knockout in cultured cortical 

neurons (Pak et al. 2015). They found no change in both miniature spontaneous and 

action potential-evoked excitatory postsynaptic currents (Pak et al. 2015). It is 

surprisingly interesting that the same deletion showed significantly different 

phenotypes in two different experimental procedures (Pak et al. 2015).  

The complexity of the Nrxn1 phenotype in animal models has called out loudly a need 

for human research. NRXN1 mutations associated with ASD exhibit incomplete 

penetrance, which means that the genetic background may significantly contribute to 

the clinical phenotype observed in patients. However,  NRXN1 mutations have widely 

been associated with many neurodevelopmental and neuropsychiatric diseases 

(Marshall et al. 2008; Zahir et al. 2008; Bucan et al. 2009; Need et al. 2009; Rujescu 

et al. 2009; Wang et al. 2009; Ching et al. 2010; WiŜniowiecka-Kowalnik et al. 2010; 

Gregor et al. 2011; Schaaf et al. 2012; Béna et al. 2013; Dabell et al. 2013; Kirov et 

al. 2014; Todarello et al. 2014; Viñas-Jornet et al. 2014).   

With the advent of induce pluripotent stem cells (iPSCs), it has become increasingly 

beneficial to study the disease phenotype in human models. Animal models may not 

always recapitulate the observed phenotypes in humans. This was clearly proven by 

Pak et al. study, in which a significant impairment observed in the induced mutation 

of ESC derived cortical neurons in contrast to lack of the phenotype in mouse model 

mentioned above (Pak et al. 2015). They found that the NRXN1 mutation shows no 

alteration in differentiation or synaptogenesis, but a severe impairment in 

neurotransmitter release (Pak et al. 2015). The heterozygous deletion showed a 

reduction in the frequency of 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 

NRXN1 mutation in humans.  
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1.4 Pluripotent stem cells 

1.4.1 Embryonic stem cells (ESCs) 

Stem cells are cells which have the capability of self-renewal and differentiation into 

all somatic cell types of the human body, or in another word ñpluripotentò (Weissman 

2000). These are the exact prime characteristics of embryonic stem cells (ESCs). ESCs 

were first discovered by Evans and Kaufman (1981) from the inner cell mass (ICM) 

of pre-implementation mouse blastocysts. Since then several ESC lines have become 

available in vitro to generate a variety of cells from different lineages including 

hepatocytes, neurons and cardiomyocytes (Evans and Kaufman 1981). However, due 

to ethical and scientific barriers to the use of human ES cells, as well as difficulties 

associated with immunological incompatibility, other alternative approaches have 

been explored; i.e. iPSCs.  

1.4.2 Induced pluripotent stem cells (iPSCs); history 

The iPSCs are similar to ESCs in their self-renewal and differentiation property. This 

was first generated from mouse embryonic fibroblasts (MEF) and adult mouse tail-tip 

fibroblasts with retrovirus transfection of four genes (Takahashi and Yamanaka 2006). 

Initially, three groups of 24 different pluripotency-inducing genes were selected and 

tested. The first group were a combination of Oct-3/4, Sox2, UTF1, Sall4, Sox15 and 

Rex1 that were expressed in ESCs (Takahashi, Okita, et al. 2007). The second group 

related to growth and tumour-specific combined genes of c-Myc, Stat3, ɓ-catenin, 

Grb2, KLF4, TCL1 and ERas (Yamanaka 2007). The third group were less-defined 

function genes of  ESCs of ECAT1, ESG1, Fbx15, DNMT3L, ECAT8, GDF3, 

ECAT15-1, ECAT15-2, Fthl17 and Stella (Yamanaka 2007). These genes were 

injected in MEF using retrovirus transfection. The combination of Oct3/4, Sox2, c-

Myc and Klf4 was shown to produce colonies with high resemblance in morphology 

and proliferation to ESCs (Yamanaka 2007). Mouse iPSCs gave rise to chimeras with 

the competency for germline transmission, when they were transplanted to blastocysts. 

These iPSCs were indistinguishable from ESCs in all aspects of pluripotency, 

proliferation and differentiation. 
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This was followed by the reprogramming of human somatic cells to iPSCs (Takahashi, 

Tanabe, et al. 2007). This was achieved by a combination of four reprogramming 

factors, including Oct4 (Octamer-binding transcription factor-4), Sox2 (Sex-

determining region Y)-box 2, Klf4 (Kruppel Like Factor-4) and c-Myc. Human iPSCs 

have been injected into the severe combined immunodeficient (SCID) mice, where it 

formed teratomas with cells derived from all three germ layers, representing to their 

pluripotency (Takahashi and Yamanaka 2006; Takahashi, Okita, et al. 2007; Yu et al. 

2007). 

1.4.3 Key elements of pluripotency in stem cells 

The main and key transcription factors which are associating with pluripotency are 

Oct4, Sox2, Nanog, Klf4 and c-MYC. Oct4 is also known as Oct3 or Oct3/4 encoded 

by Pou5f1, first, discovered in mice as a specific ESC transcription factor (Schöler et 

al. 1990). In humans, it is encoded by OCF3 gene comprising three isoforms of 

OCT4A, OCT4B and OCT4B1 (Wang and Dai 2010). OCT4A is the main isoform 

which can maintain the stemness of pluripotent stem cells and mostly known as OCT4. 

In mouse embryogenesis, Oct4 is mainly expressed in pluripotent stem cells and 

decreases upon differentiation. The study shows that the absence of Oct4 results in the 

death of embryos at the time of implantation in mice (Nichols et al. 1998). Therefore, 

Oct4 refers to a master regulator of pluripotency during embryonic development.  

Sox2 was first discovered as a testis-determining factor (Gubbay et al. 1990). Sox 

genes are divided into various subgroups in which Sox2 identified in SoxB1 group 

along with other members (Sox1, Sox3). However, Sox2 is the only member which 

has an indispensable role in embryonic development. The expression of Sox2 was 

initially detected at morula stage and later in blastocyst and epiblast of the inner cell 

mass (Avilion et al. 2003). This elucidates that the presence of Sox2 is 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 morphology (Fong et al. 2008). In an ESC model of the Sox2-

null mouse, the forced expression of Oct4 can rescue the pluripotency state of the cells 

(Masui et al. 2007). This shows that the primary role of Sox2 is to maintain the 

appropriate level of Oct4 (Masui et al. 2007). This means that the level of Sox2 has to 

be in equilibrium to maintain the pluripotency of the cells. In addition, Sox2 corporates 
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with Oct4 and Nanog to regulate the pluripotency of the cells (Boyer et al. 2005). 

Nanog also has an important role in regulating pluripotent epiblast during 

embryogenesis by preventing the differentiation towards endoderm (Chambers et al. 

2003). It has been proved in mouse ESCs that Nanog has the ability to sustain 

pluripotency (Mitsui et al. 2003). 

The ectopic expression of Oct4, Sox2, c-Myc and Klf4 can reverse the differentiated 

somatic cells. Klf4 belongs to the Krüppel-like factor (Klf) that maintain the 

proliferation, differentiation and development of cells (McConnell et al. 2007). 

Furthermore, Klf4 inhibits the differentiation of ESCs in the absence of other 

pluripotency factors such as leukaemia inhibitory factor (LIF) (P. Zhang et al. 2010). 

Klf4 suppresses the P53 pathway, a potent inhibitor of Nanog expression in ESC or 

iPSC differentiation (Lin et al. 2005). This means that Klf4 has a role in maintaining 

and regulating the expression of Nanog. 

Finally, the expression of c-Myc and its role in pluripotency of ESCs have also been 

investigated (Kim et al. 2008). Disruption of c-Myc at E10.5 caused defects in vascular 

and hematopoietic cells (Davis et al. 1993). Furthermore, the self-renewal abilities of 

ESCs are interfered in mouse knockdown model of c-Myc (Varlakhanova et al. 2010). 

The lack of c-Myc in iPSC generation has been reported to dramatically reduce its 

efficiency (Nakagawa et al. 2008). C-Myc has a role in suppressing the fibroblast-

specific gene expression which is essential in the early stages of the reprogramming 

process (Sridharan et al. 2009). 

1.4.4 Generation of iPSCs 

The first step in generating iPSCs is to identify and culture the source cells. Then, the 

appropriate reprogramming factors to be introduced to the selected source cells. There 

are two ways of introducing the reprogramming factors; integrating and non-

integrating methods. The integrating methods include using retroviral, lentiviral and 

inducible lentiviral vectors, and non-integrating methods comprise of Sendai virus, 

episomal vectors and adenovirus (Brambrink et al. 2008; Fusaki et al. 2009). The cells 

undergo morphological changes and iPSC colonies generated by having round shape, 

large nucleus and scant cytoplasm (Thomson et al. 1998). The iPSCs were then 

characterized  on the basis of pluripotent transcription factors Oct4, Sox2 and Nanog 
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and cell surface markers SSEA4 and Tra180 (International 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. The main advantage 

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

the other hand, non-integrating models such as episomal reprogramming have the 

advantage of using only one single transfection to induce reprogramming, as well as 

removing the potential risk of cancer generation due to the integration of virus. The 

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

ñfootprint-freeò iPSCs. However, their efficiency is lower in comparison to lentiviral 

(Robinton and Daley 2012).  

Sendai virus has grown in popularity in the recent years to eliminate 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 characteristics as ESCs (Fusaki et al. 2009). 

1.4.5 Potential advantages of iPSCs 

The iPSCs are derived from fully differentiated somatic cells such as skin fibroblasts 

without the requirement of using human oocyte or embryo. This removes the ethical 

and political issue of using ESCs, in addition to complex methods deriving them. 

However, the methods used for generating iPSCs are relatively simple and achievable 

in most laboratories. Direct reprogramming methodology enabled the generation of 

iPSCs from healthy volunteers, a potential and immediate utility in drug screening and 

toxicology testing. The potential advantages of iPSCs are the ability to generate iPSCs 

from patients of various diseases. This is very important in areas of research where in 

vitro human cell models are lacking, i.e. brain, heart. 

Human dermal fibroblast has been a robust starting material for inducing iPSCs (Yu 

et al. 2007). This enables the researchers to use fibroblast from patients to extensively 

study the disease in vitro. These patient-specific iPSC lines can offer a tremendous 

opportunity to model a disease, which is not possible through animal research. This 

can be used for 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 are blood cells (Kim et al. 2016), keratinocytes from plucked hair (Lim et al. 

2016) and exfoliated renal tubular epithelial cells, and cells from urine (Zhou et al. 

2011). Apart from scalp hair, other facial hair sources such as hair from nose, eyebrow 

and beard can also be used. However, fibroblast is the most commonly used primary 

cell source. This is obtained from a skin punch biopsy with a common size of 3.5-

4mm.  

1.4.6 iPSCs as an in vitro disease model 

There are a large number of disease models which have been developed in 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 discovery (Figure 1.6). iPSCs have the 

capability to self-renew and differentiate into all different cell types. The first 

suggestion was based on the neurodegenerative disease 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 actively studied disease modelling in neurological disorders is 

Alzheimerôs disease (Kondo et al. 2013; Wang and Doering 2012). By using iPSC 

models, researchers have found that there are various pathophysiology of Alzheimerôs 

disease in Ab accumulation among different patients (Israel et al. 2012). iPSC models 

have also been widely studied for amyotrophic lateral sclerosis (ALS) (Kiskinis et al. 

2014; Chen et al. 2014), schizophrenia (Brennand et al. 2011), spinal muscular atrophy 

(Sareen et al. 2012), Rett syndrome (Ananiev et al. 2011), Prader-Willi syndrome 

(Yang et al. 2010), fragile X syndrome (Urbach et al. 2010), Phelan-McDermid 

syndrome (Shcheglovitov et al. 2013) and Huntingtonôs disease (N. Zhang et al. 2010).  

There have been great advances in using iPSC derived tissues in drug screening. For 

example, loxapine was identified as a potential drug target for schizophrenia by 

increasing neurites and connectivity among neurons  (Brennand et al. 2011). Using 
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ALS patient-specific iPSC derived motor neurons, kenpaullone has been proved to be 

a potential drug candidate for the survival of neurons (Yang et al. 2013). These 

discoveries show that iPSC technology has taken a significant step to fill the gap 

between the pathogenesis of diseases. This strongly suggests the possibility of future 

personalized medicine in therapeutic intervention and application for patients with 

various neurological and non-neurological diseases.  

 

Figure 1.6. Use of induced pluripotent stem cell for drug and cell therapy. This 
process starts with skin biopsies to generate patient-specific iPSCs. This is followed by directed 
differentiation to desired cell lines or undergoing gene editing to correct the mutation. For drug 
discovery, the differentiated cells will be either used for drug screening and testing prior to their 
application for in vivo testing or will be used for animal disease modelling. For cell therapy, the 
corrected iPSCs will differentiate into desired 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 

There have been many studies over the last few decades to identify genes which are 

associated with ASD and predispose to the clinical phenotypes. However, ASD 

encapsulates as a very complex neurodevelopmental disorder in which their 

underlying pathways has yet to be determined. Phenotypes that are associated with 

ASD are varied from mild to severe and can be attributed to more than one gene 

mutation, hence it is not possible to model ASD in animals. Moreover, there are many 

other disorders such as mental retardation, intellectual disabilities, bipolar disorder 

and epilepsy that have comorbidity with ASD (Volkmar et al. 2004). With the use of 

iPSCs, many researchers around the world have generated many desired human 

disease model in a dish. There have been great advances in regenerative medicine to 

recapitulate patient-specific disease phenotype. This provides a great opportunity for 

drug discovery and therapeutic interventions. 

This study aimed to generate iPSCs from fibroblast obtained from patients with 

NRXN1a deletion who have been diagnosed with ASD and to investigate molecular 

and functional changes in NRXN1-deletion neurons derived from iPSCs. 

