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Abstract

Copy number variation at the 1g21.1 locus (both deletion and duplication) has been associated
with a wide variety of neurological phenotypes including