The derivation of iPSCs was achieved using viral and non-viral reprogramming 

methods, and iPSCs were extensively characterized using standard methods (Chapter 

2). A differentiation protocol was applied to generate mature and functional cortical 

neurons (Chapter 2). The differentiation capability, synaptogenesis and early and late 

neuronal development were investigated at the molecular level (Chapter 2).  

NRXN1 protein is expressed in both excitatory and inhibitory synapses, and deletion 

of either heterozygous and homozygous NRXN1 has been implicated in altering the 

excitatory and inhibitory postsynaptic transmission as fully discussed in the previous 

section. Furthermore, Neurexins are essential for coupling voltage-gated calcium 

channels to the release machinery. This means that NRXN1 deletion may disturb the 

electrical firing and calcium signalling of neurons (Chapters 3 and 4). The aim of these 

chapters was to investigate the impact of NRXN1 deletion on passive and active 

properties of neurons (Chapter 3), as well as calcium signalling among neurons 

(Chapter 4). To further understand the underlying molecular mechanism of any 

observed phenotype whole genome RNA sequencing were applied (Chapter 5), the 
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transcriptomes were systematically analysed to uncover the molecular pathways 

associated with NRXN1 deletion and altered neuronal functions.  
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2.1 Introduction  

2.1.1 Pathology of ASD 

Induced pluripotent stem cells are similar to the embryonic stem cells, and both can 

be differentiated into most cell types in the body. Transformation of adult somatic 

cells to iPSCs, and then to differentiated disease cell types, has been an innovative 

technology, which facilitates powerful modelling of various human diseases and 

overcomes ethical challenges. This allows researchers to underpin the molecular 

deficits, cellular dysfunction/abnormalities and pathophysiology of human diseases. 

Indeed, iPSC-derived neurons have been studied in many neurodevelopmental 

diseases, such as schizophrenia (Brennand et al. 2011), Rett syndrome (Kim et al. 

2011; Ananiev et al. 2011; Marchetto et al. 2010; Ricciardi et al. 2012), Fragile X 

syndrome (Sheridan et al. 2011; Liu et al. 2012) and Timothy syndrome (Paĸca et al. 

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 colleagues 

were able to correlate the severity of ASD with cortical thickness by analysing 156 

ASD individuals and using two main adaptation and learning stage (Moradi et al. 

2017). Furthermore, abnormality in the mini-columnar structure of neocortex has also 

shown to be a common pathological finding in ASD (Amaral et al. 2008). This 

evidence suggests abnormal corticogenesis during brain development of ASD. 

In support of the previous statement, the overgrowth of the brain especially in the first 

and second year of life was reported as a significant increase in ASD individuals in 

comparison to healthy controls (Courchesne and Redcay. 2004; Stanfield et al. 2008). 

This brain enlargement was also observed in neuroimaging studies in the amygdala 

and cerebellar volume but a reduction in corpus callosum volume (Stanfield et al. 

2008; Frazier and Hardan 2009). Cortical thickness and folding have been additionally 

reported in children with ASD (Ecker et al. 2013). 

In a more recent study, Libero and colleagues investigated the neural architecture by 

comparing a set of 19 high-functioning ASD adults to 18 typically developing peers, 

using multiple brain imaging modalities of structural MRI, Diffusion Tensor Imaging 
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(DTI) and Proton Magnetic Resonance Spectroscopy (1H-MRS). Their morphometric 

analysis also revealed an increase in the thickness of cortex in high-functioning 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 choline in the cingulate cortex of ASD adults, with 

a marginal increase in the dorsal anterior cingulate cortex (Libero et al. 2015). An 

increased number of neurons, decreased volume of neuronal soma and increased 

neuropil were also observed (Varghese et al. 2017).  

On the other hand, diminished cortical width was also reported from a comparative 

morphometrical study of ASD coronal brain sections and controls. In terms of location 

and size of the frontal lobes, this reduction was consistent with a diagnosis of focal 

cortical dysplasia. Spatial statistics identified smaller pyramidal cells and a reduction 

in a total number of interneurons. 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). 

Neurons communicate using synapses via excitation and inhibition. GABA is a major 

inhibitory pathway. The GABAA subunit expression in the postmortem tissues was 

shown to be decreased in the superior frontal cortex, parietal cortex and cerebellum of 

subjects with autism (Fatemi et al. 2009). Parvalbumin marks a major subtype of 

GABAergic interneurons, and Parvalbumin mRNA was significantly lower in 

Purkinje cells of Crus II of the lateral cerebellar hemispheres in ASD compared to 

control brains (Soghomonian et al. 2017). However,  using induced pluripotent stem 

cells to model sporadic ASD, ASD-derived organoids were recently found to exhibit 

overexpression of the FOXG1, an accelerated cell cycle and overproduction of 

GABAergic inhibitory neurons (Mariani et al. 2012).  

Evidence also shows that the cortical thickness may indicate the maturation and 

connectivity of cortex and the development of white matter which largely take place 

after birth (Shaw et al. 2008; Raznahan et al. 2011). This elucidates that there might 
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be an impairment in maturation and density of dendritic spines which were also 

observed in ASD (Varghese et al. 2017). These pathological analyses reveal the 

heterogeneity, complexity, and even controversy of ASD neuropathology. To a certain 

degree, we think this reflects the heterogeneity of different genetic factors involved. 

Meanwhile, little is known about the corticogenesis and excitatory pathways in the 

pathogenesis of ASD. Understanding normal corticogenesis in mammals and humans 

will be useful 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 are cytoarchitectonically and functionally distinct. Each layer contains a unique 

subset of neurons, including glutamatergic excitatory projection (pyramidal) neurons 

and GABAergic inhibitory interneurons. This structure was generated in a cell cycle-

dependent manner in which inner layers, i.e. layers 5-6 were generated first during 

neurogenesis. The ventricular zone in the neural tube comprises of Nestin-positive 

progenitors. These progenitors undergo an expansion of the neural progenitor pool or 

later divide into postmitotic doublecortin (DCX) positive cells. The early postmitotic 

neurons forming preplate will split into superficial layer 1 (Cajal-Retzius) and layer 

six around E10.5. Later on, at around E12.5, postmitotic neurons migrate along radial 

glial cells (RGCs) and form layer 5 and 6 of the cortex. Layer 2-4 neurons are 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 neocortex. At <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 cell cycle-dependent and inside-
out manner. Early-born neurons form the deep layers, whereas later-born 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 and L2; green). The significant proportion of upper layer neurons emerge from 
intermediate progenitor cells (IPCs) which have been migrated to the sub-ventricular zone (SVZ). 
Finally, NPs undergo gliogenesis, generating astrocytes and ependymal and blood cells at the end 
of E17.5. CR, Cajal-Retzius neuron; DL Pyr, deep-layer pyramidal neuron; IZ, intermediate zone; 
UL Pyr, upper-layer pyramidal neuron, WM, white matter (Kwan et al. 2012).  
 

Sox5 and Tbr1 are the key transcription factors for generation of early-born deep layer 

neurons. Sox5 belongs to SOX transcription factors and is expressed in postmitotic SP 

and L6 neurons. It has a role in migration, axonal projection and differentiation of L6 

neurons (Kwan et al. 2008; Lai et al. 2008), and down-regulates L5 transcription 

factors Fezf2 and Ctip2 (Kwan et al. 2008; Lai et al. 2008). The expression of Fezf2 

and Ctip2 are essential for the subcortical development of L5 neurons (Arlotta et al. 

2005; B. Chen et al. 2005; J.-G. Chen et al. 2005; Molyneaux et al. 2005). Tbr1 is 

selectively expressed in L6 corticothalamic projection neurons and L1 Cajal-Retzius 

neurons (Hevner et al. 2001). Tbr1 also suppresses and down-regulates the expression 

of Fezf2 and Ctip2 in L6 corticothalamic neurons (Han et al. 2011; McKenna et al. 

2011). Tbr1 is also required for differentiation and axonal pathfinding (Hevner et al. 

2001; Han et al. 2011; McKenna et al. 2011).  
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Satb2 is highly expressed in postmitotic L2-L5 projection neurons and is an interacting 

transcription factor that regulates the upper layer-specific genes Cux2, Cdh10 and 

Rorb (Alcamo et al. 2008), but suppress Ctip2. Satb2 is involved in many aspects of 

upper layer neurons such as differentiation, axonal guidance and migration (Alcamo 

et al. 2008; Britanova et al. 2008). Other transcription factors that are expressed in L2-

L5 of projection neurons include Pou3f2 (formerly Brn2) and Pou3f3 (formerly Brn1), 

and they belong to POU domain transcription factors (McEvilly et al. 2002; Sugitani 

et al. 2002).  

The six layers can be distinguished by layer-specific markers, for example, Calretinin  

marks layer 1 CajalïRetzius cells; Cux1 and Cux2 are expressed in layer 2 and 3; Brn1 

labels layer 2-4; FoxP2 and Tbr1 expressed by layer VI, and Ctip2 is positive in layer 

5 and 6 neurons (Lizarraga et al. 2010). These markers are important for assessing 

normal corticogenesis as well as identifying any alteration in both post-mortem tissues 

and disease model of ASD. Furthermore, the process of corticogenesis can be 

investigated using proliferating marker Ki67, the S phase marker - BrdU, and M phase 

marker - phospho-histone H3, the newborn post-mitotic cell marker - Dcx, the pan 

neural/neuronal cell marker - Tuj1, and mature neuronal markers -Map2 and NeuN.   

2.1.3 Human corticogenesis and developmental markers 

A prominent feature of the human brain is the fabulous size of the cerebral cortex, and 

its sophisticated cerebral folding 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 development to 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 1999; Barkovich et al. 2012). There has been a great advancement in 

understanding human cortical development in the last 15 years in the field, including 

the proliferation of NPs, the size of the cortex, novel germinal zones and different 

types of NPs, and specific genes associated with neocortical expansion (Fernández et 

al. 2016; Florio et al. 2017). 



Chapter 2 
 

 

 

 

44 

At the start of corticogenesis in human, neuroepithelial cells possess features of the 

apical radial glial cell (aRGC) mainly expressing PAX6 and Vimentin (reviewed by 

(Taverna et al. 2014)). The neuroepithelial cells (aRGCs) undergo symmetrical 

divisions of either new postmitotic doublecortin (DCX) positive cells or to 

intermediate neural progenitor cells (IPCs), the same process as at E10 mouse 

embryogenesis (Englund et al. 2005) (Figure 2.2). More asymmetric divisions will 

take place in order to generate more IPCs from aRGCs (Noctor et al. 2004). These 

IPCs generate the majority of excitatory cortical neurons in the cerebral cortex 

(Kowalczyk et al. 2009). In the ventricular zones, apical intermediate progenitors 

(aIPs) divide at their apical surface and produce neurons, but the subapical progenitors 

divide to generate IPCs (Stancik et al. 2010). In SVZ, the basal radial glial cells 

(bRGCs) express PAX6, sharing many similarities to aRGCs (Shitamukai et al. 2011; 

Wang et al. 2011) (Figure 2.2). 

The abundance of aRGCs is much higher in gyrencephalic species than in mouse and 

rats. This abundance occurs due to the high proportion of neural epithelial cells at early 

stages of corticogenesis as well as increased self-amplification of aRGCs. The 

abundance of basal progenitors is further accompanied by separating SVZ into outer 

and inner SVZ (OSVZ, ISVZ respectively) (Fernández 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 Götz 2014). In gyrencephalic species, the majority of 

basal progenitors are bRGCs rather than IPCs, which is abundant in lissencephalic 

mouse (Borrell and Reillo 2012; Reillo et al. 2011; Betizeau et al. 2013). In 

gyrencephalic corticogenesis such as in macaque and ferret, the generation and self-

amplification of neurons take much longer in comparison to rodents (Kornack and 

Rakic 1998; Borrell and Reillo 2012) enabling a much greater cell division (Dehay 

and Kennedy 2007; Florio and Huttner 2014). These 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 Götz 2014; 

Florio and Huttner 2014). This is 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 folding (Reillo et al. 2011; 
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Nonaka-Kinoshita et al. 2013). The OSVZ, therefore, plays a central role in cortical 

expansion and folding, as 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 come from many 

multidisciplinary studies, including investigation 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 during the 

evolution of human brain development and how genetic alterations may cause human 

brain diseases. 

 

Figure 2.2. Schematic diagram of cerebral cortex development in gyrencephalic 
brains. This diagram shows the essential types of progenitor cells and their connection and effect 

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 during the neurogenic phase. This diagram shows the list of molecules playing a 
role in each phase (adopted from (Fernández 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 cell-cell interactions, environmental signals and 

intrinsic signalling pathways. Bone morphogenic proteins (BMPs) belong to 

transforming growth factor b (TGFb) cytokine superfamily that promotes various 

cellular events for neuronal fate determination. They also interact with basic fibroblast 

growth factor (bFGF) and sonic hedgehog (Shh) which play a crucial role in NSC self-

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 self-renewal, they block neuronal differentiation (Ying et al. 2003) 

and promote non-neuronal (i.e. mesodermal) differentiation (Xu et al. 2002; Ying et 

al. 2003).  

In the last few years, there have 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 differentiation protocol was established on the basis 

of the embryonic body (EB) formation (Clark et al. 2004). This protocol has 

disadvantages of heterogeneous production of cells and time-consuming procedure. A 

mono-layer and the serum-free based protocol were established (Ying et al. 2003) 

based on certain signalling pathways that are required to be inhibited during brain 

development. BMP signalling pathway inhibitors, such as chordin, Noggin and 

compound LDN193189, are important in early embryo development through SMAD 

signalling (Sasai et al. 1994; Smith and Harland 1992). Early studies in Xenopus have 

shown that the BMP signalling prevents neural differentiation (Linker and Stern 

2004). In addition, it is shown in chick and Xenopus that the antagonist of BMP 

protects the presumptive neural plate and enhances neuronal differentiation (Vonica 

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

for neural induction. In the mouse model lacking all the BMP signalling antagonists, 

the nervous system is still developed (Mukhopadhyay et al. 2001; Bachiller et al. 2000; 

McMahon et al. 1998).  

Inhibition of another SMAD signalling, TGFɓ pathway, is also found to promote 

neural induction. TGFɓ can be inhibited by a small molecule called SB431542 (Patani 

et al. 2009). Activin and Nodal signalling are members of TGFɓ superfamily which 

are responsible for the maintenance of iPSC pluripotency and self-renewal, as well as 
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inducing mesodermal differentiation (Vallier et al. 2004; Vallier et al. 2005; Beattie 

et al. 2005; James et al. 2005). Nodal binds to complexes of Activin receptors (ALK4, 

ALK7 and ActRII), which eventually affect SMAD signalling (reviewed in (Schier 

2003). SB431542 can inhibit TGFɓ/ activin/ nodal/ SMAD signalling by acting 

through the phosphorylation of ALK7, ALK5 and ALK4 (Figure 3.3). This elucidates 

that nodal signalling not only promotes the differentiation of mesoderm but also 

provides an inhibition mechanism towards neural fate both in vivo and in vitro (Smith 

et al. 2008; Vallier et al. 2004). 

 

Figure 2.3. TGFb and BMP signalling pathways. SB431542 molecule inhibits Activin 
type I receptor and Nodal type I receptor, and both of which are responsible for phosphorylation 
of SMAD2/SMAD4, which induce mesoderm and ectodermal differentiation. LDN193189 
selectively inhibits BMP receptor I, ALK2 and ALK3, which in turn inhibit SMAD1/5/8 

activation. Inhibition of TGFb and BMP pathways drives stem cells toward ectodermal 
differentiation (www.selleckchem.com/TGF-beta.html).  
 

Their synergic action of both SB431542 and LDN-193189 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; Espuny-Camacho et al. 2013). 

Therefore, the dual SMAD inhibition strategy was used to differentiate iPSCs towards 

the anterior neuroectodermal lineage and telencephalic glutamatergic neurons 

http://www.selleckchem.com/TGF-beta.html
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(Chambers et al. 2009). This is a key for the generation of cortical neurons. A notable 

feature of this method is that different classes of neurons can be generated in the 

temporal order as that in utero. Early, deep layer neurons (TBR1+/CTIP2+) may appear 

in the first 20/30 days of differentiation, while upper layer cortical neurons (SATB2+, 

BRN2+) will be generated as late as 80/90 days (Shi, Kirwan and Livesey 2012). We 

have used this protocol in this study to generate excitatory cortical neurons from the 

control and NRXN1-deletion ASD iPSCs for phenotypic analyses.  

2.1.5 Reprogramming from fibroblast to iPSC  

The discovery of iPSCs in 2006 has opened up a new field with many branches of 

translational and regenerative medicine (Takahashi and Yamanaka 2006; Takahashi, 

Tanabe, et al. 2007). The iPSCs are derived from adult somatic sources but have the 

pluripotency resembling ESCs regarding the capability of self-renewal and 

differentiation to any desired cell lineage. They can, therefore, overcome ethical 

complication of human ESCs and provide a great opportunity to revolutionize human 

disease modelling in vitro by targeting unmet clinical needs, to study disease in culture 

dish and to investigate the underlying disease mechanism. Moreover, in terms of cell 

replacement therapy, the immune rejection upon allogenic transplantation will be less 

of a concern with cells derived from patient own somatic tissue. Although stem cells 

can also be derived from umbilical cord blood, blood, bone marrow and adipose tissue 

(Gnecchi and Melo 2009), the mesenchymal stem cells derived from these sources can 

only be differentiated to certain cell lineages such as osteocytes, chondrocytes and 

adipocytes. The human brain is particularly difficult to access, and primary human 

neurons do not grow well in vitro. The iPSC technology has thus provided unique and 

invaluable opportunity for studying neurological and neuropsychiatric disorders to 

explore the fundamental molecular and cellular pathways impaired in 

neurodevelopmental and neurodegenerative diseases, which could be challenging to 

model in rodents.   

The main transcription factors involved in early embryonic development, as well as 

pluripotency and self-renewal properties,  are SOX2, OCT4, NANOG and KLF4 

(Takahashi, Tanabe, et al. 2007). There are various methods which have been 

developed to convert somatic cells into iPSCs, by the forced expression of essential 

genes which are critical for the pluripotency identity. The original method of 
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reprogramming utilized retroviral transduction. This was a simple and efficient model 

but may cause multiple genomic integrations of transgenes, due to the limited cloning 

capacity of the retroviral vector. Therefore, multiple vectors are needed to express four 

transcriptional factors, which made a concern regarding clinical applications of iPSCs 

and the risk of insertional mutagenesis. This was followed by the development of 

lentiviral, Sendai virus and episomal vectors (Yu et al. 2007; Takahashi, Tanabe, et al. 

2007; Fusaki et al. 2009), with a different ñgene cocktailò based on the original 

discovery (Takahashi, Tanabe, et al. 2007; Yamanaka 2008) to convert somatic cells 

to iPSCs (Feng et al. 2009; Buganim et al. 2012). 

Later, lentivirus with Lox P site was introduced which had a larger capacity to 

incorporate four reprogramming factors into a single vector, thus minimising the 

integration sites into the host genomic DNA. In 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. 2010). To further increase the 

transgene expression, transposons were introduced (Grabundzija et al. 2013). 

However, none of the genome-integrating vectors is considered safe because the DNA 

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

This led to the exploration of non-integrating methods for iPSC transgene delivery. 

These methods involve using plasmid transfections, cell-penetrating proteins and non-

integrating viruses, etc. (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 efficiency was reduced. Sendai virus is also a non-

integrating method with very high efficiency (Fusaki et al. 2009). 

A non-integrated and non-viral method is the use of episomal DNA vectors. This is an 

easy and inexpensive method with limited transfection. This means that there is a very 

low risk of integration of a transgene into host transfected cells. It is also optimized to 

be used on feeder-free 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 have an oriP/EBNA-1 backbone. The 

presence of oriP/EBNA-1 backbone ensures the gradual loss of the episomal vectors 

at a ratio of 5% per cell cycle without any further manipulation. Epi5 reprogramming 

vectors are a mixture of three episomal vectors, with a replication origin (oriP) element 
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and cis-acting EBV nuclear antigen-1 (EBNA-1) carrying the reprogramming genes 

Oct4, Sox2, Lin28, L-Myc and Klf4. In addition to the 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. Therefore, the 

dominant negative mutation of p53 is 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 urine (Takahashi, Tanabe, et al. 2007; Aasen and Izpisúa 

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 clones shall 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 project are derived from lentiviral and episomal 

vector reprogramming methods. This reflected the history of the project from a single 

lentiviral vector (integrated) performed by former group member at the initial stage to 

non-integrated (episomal) method when I joined the project.  The expression of the 

reprogramming genes may vary among iPSC lines. However, all iPSCs have been 

standardized and efficient expression level of OCT4, SOX2 and NANOG have been 

validated across the lines.  

This chapter aims to generate iPSCs and cortical glutamatergic neurons from both 

control and NRXN1a-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 validated at different early stages of differentiation (i.e. day 10, 20, 30) at both 

RNA and protein levels. For example, PAX6 was analysed as it has an important 

determinant role in the fate of neural progenitors and the density of cortical neurons 

in the forebrain (Jones et al. 2002). The expression of FOXG1 transcription factor was 

also determined at RNA and protein level at early stages of cortical neuron 

differentiation, as FOXG1 plays a critical role in proliferation and neurogenesis of 

pyramidal neurons in the forebrain (Martynoga et al. 2005). We also validated the 
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protocol with Tuj1, MAP2, SYN1 and excitatory neuronal markers.  Expression of 

Tuj1 is an essential pan-neuronal marker, which is expressed specifically by neural 

stem cells, developing and mature neurons (Menezes and Luskin 1994). Most of the 

post-mitotic neurons in forebrain originate from Tuj-1 positive progenitor cells in the 

anterior part of SVZ (Luskin et al. 1997; Menezes et al. 1995). The iPSC-derived 

neurons also show expression of mature neuronal marker MAP2, which is a forebrain 

pyramidal marker, and is mainly present in dendrites of pyramidal cells in the cerebral 

cortex (Curtetti et al. 2002). Furthermore, the expression of a series of excitatory 

neuronal markers at pre- and post-synaptic membrane, synaptic marker SYN1 genes 

and different cortical layer markers were investigated at the RNA and protein levels.   

 

2.2 Material & Methods 

2.2.1. Fibroblast culture  

Skin biopsies (3mm) were obtained from both control (healthy volunteers) and 

identified NRXN1Ŭ deletion patients at Galway University Hospital. Approval for the 

study was granted by NUI Galway research ethics committee (reference C.A.750). 

Skin biopsies were washed in Dulbecco's Phosphate-Buffered Saline (DPBS) 

(Thermo Fisher Scientific 14190250) containing 5% penicillin/streptomycin (Thermo 

Fisher Scientific 10,000 U/ml 15140122) and cut in to small pieces using a sterile 

scalpel blade. Dissected biopsies were cultured in high glucose Dulbecco's Modified 

Eagle Medium (Thermo Fisher Scientific 11965092) supplemented with 10% fetal 

bovine serum (Thermo Fisher Scientific HYC-001-354R), 1% penicillin/streptomycin 

and 1% non-essential 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 generated using lentiviral and episomal reprogramming methods. 

Table 2.1 provides the details of patient and control lines including their 

reprogramming method, age where biopsies taken and their deletion regions where 

applicable (Hg19 builder). 
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Table 2.1. Source information for iPSC lines. 

 
iPSC line Reprogramm

ing method 

Control 

or 

patient 

Sex Age 

(at 

biopsy

) 

Inheritan

ce 

Deletion region  

(Hg19 start-stop) 

1CC2 Lentivirus Ctrl M 4 N/A N/A 

3VCX1 and 

3VC2 

Lentivirus Ctrl M 21 N/A N/A 

4C3 and 4CX1 Lentivirus Ctrl M 19 N/A N/A 

2VC1 Lentivirus Ctrl F 20 N/A N/A 

NCRM-1 NIH: 

episomal 

Ctrl M Not 

known 

N/A N/A 

ND1 C1 Lentivirus Patient M 6 De novo Exon 6-13 50566968-

50897061 

ND2 C11 and  

ND2 CX1 

Lentivirus Patient M 20 De novo Exon 1-5: 51122091-

51314430 

ND4-1 C1 and 

ND4-1 C2 

Episomal Patient F 19 De novo Exon 1-5: 50982113-

51446873 

 

 

2.2.2.1 Lentiviral 

Step 1: Day 0 (seeding of fibroblasts): Fibroblasts were seeded at a density of 

5.0X104 in a 6-well plate. Cells were maintained at 37º C overnight in 2.5 ml of 

fibroblast medium, which consisted of DMEM high glucose 4.5g/L (Thermo Fisher 

Scientific, 11965092), 1% non-essential amino acids (Thermo Fisher Scientific 100X, 

11140050), 1% penicillin/streptomycin (Thermo Fisher Scientific, 10,000 U/ml, 

15140122) and 10% HycloneTM fetal bovine serum (Fisher Thermo Scientific, 

10309433).  

Step 2: Day 1 (1st transduction): Prior to transduction, a control well of fibroblasts 

were dissociated using Trypsin/EDTA (Thermo Fisher Scientific, 25200056) to count 

the number of cells, which were used to calculate the multiplicity of infection (MOI) 

for reprogramming of other un-dissociated 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 reprogramming of the cells. One vial of Human STEMCCA 

Constitutive Polycistronic (OKSM) virus (Merck-Millipore Cork, Ireland, SCR510) 

was thawed in ice after its removal from -80̄ C. For a batch with the titre value of 

3.2X109 infectious units (IFU), the viruses were diluted in 1:100 in DMEM high 

glucose medium. The cultural medium in the reprogramming 6-well plates was 
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replaced with 1 ml of fresh fibroblast medium. Polybrene (Merch Millipore, TR-1003) 

was diluted in 1:10 with culture grade water (Sigma Aldrich 59900C) and 5ml of this 

was added to each well for obtaining 5mg/ml final concentration. The virus volume 

was calculated using the formula: number of 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 across the well and cells were incubated at 37º C 

overnight. 

Step 3: Day 2 (2nd transduction of fibroblasts): On the following day, the second 

transduction was applied to the fibroblasts using the same approach as the previous 

day. To calculate the correct virus volume on the second day, using an additional well 

of control fibroblasts seeded at day 0.  

Step 4: Day 3 (change of medium with bFGF): On day 3 of reprogramming, the 

medium was aspirated, and cells washed three times in DPBS (Thermo Fisher 

Scientific, 14190250). The medium was replaced with Knockout DMEM medium, 

which was made of 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  L-glutamine (Thermo Fisher Scientific, 200 mM, 

25030081), 182 ml b-mercaptoethanol (Thermo Fisher Scientific, 50mM, 31350-010), 

and 10 ng/ml bFGF (Peprotech UK, 154 a.a). The medium was changed every day 

with the fresh addition of bFGF, and the morphology of cells was monitored with light 

microscopy. 

Step 5: Day 5 (MEF layer preparation): The inactivated mouse embryonic 

fibroblasts (MEF) (Thermo Fisher Scientific, A24903) were seeded on 6-well plates 

pre-coated with 0.1% gelatin for 1 hour at 37º C. Then, the gelatin was aspirated, and 

1.5X105 inactivated MEF were seeded on each well of 6-well plate and incubated at 

37º C overnight.  

Step 6: Day 6 (1st passage of fibroblast): At this stage, transduced fibroblast cells 

are 80-90% confluent and are ready to be passaged onto MEF-coated plates. The MEF 

medium was aspirated, and the well was washed once with DPBS. Transduced 

fibroblasts were trypsinised and seeded at a density of 4.0X104 cells per MEF-coated 
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well. The medium was changed every other day and inactivated MEF were added 

every seven days. 

2.2.2.2 Episomal 

Step 1: Day 0 (seeding fibroblast):  The density of 1.0X105 cells were used as a 

starting point for transfection. 1.0X105 cells were resuspended in 100 ml of 

nucleofection buffer (Nucleofector kits for Human Dermal Fibroblast (NHDH), 

Lonza, CC-2509) in addition to 1 ml of Epi5TM reprogramming vectors (Table 2.2) and 

1 ml of the Epi5TM p53 & EBNA vectors (Table 2.2). The mixture pCE-hOCT3/4, 

pCE-hSK and pCE-hUL vectors delivers 5 essential factors for iPSC generation. The 

mixture of pCE-mP53DD and pCXB-EBNA1 improves the reprogramming efficiency 

by delivering mp53DD and EBNA1. The solution was placed in a transfection cuvette 

and electroporated using Nucleofector 2b device (Lonza) under programme U0023. 

The cells were immediately transferred into geltrex-coated 6-well plate with the 

addition of 3 ml fibroblast medium. The cells were incubated at 37º C overnight. 

 

Step 2: Day 1 (medium change and maintenance): The medium was aspirated and 

replaced with N2B27 medium, which was made of DMEM/F12 with HEPES 

(Thermos Fisher Scientific 11330032), 1% N2 supplement 100X (Thermo Fisher 

Scientific 17502048), 2% B27 supplement 50X (Thermo Fisher Scientific 12587010), 

1% non-essential amino acids, 0.5% glutamax 100X (Thermo Fisher Scientific 35-

050-061), b-mercaptoethanol 1000x, and 10 ng/ml bFGF. The medium was changed 

every other day until day 15 of reprogramming. 

Step3: Day 15 (medium change): The medium was then aspirated and replaced with 

essential E8 medium (E8TM, Thermo Fisher Scientific, A1517001). The E8 medium 

was changed every other day, and iPSC colonies were picked using 10 ml pipette tip 

from day 20-30 of reprogramming period. Each colony were isolated and placed into 

an individual pre-coated geltrex well.   

Table 2.2. Epi5 episomal reprogramming vectors. 

 

Vectors Genes 

pCE-hOCT3/4, pCE-hSK, pCE-hUL Oct4, Sox2, Klf4, L-Myc, Lin28 

pCE-mP53DD, pCXB-EBNA1 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 following (Figure 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 reagent were removed, and the cells washed gently with 1 ml of DPBS 

and replaced with 1 ml of E8 medium containing ten µM rock inhibitor (Stem Cell 

Technologies, Y27632). Cells were detached and scratched using 5 ml pipette to 

evenly dissociate cells, which were plated at a very high density of 45,000 ï 50,000 

cells/cm2 on a 6-well plate pre-coated with geltrex (Thermo Fisher Scientific, 

A1413302). Geltrex-coated 6-well plates were prepared by adding ~1.5 ml geltrex into 

a 6-well plate which was kept at 37º 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 80-85% confluency.  

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

with 1ml of DPBS and replaced with neural induction medium. The Neural induction 

(N2B27) medium comprised of 2/3 (v/v) of DMEM F/12 (Thermo Fisher Scientific, 

BE12-719F), 1/3 (v/v) of Neurobasal (Thermo Fisher Scientific, 21103-049), 1/150 

(v/v) of N2 supplement (Thermo Fisher Scientific, 17502048), 1/150 (v/v) of B27 w/o 

Vitamin A (Thermo Fisher Scientific, 12587010) and 0.1 mM of ɓ-mercaptoethanol 

(Thermo Fisher Scientific, 31350-010), supplemented with 100 nM LDN193189 

(BMP signalling inhibitor, Stem Cell technologies, 72102) and 10 nM SB431542 

(TGF-ɓ signalling inhibitor, Sigma, S4317).  

3) Neural progenitor generation (Day 1-12): Half of the medium was changed every 

day for up to day 10-12 with the fresh addition of SB431542 and LDN193189 to 

N2B27 medium. This is dependent on the formation of the thickened neuroepithelial 

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 10-12): N2B27 medium was removed, 

cells were washed once with 1ml of DPBS and replaced with 1ml of conditioned 

medium (N2B27 + fresh 10 µM rock inhibitor) and incubated for 1 hour at 37º C. 

Following the incubation, the conditioned medium was collected and placed in a 15 

ml falcon tube. Cells were washed once in 1ml of DPBS and replaced with 1 ml of 

0.02% EDTA for 1-2 minutes at 37º C. The EDTA was aspirated, and the conditioned 

medium was added to the cells. Cells were gently and evenly scratched with 5 ml 

pipette tip to generate a big cluster of cells. Cells were collected into a 15 ml falcon 

tube. The remaining cells in the well of 6-well plate were washed with 3ml of N2B27 

containing ten µM of rock inhibitor and transferred to the falcon tube. Cells from each 

6-well plate were passaged into four wells of a 12-well plate and then incubated at 37º 

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 day 20-22. This might be slightly 

variable between lines as this was determined by the confluency of the cells and when 

multi-layered of cells become visible.  

6) Second passage for terminal differentiation (Day 20-22): At this stage cells were 

passaged for terminal differentiation without any further passaging. Cells were plated 

on Poly-D-Lysine-coated 12-well plates or 15 mm coverslips (Fisher Scientific 

12362138) or ibidi 8-well chambers (ibidi, 80826) for different analyses at the end of 

experiments. Cultural plates, coverslips or ibidi chambers were prepared by adding 

required amount of Poly-D-lysine (10mg/ml in DPBS) for 1 hour at 37º C. Then 

cultural wares were washed three times with DPBS and incubated with 10mg/ml of 

laminin at 37º C for overnight. On the following day, plates were washed once with 

DPBS prior to use. Cells were passaged on Poly-D-Lysine/Laminin-coated culture-

wares as described on step 4, with the following passaging ratios:  1:2 from 12-well 

to12-well plates, 1:3 from 12-well to 15mm coverslips and 1:8 from 12-well to 8-well 

ibidi chamber slides.  

7) Maintenance for mature neuronal differentiation (Day 20/22-100): Cells were 

fed every 2-3 days with half of the new N2B27 (w/o vitamin A) medium until day 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, cells were processed for immunocytochemistry, western blotting, RNA 

sequencing, electrophysiology and calcium imaging experiments.  

  
 
Figure 2.4. Flow diagram of cortical neuronal differentiation.  
 
 

2.2.4 Immunocytochemistry  

Cells were washed with PBS and fixed in 4% paraformaldehyde (Santa Cruz 30525-

89-4) for 20 minutes at room temperature (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% trition-X100 in PBS for 1 hour at RT. Following 

blocking, cells were incubated with primary antibodies at desired dilution (Table 2.3) 

prepared in blocking solution at 4º 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 with appropriate fluorophore conjugated 

secondary antibody in blocking solution for 1 hour at RT (Table 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 of DAPI- positive nuclei 

in that images.  
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Table 2.3. list of primary antibodies used. 

 

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 

Tuj1 Abcam 1:1000 Mouse Ab78078 

Synapsin1 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 

 

2.2.5 Western 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 (Roche 906845001), 1x protease inhibitor 

(Roche 05892970001) and 1ml Phenylmethylsulfonyl fluoride (Sigma Aldrich 

000000010837091001). The concentration of proteins determined using BCA assay 

(Thermo Fisher Scientific 23227). The lysates prepared in 1x sample buffer (62.5 mM 

Tris-HCl (pH 6.7), 0.5 M sodium 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 µg of protein sample was 

run on a 10% acrylamide/bisacrylamide gel for around 70 minutes at 120V. Proteins 

were transferred to a Polyvinylidene difluoride membrane (Amersham 0600023) for 
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60 minutes at 100V. The membrane blocked in 5% BSA Tris buffered saline-Tween20 

(TBS-T) for 1 hour at RT, following an incubation with desired primary antibody, 

diluted in blocking solution at 4° C overnight. On the following day, the membrane 

washed 3 times in TBST and incubated with appropriate HRP-conjugated secondary 

antibody. Bands were visualized using chemiluminescence (Thermo Fisher Scientific 

32106) and developed using X-ray film (Medical Supply Company 34088). 

 

2.2.6 Quantitative real time polymerase chain reaction (qRT- 
PCR) 

Medium were aspirated and cells washed with PBS and RNA extracted using RNeasy 

Mini kit (Qiagen 74104) following the manufactureôs instructions. RNA concentration 

and purity measured using Nanodrop. 1µg RNA transcribed in to complementary 

DNA (Qiagen QuantiTect Reverse Transcription kit 205311) and run at final 

concentration of 10 ng cDNA per well (in triplicate) on 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 mRNA expression were calculated as being 

2 ïddCt using the average dCt of a fibroblast or an iPSC line.  
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Table 2.5. List of qRT PCR primers. 
  

Primer 

Name 

Forward  Reverse 

GAPDH AGGGCTGCTTTTAACTCTGGT CCCCACTTGATTTTGGAGGGA 

OCT4 ACTTCACTGCACTGTACTCCTC 

 

CACCCTTTGTGTTCCCAATTCC 

 
SOX2 AGACTTCACATGTCCCAGCACT 

 

CGGGTTTTCTCCATGCTGTTTC 

 
NANONG ATAACCTTGGCTGCCGTCTC 

 

ATAACCTTGGCTGCCGTCTC 

FOXG1 CCTGCCCTGTGAGTCTTTAAG 

 

GTTCACTTACAGTCTGGTCCC 

 SYN1 CCCCAATCACAAAGAAATGCTC 

 

ATGTCCTGGAAGTCATGCTG 

 TUBB3 GCTCAGGGGCCTTTGGACATCTCT

T 

TTTTCACACTCCTTCCGCACCACAT

C PAX6 CGGTGAATGGGCGGAGTTAT 

 

CCCTCCCATAAGACCAGGAGA 

 NESTIN GCACTTCAAGATGTCCCTC 

 

GGGAAGTTGGGCTCAGGACTG 

 

 

PSD-95 AGTCAGAAATACCGCTACCAAG 

 

CCG TTCACCTGCAACTCATATC 

 VGLUT1 TCAATAACAGCACGACCCAC 

 

TCCTGG AATCTGAGTGACAAT 

 SHANK2 GAGCAGCAGCCTCTATGCTT GGGAGAGCTTGAGGGTGAAC 

SHANK3 ACTCATCCTTCCGCCAACAG CCCACAGGTGAGTGTGAGAC 

GRIN1 AGGCCGTGAGAGACAACAAG GCCATTCTCGTGGGACTTGA 

GRIK1 TCCCGATGGCAAATATGGGG CCATTGGGCTTCCGGTAGAG 

GRIK3 CAATGCCGTCCAGTCCATCT GGATGAGCCCTGTACTGTCG 

GRIA1 GCCATCAGTTTTTGTGCGGA CTGCTCGTTCAGTTTCTCAGG 

GRIA4 CGGTTGAGCGAATGGTCTCT ACTGATGGCTCTGCTGATCG 

CASK CGACGCAAAGGAACTAAAG 

 

AATAGGGAGAGGTGGGAG 

 MINT1 CTCCACAATCACCACACCTA 

 

GACCTGATCCACTTCTCCAAG 

 MUNC18-1 TTCTTATGCCAGTGCCCATAG 

 

CAAACTTGACACCAAACACTACC 

 NRLG1 GCTGAGTGCAGTTGTAATGAC 

 

CGGTTGGGTTTGGTATGAATG 

 MAP2 CAGTTTCTGCGCCCAGATTTTA TCCCAATCAATGCTTCCTCG 

 
NRXN1 

(ex 9) 

TGGACATGGGGTCAGGTACT TCTCACTCTCACCAGGAGCA 

NRXN1 

(ex 15) 

CCGGAGCCAGGAACTTAGAC GAGCATCGGAGATGAGGTCC 

NRXN1 

beta 

GTCCGCCTCGCAAGGAT 

 

ATTTCCATGGCAGCAGCAAG 

 CACNA1A CAGACACCAGCCCCATGAAG GGTCATGCTCAGGTCTGTCC 
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2.3 Results 

2.3.1 Fibroblast isolation and culture 

 

Human fibroblasts were used as an ideal source of somatic cells for the derivation of 

iPSCs. Skin biopsies can be obtained from patients/healthy volunteers with ethically 

approved procedures, and fibroblasts are relatively easy to culture. 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 on 6-well plates around 14 days after seeding with high 

success rate, making them an ultimate starting material to study disease-related 

cellular phenotypes.  

The skin biopsies were 3mm in diameter obtained with round Visipunch instrument. 

The biopsy procedures were carried out by a trained clinician at University Hospital 

Galway (UHG). They were placed in DEME with high P/S and 10% glucose favouring 

the growth of fibroblasts. The 6-well plates were scrapped with tips at the culture 

surface to increase roughness. Biopsies were mechanically cut into few pieces and 

dragged along the scraped surface of 6-well plate to enhance attachment. This method 

has advantages over enzymatic dissociation of biopsy, which requires lengthy 

enzymatic treatment, which can reduce cell viability, and over-digestion and difficulty 

of handling cells can also occur.  

An outgrowth of cells from the biopsies could start 3-5 days after the initial plating 

(Figure 2.5), which became very confluent after 8-14 days, where they were passaged 

into 6-wells or T25 flask. The success rate of this method is very high, and only one 

newborn biopsy failed to produce fibroblasts out of over 60 biopsies collected in our 

laboratory.  



Chapter 2 
 

 

 

 

62 

 
Figure 2.5 Fibroblast outgrowth from skin biopsy. A piece of biopsy was plated in 6-

well plate at day 1 and left untouched for 48 hours. Cells started to migrate out of the biopsy after 
3-5 days (A) of culture and became progressively confluent after 8-17 days of culture (B-D). 
Representative images were from the ND4-1 biopsy. Scale bar is 15um. (representative images 
are from patient line ND4-1). Scale bar is 50µm is at A, B, C, D.  
 

2.3.2 Episomal reprogramming  

 

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

McDonough, the lines on Table 2.2 were generated by myself, including an ND4-1 

line on Table 2.1. In Professor Shenôs lab, episomal reprogramming was first trailed 

by myself in the group (Table 2.6). The reprogramming efficiencies varied a lot 

between fibroblast lines. 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. Summary of Epi5 episomal reprogramming. 

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

and picking up colonies. 

 

The Epi5 episomal reprogramming contains five vectors. The mixture of three vectors 

deliver five reprogramming factor Oct4, Sox2, Klf4, L-Myc, and Lin28, and the 

mixture of two vectors express mp53DD and EBNA1. The vectors were delivered by 

single transfection using electroporation (programme U-023), following by immediate 

transfer into feeder-free conditions. The starting number of fibroblast cells was 1x105, 

with a considerable amount of cell death after electroporation at day 0. The 

morphology of cells was noticed to change from an elongated shape of fibroblast to 

smaller cytoplasm and bigger nucleus: cytoplasm ratio of ESC-like cells. This happens 

at approx. Day 3-7 of post-transfection. 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).  

Fibroblast 

Line 

Passage 

number  

Age of the 

donor 

Number of 

colonies  

Number of starting 

cells 

ASD-CB 4 4 14 1x105
 

ASD-CD2 4 6 2 1x105
 

4C3 12 30 2 1x105
 

NRXND4-2*  ? 53 3  1x105
 

NRXND4-1*  3 30 11  1x105
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Figure 2.6. Representative images of different stages of episomal reprogramming. 
Patched reprogramming cells appeared from day 3-7 following electroporation 
(A). At this stage, the morphology of cells starts to change. Cells are getting clump together and 
small clear-edge iPSC colonies begin to appear from day 13 above (B).  The colonies start getting 
bigger in size, and they are visible with the naked eye (E-F). Representative images are from ASD-

CB and 4C lines. Scale bar is 25 mM for day 7, 13, 20, 24 and 50 mM for day 30 and 32.  
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The iPSC colonies were mechanically picked and grown on geltrex-coated plates. 

They were passaged after 5-6 days mechanically using cut-paste, or chemically using 

gentle cell dissociation reagent (Figure 2.7). 

 

Figure 2.7. iPSCs passaged with mechanical and chemical manipulation. iPSCs 

were passaged with cut-paste method (A) or gentle cell dissociation reagent (B) every 5-6 days 
and maintain their pluripotency by keeping their ESC-like morphology (round and small 
cytoplasm and big nucleus) (C). With the cut-paste method, only 40-50% of cells will attach to 
the geltrex-coated plates (A). At later passages, iPSC can be passaged using gentle cell dissociation 
reagent with the much higher attachment of over 80% (b). At early stages of iPSC generation, 
iPSC may go through spontaneous differentiation, which needs to be mechanically removed (c, 

red arrows). (A, B 03VC2, C, D ASD-CD2, E 04C iPSC lines). Scale bar is 25 mM for A, B, C, D 

and 50 mM for E.  
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When iPSC colonies become stable, they have the morphology resemblance to ESCs 

(Figure 2.8).  

 

Figure 2.8. iPSC colonies resembling ESC-like morphology. iPSCs can be easily 
identified under a bright field microscope (a, b). They have round and very small cytoplasm to 
nucleus ratio (b). This morphology provides an early indication for healthy iPSC colonies to be 

picked for expansion, maintenance and further application, i.e. differentiation. Scale bar is 25 mM. 

 

After iPSC generation, the first step is to characterize the cells and confirm their 

pluripotency and their capability for differentiation. The characterization of almost all 

iPSC lines was carried out by Katya McDonough. There are standard arrays of 

molecular characterization techniques to verify the pluripotency of iPSCs.  

Alkaline phosphatase (AP) staining is a simple method for confirming the 

pluripotency of iPSCs. AP is a hydrolysing enzyme which dephosphorylates proteins 

and nucleotides.  Pluripotent iPSCs turn to a purple/dark pink colour after staining 

with high levels of the enzyme (Figure 2.9), while differentiated cells remain 

colourless.  
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Figure 2.9. iPSCs are positive for alkaline phosphatase staining. Representative 
images of control and patient lines. Both patient and control lines demonstrate positive staining 

for alkaline phosphatase. Scale bar in 100 mM.  
 

While AP staining is a reliable method and indicator for pluripotency, more robust 

assays were required for validation of iPSCs pluripotency. Next, it was necessary to 

validate and quantify the level of endogenous expression of pluripotent genes 

expressed in iPSCs. For this reason, RNA was harvested from 3 different iPSC clones 

from each line to reduce the heterogeneity among iPSCs. Quantitative qRT-PCR was 

performed to measure the expression of OCT4 and SOX2 (Figure 2.10).  

 
Figure 2.10. iPSCs express pluripotency markers verified by qRT-PCR. iPSCs from 

all control and NRXN1a deletion lines used in this study showed positive expression of OCT4 
and SOX2. GAPDH used as a housekeeping genes and fibroblast (FIB) as a negative control.  
 

 

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), as well as surface markers SSEA4, TRA-1-60 and TRA-1-81 (data not 

shown). All cell lines demonstrated for this study showed very high levels of 

expression for all the pluripotency markers.  

 

Figure 2.11. iPSCs positively express pluripotency markers. Representative images of 
Control and a patient line showing positive expression of OCT4 (green) with DAPI (blue) 

(Adopted from Katya McDonough PhD thesis). Scale bar 10 mM. 
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Figure 2.12. iPSCs positively express pluripotency markers. Representative images of 
Control and a patient line showing positive expression of SOX2 (green) with DAPI (blue) 

(Adopted from Katya McDonough PhD thesis). Scale bar 10 mM.  

For iPSCs to be able to differentiate to any germ layers, embryoid bodies (EBs) were 

generated. This was to confirm the capability of iPSCs into the tri-lineage 

differentiation, giving rise to three germ layers. 2.0X105 iPSCs were dissociated with 

accutase and transferred into Aggrewell plates. EBs were transferred in suspension 

culture into a flask after only 24 hours of culture. This resulted in generating 800-1100 

EBs per line. To validate the pluripotency of the cells, the EBs were picked and seeded 

into Geltrex-coated 8-well chamber slides. Different types of spontaneously 

differentiated cells emerged from the EBs after subsequent six days of culture. Cells 

were stained for makers for all three germ layers (alpha-fetoprotein for endoderm, 

alpha-smooth muscle actin for mesoderm and beta III tubulin for ectoderm (Figure 

2.13). 



Chapter 2 
 

 

 

 

70 

 

Figure 2.13. EBs shows tri-lineage 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 bar 100 ǪM. 
(Adopted from Katya McDonough PhD thesis).  

Finally, the isolated RNA from iPSCs were further validated with pluritest. This was 

a widely used method to replace the teratoma formation assay. The RNA samples were 

shipped to Cedars Sinai, Los Angeles for pluritest test to be performed. Pluritest did 

not carry test of all the iPSC lines, but at least one clone for each patient and control 

line were tested (Table 3.4). 

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

 

*All tests were performed by Dr Katya McDonough (I partly involved in generating, maintaining, 
picking up colonies and qRT-PCR for ND4). 

 

(A) (C)(B)

Cell line AP 

stain 

qRT-PCR 

(OCT4, 

SOX2, 

NANOG) 

Immunostaining 

(OCT4, SOX2, 

NANOG, 

SSEA4, TRA-1-

60, TRA-1-81) 

EB 

formation  

Pluritest 

01C Ṋ 

 

Ṋ 

 

Ṋ 

 

Ṋ 

 

Ṋ 
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ND4* Ṋ 
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To validate the deletion of NRXN1a gene, whole genomic sequencing was performed 

at University College Dublin (UCD) Academic Centre on Rare Disease by Professor 

Sean Ennis. The CNV data confirmed NRXN1a deletion in all patient iPSC lines 

(Table 2.5) with no NRXN1a deletion in control lines.  

 

Table 2.8. Whole genomic DNA sequencing of NRXN1a iPSC lines. 

 

Cell line name ND1 C1 ND4-1 C1 ND4-1 C2 ND2 C11 

Chromosome 

position (Hg19) 

chr2:50711687-

51044633 

chr2:50983186-

51471321 

chr2:50983186-

51471321 

chr2:51120335-

51360666 

No. SNP  116 131 131 71 

Length (bp) 332,947 488,136 488,136 240,332 

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 iPSCs, immunostaining was performed in 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 control and patient iPSCs in 

relation to proliferating cells and mitotic cells (Figure 2.14).  
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Figure 2.14. There is no significant difference in proliferation rate between control 
and patient iPSCs. Representative images of double immunostaining of Ki67 (red) and PH3 

(green) of undifferentiated iPSCs from control individuals and NRXN1a 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 bar 60 mM for all except for ND4-1 C1 which is 100 

mM. 

 
2.3.4 Neural induction using dual SMAD inhibition 

IPSCs were plated in 3.7 cm2 dish (12-well 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 10-12 days, leading to a thick and very 

dense layer of neuroepithelium formed. During 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 day 5-6, depending on the cell line 

(Figure 2.15A). 

Cells at day 10-12 were then passaged in 1:2 ratio of aggregates of 300-500 cells by 

pipetting up and down 3~4 times to gently suspend cells in neural induction medium. 

The neuronal rosettes were observed under an 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 as OCT4 and gradually increased the expression of neural 

progenitor cell (NPC) marker such as PAX6 (Figure 2.15B).  
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Figure 2.15. Successful neuronal induction generating neuronal rosettes, a 
signature indicator of neural progenitors. (A) Time-dependent generation 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 bar 40 mM in day 0, 4, 8, 10, and 100 mM in day 
12 (B) successful confirmation of neural induction by down-regulation of pluripotent marker Oct4 
and expression of cortical progenitor marker PAX6 by qRT-PCR (control n=2).  

 

2.3.5 Validation of iPSC derived neurons at an early stage of 
differentiation 

NPCs undergo proliferation, and the culture dish becomes very dense. At the stage of 

day 20, NPCs were validated and quantified by the positive expression of PAX6, 

NESTIN, FOXG1 and NGN2 at RNA level using qRT-PCR (Figure 2.15A). The 

expression of PAX6 (p<0.60), NESTIN (p<0.29), FOXG1 (p<0.10) and NGN2 

(p<0.74) showed no significant difference between the control and NRXN1a deletion 

neural progenitors.  

To further verify the NPCs, cells stained with NESTIN (Figure 2.16C) and PAX6 

(Figure 3.2D) which were found in 87% and 82% of cells, respectively (Figure 2.16B). 

This further indicate that the majority of the cells were of the dorsal identity of the 

progenitors. Moreover, 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 proteins were also detected in 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 feeder-free monolayer differentiation. (A) Real-time PCR shows the 
relative positive expression PAX6, NGN2, FOXG1 and NESTIN in Control [n=4 (1CC2, 3VC2, 
4CX1, NCRM-1] and patients [ n=4 (ND4-1C1, ND2C11, ND1C1, ND2CX1)], iPSCs shown as 
dashed bars as negative control. (B) Representative images of NESTIN and PAX6 with 
quantitative analysis (Control n=2 (3VC2, 4CX1)). (Scale bar 50 µM for DAPI/NESTIN images 
and 25 µM 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, NCRM-1, 4C3)] (normalized to GAPDH). All data summary are means ± SEM.  

 

 

The proliferation rate of NPCs was evaluated by the positive expression of Ki67 at 

day 20 of differentiation. This was compared between a group of control and patient 

lines, and no significant change was observed (p<0.21) (Figure 2.17). 
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Figure 2.17. NPC proliferation remains unchanged in NRXN1a deletion neurons. 
(A) Representative images of Ki67 marker (green) in control [1CC2, 3VC2, NCRM-1] and 
patients (B) [ND4-1C1, ND2C11, ND1C1]. (C) The proportion of Ki67+ neuronal progenitors 

in control and patients shows no significant difference. Scale bar 30 mm. All data summary are 
means ± SEM. 

  

Cells were further passaged at day 20 of differentiation in 1:2 ratio into poly-D laminin 

12-well plates with aggregates of 300-500 cells using 5 ml pipette. Cells at day 30 of 

differentiation were validated and assessed using qRT-PCR 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 20 to 47% at day 30 (p<0.0009, Figure 

2.18A), indicating more cells come out of cell cycles during the period. Post-mitotic 

newborn neurons express doublecortin (DCX), essential for developing and migration 

of cortical neurons. The expression of DCX was shown to significantly increase at 

early stages of differentiation at the RNA level (p<0.0001) between day 20 and 30 of 

differentiation (Figure 2.18B). Consistent with the birth of neurons, the relative 

expression of pan-neuronal 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 Tuj1 at early stages of 
differentiation. (A) The PAX6+ cells were reduced by 40% from day 20 (87%) to day 30 (47%) 

(p< 0.0009) using immunofluorescence staining (control n=2). (B) Comparative analysis reveals 
a marked increase of post-mitotic marker DCX mRNA expression between day 20 and 30, 
suggesting a significant birth of new-born neurons during the period. [Control n=4 (1CC2, 3VC2, 
4CX1, NCRM-1)]. (C) Comparative analysis of pan-neuronal marker TUJ1 using qRT-PCR also 
showed a significant increase from day 20 to 30 of differentiation [Control n=4 (1CC2, 3VC2, 
4CX1, NCRM-1)]. Statistical analysis evaluated using ttest (*p<0.05), **p<0.01, *** p<0.001). All 
data were presented as means ± SEM.   

 

 

To examine the effect of NRXN1a on early neuronal development and differentiation, 

the expression of various proteins were investigated at day 30 of differentiation. 

Quantitative expression, DCX (double cortin), TUJ1 (pan neuronal marker) and GFAP 

(astrocyte marker) measured at the RNA level using qRT-PCR (Figure 2.19A). There 
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was no significant difference between control and NRXN1a deletion cultures [(DCX 

p<0.22), (TUJ1 p<0.19), (GFAP p<0.37)].  

To quantitatively measure the appearance of early post-mitotic neurons and 

proliferating cells, DCX and Ki67 examined at day 30 of differentiation. This 

confirmed that the proliferation of neurons at early stages of differentiation was similar 

between control and patient samples (Figure 2.19B).  
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Figure 2.19. Expression of early post-mitotic and proliferating marker at 30 days 
of differentiation. (A) Representative immunofluorescence imaging of DCX (green) Ki67 (red) 

with nuclear staining DAPI (blue), with quantification graph at the bottom left. Scale bar 50 mm. 
(B) Comparative analysis of DCX, TUJ1 and GFAP at day 30 of differentiation using qRT-PCR 
[Control n=6 (1CC2, 3VCX1, 4C3, 3VC2, 2VC1, 4CX1), Patient n=4 (ND4-1C1, ND2C11, 
ND1C1, ND2CX1)]. All data summary are means ± SEM. 
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To examine the morphology of the neurons at early days of differentiation, the cell 

body size and the diameter of the cells were measured in TUJ1 positive cells at day 30 

of differentiation (Figure 2.20A). There was no significant difference between control 

and patients (Figure 2.19B). 

  

Figure 2.20. The morphology of cell remains unchanged in NRXN1a deletion 
neurons. (A) Representative images of TUJ1+ cell staining. (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 (ND4-1C1, ND2C11, ND1C1, ND2CX1). Scale bar 25mm. 
All data summary are means ± SEM. 

 

2.3.6 100 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 post-mitotic population of neurons 

emerged from neuronal rosettes and created a very dense neuronal network throughout 

the course of differentiation (Figure 2.21).  
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Figure 2.21. Morphological changes in iPSC-derived cultures during neuronal 
differentiation. (A) Neurons emerged from neuronal rosettes (a) and differentiated into a very 

dense network of cells by day 100 of differentiation. Scale bar 30 mM at day 20, 40, 60, 80 and 

100, and 60 mM at day 30.  
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To characterize the subsets of excitatory neurons, total RNA was harvested, and the 

expression of lower layer cortical markers (TBR1, CTIP2) and upper layer markers 

(BRN2, SATB2) was quantitatively measured at day 100 of differentiated neurons 

using qRT-PCR (Figure 2.22A). It appeared there was no significant difference in 

NRXN1a deletion neurons in their differentiation capability to different subsets of 

cortical neurons (TBR1 p<0.63, CTIP2 p<0.41, BRN2 p<0.23, SATB2 p<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, CTIP2, BRN2 and SATB2 shows the same trend of expression as in qRT-

PCR, confirming our previous results and differentiation protocol (Figure 2.22B) with 

no statistical difference. This suggests that NRXN1a deletion may not alter the 

architecture of excitatory cortical cell types if migration is not taken into count. To 

further confirm the expression of the selected markers, CTIP2 and TBR1 also 

measured at the cellular level using immunofluorescent staining, which showed 

36.18% of CTIP2+ cells and 23.35% of TBR1+ lower layer cortical neurons among the 

total population (Figure 2.23B). However, the expression of major inhibitory markers, 

such as Parvalbumin and SST, showed very little expression in comparison to 

excitatory markers (Figure 2.23B). This further confirmed that the majority of the 

iPSC-derived cells were the excitatory cortical neurons.  
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Figure 2.22. Successful generation of cortical neurons from control and NRXN1a 
deletion iPSCs. (A) Comparative analysis of mRNA expression of excitatory cortical neurons 

TBR1, CTIP2, BRN2 and SATB2 using qRT-PCR and RNA sequencing. (B). 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. [qRT-PCR samples: 1CC2, 3VCX1, 4C3, 3VC2, 2VC1, 4CX1, ND4-1C1, 
ND2C11, ND1C1, ND2CX1)]; [RNA-Seq samples: 3VCX1, 4C3, 3VC2, 2VC1, 4CX1, NCRM-
1, ND2C11, ND1C1, ND2CX1, ND4-1C2]. RNA was harvested from independent duplication 
of the differentiation. (C) Quantitative expression of TBR1 and CTIP2 at selected control lines 
(n=2; 4C3, 3VC2) showed ratios of lower layer cortical neurons.  All data were summarized as 

means ± SEM. Scale bar is 25 mM. 
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2.3.7 100 days of neurons express excitatory pre- and post-
synaptic neuronal markers  

To further assess the differentiation of iPSC-derived excitatory cortical neurons, 

quantitative RT-PCR was carried out to examine the expression of excitatory post-

synaptic markers (SHANK1, SHANK2, SHANK3, PSD-95), vesicular glutamate 

transporter (VGLUT1) and series of inotropic NMDA receptors (GRIN1, GRIN2A), 

AMPA receptors (GRIA1, GRIA4) and Kainate (GRIK1, GRIK3) receptors. The 

statistical analyses showed that there were no significant effects of NRXN1a deletion 

on expression of PSD-95 (p<0.23), VGLUT1 (p<0.97), SHANK1 (p<0.09), GRIN2A 

(p<0.22), GRIK1 (p<0.23) or GRIA4 (p<0.41) (Figure 2.23A). However, SHANK2 

(P<0.03), SHANK3 (p<0.009), GRIK3 (p<0.03) and GRIN1 (p<0.04) were 

significantly elevated in NRXN1a deletion neurons (Figure 2.23A).  

The nature of the 100-day differentiated cultures was evaluated by transcriptome 

analyses for the excitatory/inhibitory neuronal types. The whole panel of inhibitory 

markers, including vesicular GABA transporter (VGAT1) and ionotropic GABAergic 

receptors (GABRA1, GABRA4, GABRA6, GABRB1, GABRD, GABRE, GABRG1, 

GABRP, GABRR1, GABRR2, GABRR3), were showed to have very low levels of 

expression in the 100-day cultures (Figure 2.23B). On the other hand, substantially 

higher levels of excitatory transcripts, i.e., PSD-95, VGLUT1, SHANK1, SHANK2, 

SHANK3, GRIN2A, GRIK1, GRIK3, GRIA4 and GRIN1, were detected (Figure 

2.23B). These data cross confirmed that the majority of the 100-day cultures were 

excitatory neurons.  
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Figure 2.23. iPSC derived cortical neurons exhibit positive excitatory neuronal 
markers. (A) Quantitative analysis of RNA using qRT-PCR showed the expression of glutamate 
transporter marker (VGLUT1) and post-synaptic glutamatergic markers (SHANKs) and 
ionotropic NMDA, AMPA and kainate receptors. Day 0 indicated an iPSC line used as a negative 
control and n.d stands for not detected as the value was too small to be seen on the graph. (B) 
Transcript per million expression using RNA sequencing confirmed the expression of excitatory 
markers in (A) and low expression of GABA transporter (VGAT1) and a series of ionotropic 
inhibitory GABAergic receptors and inhibitory GABAergic interneurons. SHANK1 has a 
significant differential expression in patients (FDR>0.05). [qRT-PCR: 1CC2, 3VCX1, 4C3, 3VC2, 
2VC1, 4CX1, ND4-1C1, ND2C11, ND1C1, ND2CX1)]; [RNA-Seq: 3VCX1, 4C3, 3VC2, 2VC1, 
4CX1, NCRM-1, ND2C11, ND1C1, ND2CX1, ND4-1C2] RNA were extracted from 
independent batches of differentiation. All data summary were means ± SEM. 

 
2.3.8 100 days of neurons express low levels of astrocytic 
marker 

Although the differentiation protocol used in this study was enriched for excitatory 

cortical neurons, other brain cells types could also exist, as neuronal rosettes might 

also give rise to GFAP positive astrocytes. To evaluate astrocytes in the 100-day 

culture, we have performed ICC with MAP2 for mature 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 GAFP-positive cells present 

in the 100-day 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 and NRXN1a deletion neurons (p<0.06). 

Additionally, the expression of GFAP was also measured by both 

immunofluorescence (Figure 2.24C) and western blotting (Figure 2.24D) and revealed 

no significant effect upon NRXN1a deletion (p<0.19, p<0.95 respectively).  



Chapter 2 
 

 

 

 

90 

 

(A)

3VC2

3VCX1

4C3



Chapter 2 
 

 

 

 

91 

  

(B)

ND1 C1

ND2 C11

ND1 C1



Chapter 2 
 

 

 

 

92 

 

Figure 2.24. Mixed population of neurons with astrocytes at 100 days of 
differentiation. (A) Representative images of 3 control lines [3VCX1, 4C3, 3VC2] and three 

patient lines (B) [ND4-1C1, ND2C11, ND1C1] showing expression of MAP2 (red), GFAP 
(green) and DAPI (blue) at 100 days of iPSC-derived cortical neurons. (C) The quantitative 

expression of MAP2 (Control 3787±223.2 mm/mm2; Patient 2814±170.2 mm/mm2) and GFAP 

(Control 151.7±49.28 mm/mm2; Patient 283.7±66.78 mm/mm2) calculated as length in mm per 

mm2. (D) Quantitative expression of GFAP using western blotting showed no significant 

difference in NRXN1a deletion neurons (Normalized to GAPDH). This was repeated in 4 

individual experiments. All data summary are means ± SEM.  Scale bar is 25 mM.  
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Expression of TUJ1 was observed as early as day 20 of differentiation (Figure 2.25C, 

D). The majority of post-mitotic neurons emerge from TUJ1 positive neural progenitor 

cells (Luskin et al. 1997; Menezes et al. 1995). This pan-neuronal marker was also 

quantitatively measured at the RNA level using qRT-PCR (Figure 2.25A, B) and at 

the protein level using Western blotting (Figure 2.25C).  There was no significant 

difference in either RNA (p<0.06) or protein expression (p<0.97) of TUJ1.  

 

Figure 2.25. Pan-neuronal marker expression at day 100 of differentiation. (A) 
Comparative expression of TUJ1 at RNA level using qRT-PCR and RNA sequencing (B) [qRT-
PCR: 1CC2, 3VCX1, 4C3, 3VC2, 2VC1, 4CX1, ND4-1C1, ND2C11, ND1C1, ND2CX1)]; 
[RNA-Seq: 3VCX1, 4C3, 3VC2, 2VC1, 4CX1, NCRM-1, ND2C11, ND1C1, ND2CX1, ND4-
1C2].  The experiments were repeated in 2 independent batches of differentiation. (C) 
Quantitative expression of TUJ1 in western blotting (normalized to GAPDH) and this was 
repeated in 4 individual experiments. All data summary are mean ± SEM.   
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2.3.9 100-day neurons maturity showed synaptogenesis  

The maturity of 100 day cortical neurons were measured with positive expression of 

mature neuronal marker MAP2 and SYN1, essential for synaptogenesis. This was 

validated at the RNA level using qRT-PCR (Figure 2.26A).  

The expression of MAP2 and TUJ1 at day 100 of 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 

quantitative expression of the SYN1 protein was measured using western blotting 

(Figure 2.26B) which displayed no major effects of NRXN1a deletion on SYN1 

protein expression. There was no significant difference in NRXN1a deletion neurons 

in terms of maturity MAP2 (p<0.07) and synaptogenesis SYN1 at the RNA level 

(Figure 2.26A, p<0.08).  

 

0.001

0.01

0.1

1

m
R

N
A

 e
x
p

re
s
s
io

n
 l
e
v
e
ls

(n
o

rm
a
li
z
e
d

 t
o

 G
A

P
D

H
)

Ctrl

Patient

SYN1MAP2

0.0

0.5

1.0

1.5

In
te

g
ra

te
d

 d
e
n

s
it

y
 o

f 
th

e
 b

a
n

d
 (

P
ix

e
ls

)

(A) (B)

PatientsControls



Chapter 2 
 

 

 

 

95 

 

Figure 2.26. Day 100 cortical neurons exhibit maturity in a time-dependent 
manner. (A) Comparative analysis of MAP2 and SYN1 at day 100 of neurons at the RNA level 
using qRT-PCR [qRT-PCR: 1CC2, 3VCX1, 4C3, 3VC2, 2VC1, 4CX1, ND4-1C1, ND2C11, 
ND1C1, ND2CX1)]; [ RNA-Seq: 3VCX1, 4C3, 3VC2, 2VC1, 4CX1, NCRM-1, ND2C11, 
ND1C1, ND2CX1, ND4-1C2]. (B) Quantitative expression of SYN1 proteins using western 

blotting showed no significant increase in NRXN1a deletion neurons (normalized to GAPDH). 
The experiments were repeated four times independently. All data summary are means ± SEM. 
(C) Representative images of SYN1 (green) with TUJ1 (red) and puncta staining of SYN1 staining 

was observed in control and patient lines. Scale bar is 25 mM.  
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2.3.10 100 day cortical neurons express pre-synaptic NRXN1a 

interacting partner with no significant difference in NRXN1a 
deletion patients 

The iPSC-derived neurons showed expression of NRXN1 interacting partner at the 

RNA level, and this was detected using qRT-PCR and RNA sequencing (Figure 2.27). 

The expression of NRXN1 main interacting receptors at post-synaptic membrane 

NLGNs was also quantified at the RNA level (Figure 2.27). There was no significant 

difference at the RNA level using qRT-PCR in the expression of these genes [MINT1 

(p<0.42), CASK (p<0.45), MUNC18 (p<0.25), NLGN1 (p<0.84)].   

 

Figure 2.27. NRXN1a deletion showed no significant effect on the expression of 
its interacting partners. (A) Quantitative expression of CASK, MUNC18 and NLGN1 by 
qRT-PCR and RNA sequencing (B) in addition to NLGN2 and NLGN3. [qRT-PCR: 1CC2, 
3vcx1, 4C3, 3VC2, 2VC1, 4CX1, ND4-1C1, ND2C11, ND1C1, ND2CX1)]; [RNA-Seq: 3VCX1, 
4C3, 3VC2, 2VC1, 4CX1, NCRM-1, ND2C11, ND1C1, ND2CX1, ND4-1C2]. The experiments 
were carried out in 2independent repeats. All data summary are means ± SEM.   

  

(A) (B)

0.001

0.01

0.1

1

m
R

N
A

 e
x
p

re
s
s
io

n
 l
e
v
e
ls

(n
o

rm
a
li
z
e
d

 t
o

 G
A

P
D

H
)

NLGN1MUNCH18-1CASK

n.d

C

A
SK

MU
N
C
18

-1

NL
GN

1

NL
GN

2

NL
GN

3

0

100

200

300

400

500

T
ra

n
s
c
ri

p
ts

 p
e
r 

m
il
li
o

n
 (

T
P

M
)

Ctrl

Patient



Chapter 2 
 

 

 

 

97 

2.3.11 NRXN1 isoform expression in iPSC derived cortical 
neurons throughout the course of differentiation 

The quantitative expression of NRXN1a and b isoforms were validated at the RNA 

level at day 20, 40, 60, 80 and 100 of differentiation in control iPSC-derived neurons 

(Figure 2.28A), and elevated NRXN1 mRNA expression was seen after 40 days of 

differentiation. Next, the expression of NRXN1a and b isoforms were quantified in 

both control and NRXN1a deletion neurons at day 100 of differentiation (Figure 

2.28B). The exons 1-17 are unique to NRXN1a, where the exon 18 is the first coding 

exon unique to NRXN1b. We designed two pairs of PCR primers flanking exon 9 and 

15 respectively and carried out qRT-PCR to analyse the NRXN1a expression. The 

NRXN1a mRNA was reduced to ~76±28% (exon 9) and ~74±23% (exon 15), 

respectively, in the day 100 NRXN1a deletion neurons compared to healthy controls 

(100%). Meanwhile, the NRXN1b isoform was significantly upregulated by 

~172±22% in the patient-derived cells. These data showed that while NRXN1a is 

heterozygously deleted in patient cells, there appeared a compensational change in the 

expression of the NRXN1b isoform, which may have functional consequences on 

neuronal activity.   
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Figure 2.28. Expression of NRXN1a and NRXN1b at 100-day iPSC derived 

neurons. (A) The quantitative expression of NRXN1a and NRXN1b at two control lines 

(03VC2, 04C3) represented at time-dependent manner using qRT-PCR. Both the NRXN1a and 

NRXN1b were significantly upregulated at day 40 of differentiation and reached a plateau by day 

60. (B) The quantitative expression using qRT-PCR shows the expression of NRXN1a with 

primers from exon 15 and exon 9 and NRXN1b with primers from the unique coding exon (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, which is developed during synaptogenesis, 

and a large proportion of which occurs during the early neonatal period, which is 

coincided with the development of ASD. Adhesion protein systems form the essential 

part of physical contact between pre-synaptic and post-synaptic termini (Brose N, 

1999; (Krueger et al. 2012). Neurexins are the prime example of adhesion surface 

proteins at the pre-synaptic terminus, the most extensively studied modulators of 

synaptic activity, which signal bi-directionally via binding to post-synaptic 

Neuroligins (Brose N 1999; Ushkaryov et al. 2009). Deletions of a gene encoding 

Neurexins, NRXN1, have been associated with many neurodevelopmental and 

psychiatric disorders including ASD (Schaaf et al. 2012; Marshall et al. 2008; Ching 

et al. 2010; Dabell et al. 2013). The hypothesis is that NRXN1 influences neuronal 

excitation and inhibition and deletions of the NRXN1 may disturb an imbalance of 

excitatory and inhibitory synaptic transmission (Chubykin et al. 2007).  

There has been great amount of work on studying NRXN1a deletion in animal models 

with various phenotypic characteristics (Missler 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). Deletion of a isoform of  NRXN1/2/3 genes have a consequence 

on vesicle release in knockout animal models, emphasising the coupling mechanism 

of neurexins in synaptic transmission and presynaptic release machinery (Missler et 

al. 2003; Kattenstroth et al. 2004).  

In a mixed genetic background of an SV129/C57b16 mouse model of Nrxn123a  

knock out, Missler and colleagues have discovered a significant decrease in both 

spontaneous and evoked frequency of mEPSCs in cultured slices from neocortex and 

acute slices from the brainstem. While there was no change in amplitude of mEPSCs 

of either GABA or AMPA mediated post-synaptic responses, but there were a 

significant alteration and decrease in amplitude of evoked inhibitory and excitatory 

postsynaptic responses  (Missler et al. 2003). This has indicated that there is a 

reduction in the probability of neurotransmitter release (Missler et al. 2003). This 

impairment in neurotransmitter release has been found to be directly related to a 
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reduction in presynaptic Ca2+ currents (Missler et al. 2003). In a subsequent study, the 

triple knock out of all a-neurexins (SV129/C57b16 mouse model) resulted in an 

alteration only on NMDA receptor-dependent mEPSCs currents (but not AMPA) 

without a change in their protein level (Kattenstroth et al. 2004). These results are 

consistent with an incline in whole cell Ca2+ currents, presumably mediated by 

postsynaptic calcium channels (Missler et al. 2003; Kattenstroth et al. 2004). These 

recent studies have suggested that a-neurexins might exert both pre and postsynaptic 

effects, involving in controlling of both pre and post-synaptic dynamics (Missler et al. 

2003; Kattenstroth et al. 2004). More recent study has also shown that deletion of 

Nrxn3ab in excitatory hippocampal synapses caused a selective reduction in AMPA 

receptors, leaving the presynaptic release unchanged (Chen et al. 2017). This further 

suggests a link between neurexins and both pre and post-synaptic functionality. It is 

worth mentioning that using either a mouse model with mixed or pure genetic 

background have significantly affected the behavioural phenotypes in NRXN1a  

(Etherton et al. 2009; Laarakker et al. 2012; Grayton et al. 2013). While in mixed 

genetic background of C57BL6/SV129, an increased repetitive grooming behaviour, 

as well as increased response to novelty, were observed (Etherton et al. 2009; 

Laarakker et al. 2012), an opposite result was found in pure genetic background, 

observing a reduction in locomotor activity in novel situations (Grayton et al. 2013). 

This was the first behavioural study linking altered social behaviours seen in humans 

with ASD to Nrxn1a deletion in a mouse model (Grayton et al. 2013). The severity of 

the phenotype has been shown to be stronger in human ESC model of NRXN1 deletion 

(Pak et al. 2015). Pak et al. identified no phenotype in heterozygous and homozygous 

deletion of Nrxn1 deletion in cultured mouse cortical neurons. However, the induced 

mutation in ESCs showed impairment in the frequency of mEPSCs in ESC-derived 

cortical neurons (Pak et al. 2015). Thus, iPSC technology was used in this study to 

investigate the more precise function of NRXN1a in cortical neurons, investigating the 

effect of NRXN1a in early and late development, including any potential alteration in 

the level of series of molecules at both pre and post-synaptic membrane. 

The iPSC technology offers great promise in the field of disease modelling by 

providing an unlimited number of patient-specific stem cells with particular genetic 

aberrations for most disease cell types.  In an attempt to elucidate how NRXN1a 
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deletion predispose to the clinical phenotypes, four iPSC lines from 3 NRXN1a 

deletion patients and six iPSC lines from sex, age and ethnic-matched controls, 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 adult cells is that it only requires a 3-

mm punch of biopsy, and it can survive at normal room temperature for days. Adult 

dermal fibroblasts require very low maintenance, and they can emerge from a small 

punch of biopsies after only a few days. The success rate of growing was 

overwhelmingly high in our laboratory, and of biopsies from 60 donors (patients and 

controls), only one biopsy from a newborn baby did not produce fibroblasts for the 

iPSC projects. In 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 iPSCs in the current study were reprogrammed using lentiviral and 

Episomal techniques. All generated iPSCs were validated and characterized for 

expression of pluripotency genes, three germ layer differentiation potentials, and 

whole genome CNVs. Then, we successfully used these iPSC lines to generate cortical 

excitatory neurons which is related to ASD disease, as excitation and inhibition 

balance is considered as a central for normal brain physiology and the imbalance is 

proposed as neuropathology for a number of neurodevelopmental disorders.  

There are many lines of evidence for using dual SMAD differentiation strategy and 

serum-free defined factors to drive cortical neuronal differentiation (Ying et al. 2003). 

Several studies in Xenopus laevis have demonstrated that inhibitors of BMPs have an 

essential role during neuronal development (Smith and Harland 1992). A small 

molecule SB431542 has been shown to induce neuronal differentiation through 

inhibition of TGFb, further inhibiting the downstream SMAD signalling (Chambers 

et al. 2009; Patani et al. 2009). The dual action of BMP and TGFb inhibitors have 

shown to be critical for neuronal induction process (Chambers et al. 2009; Shi, Kirwan 

and Livesey 2012).  This strategy has been used to generate iPSC-derived neurons 

from heterozygous NRXN1a 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 approach, the expression of transcription factor PAX6 was significantly 

increased during the first ten days of neural induction whereas the pluripotent marker 

OCT4 was significantly decreased (Figure 2.15B). This defined the efficient 

generation of neural progenitors, as well as morphological differences from big round 

nucleus of iPSCs into the columnar-shaped small nucleus of neural progenitors (Figure 

2.15A). Furthermore, the appearance of neuronal rosettes was the signature of the 

development of neural progenitors. Cortical NSCs and NPs were further characterised 

at day 20 by the expression of PAX6, NESTIN, FOXG1 and NGN2 at the RNA level. 

PAX6 expression was found in over 87% of the stained cells at 20 days of induction, 

elucidating the cortical identity of the NP cells in the majority of cells (Figure 2.16B, 

C). Relative expression of these essential markers was quantitatively measured by 

qRT-PCR between control and patients. There was no significant difference for the 

expression of NP markers at day 20, suggesting that NRXN1a 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 phenotypes (Courchesne 

et al. 2001). An increase in gray and white matter volume has been reported in 6-12% 

in adolescents and adults with ASD (Vaccarino et al. 2009). An increase in the cortical 

grey matter could be mainly due to an increase in a number of neurons or glial cells 

(McCaffery and Deutsch 2005). Although there was no obvious increase/decrease of 

head circumference in the ASD patients recruited in our study; we 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 NPs was obtained at the early stage of differentiation 

between control, and ASD derived iPSCs.  

Changes in cell body size have also been reported in post-mortem studies (Courchesne 

et al. 2011). The cell body size ratio was also measured in our study, with no 

significant difference in NRXN1a deletion TUJ+ neurons at day 30 (Figure 2.20B). 

These results suggest that neurogenesis was not grossly affected by NRXN1a deletion. 

This is consistent with the phenotype of Nrxn1 knockout mice, which showed no major 
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neuroanatomical defects (Missler et al. 2003). This is also consistent with Mariani and 

colleaguesô study in which proliferation of iPSC derived neurons from ASD 

individuals remained unchanged (Mariani et al. 2012).  

The decreased PAX6 expression and increased expression of post-mitotic 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 for NP expansion but was also accompanied by the birth of new-born neurons 

(DCX+). In the same time, the expression of TUJ1 was also significantly increased 

(Figure 2.18C). Most of the post-mitotic neurons in cerebral cortex emerge from TUJ1 

positive progenitors cells (Luskin et al. 1997; Menezes et al. 1995), and TUJ1 is 

therefore used as a pan-neuronal maker during neuronal development and maturation 

(Menezes and Luskin 1994). We quantified the percentages of cells becoming DCX+ 

and cells remaining as Ki67+ neural stem cells at day 30 of early differentiation, and 

the results showed no significant alteration in NRXN1a deletion neurons (Figure 2.19). 

TUJ1 and DCX are all microtubule-associated proteins in which alteration in their 

expression associated with brain development (Gleeson et al. 1998). They are the 

integral components of brain connectivity. Mutations in tubulins or MAPs can cause 

significant abnormalities in brain development which contribute to developmental 

delay and epilepsy (Mutch et al. 2016). Furthermore, mutations in tubulin genes have 

been associated with white matter anomalies (Poirier et al. 2013). In our study, the 

RNA and protein expression of tubulin and microtubule-associated protein remained 

unchanged in NRXN1a deletion neurons, suggesting NRXN1a haploinsufficiency 

does not grossly alter neuronal migration and formation of white matter by axonal 

extension.   

 

Complete cortical neurogenesis occurs over 100 days period in humans (Caviness et 

al. 1995) and only six days in mice (Takahashi et al. 1996).  Glutamatergic neurons in 

the adult cerebral cortex are generated in a temporal order and defined by expression 

of different transcriptional factors. Layer 6 projection neurons are TBR1 positive, layer 

five subcortical neurons are CTIP2 positive, and layer 2-4 neurons are BRN2 and 

SATB2 positive cells (Arlotta et al. 2005; Alcamo et al. 2008).  These factors were 

used as markers in our study for day 100 of differentiated cortical neurons. The similar 

time frame has been used to generate glutamatergic cortical neurons from iPSCs and 
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ESCs in vitro (Shi, Kirwan, Smith, et al. 2012). The expression of TBR1, CTIP2, BRN2 

and SATB2 were quantified at the RNA level (Figure 2.22A). The expression of CTIP2 

and TBR1 were also quantified at the cellular level, showing 23.35% of TBR1+ and 

36.18% of CTIP2+ (Figure 2.22C) cortical neurons were present in 100-day cultures. 

Transcriptome analyses showed that BRN2, a marker for upper layer cortical neurons, 

has shown a comparable number of mRNA (TPM) expression in comparison to CTIP2 

mRNA (Figure 2.22B). These data together showed that both upper and low layers of 

excitatory cortical neurons are abundantly present in our 100-day neuronal cultures. 

We examined the expression of inhibitory GABAergic receptors and GABA 

interneurons (Parvalbumin and SST), and they remained at considerable low levels in 

100-day neuronal cultures (Figure 2.23B). The population of astrocytes were also 

evaluated at 100-day of differentiation, and GFAP positive cells were quantified by 

immunocytochemistry and showed no significant difference in NRXN1a deletion 

neurons (Figure 2.24). This is different from Zeng et al. study, in which they observed 

reduced astrocyte differentiation in NRXN1 knocked down iPSC and ESC cells (Zeng 

et al. 2013), by a  reduction in generation of GFAP cells. One reason to explain this 

difference is that they used shRNA in human iPSC and ESCs which could affect both 

NRXN1a and NRXN1b, whereas our cohort of samples are NRXN1a deletion only. 

The second difference is that they performed spontaneous differentiation, whereas we 

carried out directional differentiation with a very small population of astrocytes.  

The implication of glutamatergic receptors has been observed in autism (Purcell et al. 

2001; Fatemi et al. 2011). For example, increased expression of metabotropic receptor 

density or decreased expression of AMPA receptor density has been observed in 

cerebellar samples or post-mortem tissue samples of autism people, respectively 

(Purcell et al. 2001; Fatemi et al. 2011). One post-mortem study found a significant 

difference in subunit one protein level of NMDA receptors,  while others found no 

difference in NMDA receptor expression  (Blatt et al. 2001; Purcell et al. 2001). 

Furthermore, the deletion of Nrxn3a/b  has been shown to have a significant effect on 

upregulation of AMPA receptors (Aoto et al. 2013). In our study, the expression of 

various ionotropic and metabotropic glutamatergic receptors was examined at the 

RNA level, and significant upregulation was identified for some of them. These results 

have firstly validated and confirmed the expression of excitatory neurons using dual 
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SMAD differentiation protocol. The quantitative expression of the vesicular glutamate 

transporter (vGLUT1) also confirmed the excitatory differentiation protocol against 

the very low expression of inhibitory GABA vesicular transporter (VGAT) (Figure 

2.23B). Secondly, it illustrates that the NRXN1a deletion may have a downstream 

effect on expression of glutamatergic neurons, as the expression of GRIK3 and GRIN1 

were significantly increased in NRXN1a deletion neurons (Figure 2.23A).  

The scaffold proteins SHANKS are expressed at the post-synaptic density of 

excitatory synapses, and their mutation and duplication have been implicated in ASD 

(Durand et al. 2007; Pinto et al. 2010). They are essential for synaptic development 

and function (Sheng and Hoogenraad 2007). Mutations in SHANKs have displayed 

phenotypic characteristics similar to ASD (Jiang and Ehlers 2013). Shank1 knockout 

mice also showed decreased vocal communication, increased anxiety and alteration in 

long-term memory (Hung et al. 2008). Furthermore, Shank2 and Shank3 knockout 

mice show increased anxiety, repetitive behaviours, as well as deficits in social 

communication (Schmeisser et al. 2012; Peça et al. 2011). In our study, the expression 

of SHANK2 and SHANK3 has been identified as a significant upregulation in NRXN1a 

deletion neurons (Figure 2.23A). SHANK proteins directly interact with glutamatergic 

receptors at post-synaptic membrane such as NMDA and AMPA receptors. Therefore, 

an alteration in SHNAKs expression level may also change the post-synaptic level of 

NMDA and AMPA. This suggests that NRXN1a deletion has a consequence on post-

synaptic density by regulating the expression of glutamatergic receptors and 

scaffolding protein SHANKs.  

Over expression of glutamatergic receptors as well as SHANK proteins in post-

synaptic density may suggest over-excitation on NRXN1a deletion neurons, 

suggesting that NRXN1a is essential for inhibitory synaptic transmission. This is 

further investigated at a functional level using electrophysiology and calcium imaging 

in Chapter 3 and 4, respectively. This will allow a much closer look into single level 

properties of neurons in terms of neuronal excitability as well as calcium dynamics, in 

terms of influx 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 after birth and is coincided with the ASD development. The formation the 

physical synapses at day 100 of differentiation were quantified at 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 qRT-PCR (Figure 2.26A). The 

localization of SYN1 was observed as puncta staining at the protein level using 

immunostaining in both controls, and ASD derived neurons (Figure 2.26C). There was 

no significant difference in the quantity of the SYN1 expression in our in vitro cell 

model. Pak and colleagues also demonstrated no significant change on synaptogenesis 

in ESC NRXN1 mutation (Pak et al. 2015). 

The effect of NRXN1a deletion on the maturity of 100-day cortical neurons was also 

validated by the presence of microtubule-associated protein MAP2. MAP2 are a 

family of proteins which have a key role in stabilizing microtubules, with MAP1 and 

MAP2 primarily seen in neurons (Cassimeris and Spittle 2001). The presence of 

MAP2 was quantified using immunostaining with no significant difference in 

NRXN1a deletion neurons (Figure 2.24A, B). This neuronal maturity was also 

quantified with the parentage of cells generating spontaneous calcium transients, 

which significantly increased in a time-dependent manner (Figure 4.3). Moreover, 

spontaneous and evoked action potentials, as well as the presence of voltage-gated 

sodium and potassium current, were observed during electrical examination of 

neurons (Chapter 3). All these data above showed the maturity of neurons at 100-day 

of differentiation which was generated using dual SMAD inhibition molecules, but we 

did not observe haploinsufficiency of NRXN1a on the maturation of iPSC-derived 

neurons.  

In summary, we explored the molecular basis of iPSC derived neurons in NRXN1a 

and control progenitor at 20/30 days, and mature neurons at 100-days of 

differentiation, respectively. We tested for gene expression alteration in mRNA and 

proteins that are critical for synaptic signalling, interaction, adhesion and function. We 

demonstrated increased expression of excitatory postsynaptic glutamate receptors as 

well as postsynaptic density SHANKs. We demonstrated elevated expression of 

SHANKs and some of the glutamatergic receptors. This strongly indicates an over-

excitation in NRXN1a patientôs cells, which may cause significant alteration in 
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electrical properties and neuronal excitability (Chapter 3). This strongly supports our 

hypothesis that the balance between excitatory and inhibitory is disturbed in NRXN1a 

ASD patients. At the same time, the mutations did not alter neurogenesis 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 given gene, however, 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 potential un-identified genetic background 

may contribute to the overall cellular phenotype. It is reasonable to state that using 

iPSCs derived from patients may have potential advantages in finding the potential 

role of NRXN1. However, it is almost necessary to consider few facts; firstly NRXN1 

deletions predispose to a variety of clinical phenotypes from ASD, intellectual 

disability, developmental delay, mental retardation  to schizophrenia and epilepsy 

(Møller 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). 

Co-factors as un-identified genetic background may exist in different individuals 

which leads to different clinical symptoms of NRXN1 deletions. Also, NRXN1 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 variation studies, 

and the nature of the deletion transcripts are still unknown. 

While the characterisation of neurons in the Chapter was essential, it is not sufficient 

to conclude the functionality in neuronal networks, which will be discussed in the 

following chapters.  
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Chapter 3. NRXN1a 
deletion impairs the 

electrical excitability in 
iPSC-derived neurons 
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3.1 Introduction   

Neurons are the workhorses of the nervous system, providing a platform for rapid and 

complex communication algorithms, over long (meters) and short distances 

(nanometers). Neurons are excitable cells, they can rapidly (1-4ms) and reversibly 

change membrane potential from a resting value of -80mV to a peak of +30 mV. This 

rapid spike in membrane voltage is termed an action potential (AP), and is the basis 

of neuronal communication.  

Hodgkin and Huxley originally proposed a model to explain the ionic mechanisms 

underlying the initiation and propagation of action potentials in squid giant axon 

(Hodgkin and Huxley 1952b). Adapting the voltage clamp technique proposed by 

Cole in 1949 and taking advantage of the relatively large size of the squid axon, they 

used long slender intracellular electrodes to record membrane potential changes. They 

quantitatively recorded action potentials and demonstrated the involvement of Na+ in 

the rising (depolarization) phase of an action potential. They also uncovered the role 

of voltage-gated ion channel kinetics in the initiation and propagation of 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.  

Investigating the electrophysiology properties (ionic flux, membrane conductance and 

voltage-gated properties) of neurons is essential when characterising any model of 

neurodevelopmental or neurodegenerative disease in terms of neuronal function. The 

electrophysiological properties demonstrate the fundamental functional phenotypes of 

neurons and the neuronal circuits. Moreover, these types of studies provide a better 

understanding of the effectiveness of the differentiation protocols employed, focusing 

on the maturity of neurons.   

The iPSC technology has been widely used in the generation of functional neurons 

providing important model systems for enhancing our understanding of neurobiology 

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

pyramidal cells represent the majority of the population of the cerebral cortex, where 

they integrate information between the extra-cortical inputs and disparate cortical 



Chapter 3 
 

 

 

 

112 

structures. These neuronal structures provide the executive function of the human 

brain, and its malfunctions are associated with many disease states such as ASD, 

epilepsy and Alzheimerôs disease (Shi, Kirwan, Smith, et al. 2012; Chambers et al. 

2009; Mariani et al. 2012).  

In the developing cortex, the appearance of embryonic synapse formation coincides 

with the development of spontaneous electrical activity in the developing neurons 

(Katz and Shatz 1996). Human cortical neurogenesis starts at a round week 5 of 

gestation and continues for over 70 days (Caviness et al. 1995). The development of 

synapses starts at around week 9/10 of human foetal development (Huttenlocher et al. 

1982). Glutamatergic and functional deep layer neurons such as layer 5 and six are 

found to be present at early stages of differentiation (Kirwan et al. 2015). The function 

of these neurons changes over time, reflecting their development in vivo (Kirwan et 

al. 2015). The neuronal network within the cerebral cortex undergoes stages of 

oscillatory activity during foetal development. These oscillations and bursting 

network activity begin approximately halfway through the gestation up to birth 

(Dreyfus-Brisac and Larroche 1971). The characterization of cerebral cortex neuronal 

networks derived from human iPSCs requires weeks/months of differentiation before 

cells acquire functional firing properties (Shi, Kirwan, Smith, et al. 2012). It has been 

shown that action potential height increases and resting membrane potential decrease 

through the progressive maturation in vitro (105 days in culture) of the cortical 

neurons (Prè et al. 2014; Kirwan et al. 2015).  

The expression of voltage-gated ion channels during neuronal development provides 

the essential machinery for neuronal excitability. The expression of these voltage-

gated ion channels is the primary source of neuronal depolarization and repolarization. 

Their gating properties and the ion species selectivity determine the kinetics of 

changes in membrane potential. Subtypes of various Na+ and K+ channels are 

expressed in different brain regions and have a range of physiological property. They 

all comprise of 6 transmembrane segments (S1-S6), which are divided into two 

modular domains, the voltage-sensing domain (S1-S4) and the pore-forming domain 

(S5-S6). The S4 segment acts as the main voltage sensor and responds to changes in 

electrical potential by inducing a conformation change, resulting in the opening of the 

channel (Jogini and Roux 2007).  
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The magnitude of the inward Na+ current is noted to increase over developmental time, 

in line with neuronal maturation and sensitivity to the channel blocker tetrodotoxin 

(TTX) (Prè et al. 2014; Song et al. 2013). On the other hand, K+ current has been 

reported to remain unchanged throughout neuronal development (Belinsky et al. 

2011).   

In this chapter I have explored the passive and active properties of 100-day iPSC-

derived neurons from NRXN1a deletion patients and controls. We have applied 

voltage and current clamp recording to investigate the electrical excitability of 

neurons. We report here the detailed characterization of the functional neurons. These 

data serve to validate firstly the maturity and functional network activity of neurons 

in an in vitro human cell model and secondly to uncover new insights into the effects 

of NRXN1a deletion on non-synaptic properties of neurons.  

 

3.2 Material &  methods 

3.2.1 Cell culture  

The iPSC-derived neurons were cultured on 15-mm round coverslips (Thermo Fisher 

Scientific 12362138) in 12-well plates, which were previously coated with poly-D-

lysine (see Methods section Chapter 2). Cells were cultured in N2B27 medium, which 

was refreshed every two days until the day of the analysis.  

3.2.2 Whole cell patch clamp recording method 

Whole cell patch clamp configuration was used to record from 98 neurons (Control 

n=54, Patient n=39, and median of 10 cells recorded per line for both control and 

patients) at day 100 of differentiation in all cases. All  recordings were performed at 

room temperature (approx. 18-20oC) in warm extracellular bath solution, with140 mM 

NaCl (Sigma-Aldrich 71387), 5 mM KCl (Sigma-Aldrich P9333), 2 mM CaCl2 

(Sigma-Aldrich C5670), 2 mM MgCl2 (Sigma-Aldrich M8266), 10 mM HEPES 

sodium salt (Sigma-Aldrich H7006) and 10 mM glucose at  pH 7.4. Single cells were 

selected for recordings based on a pyramidal morphology and bright, clear cell body. 




























































































































































































































































































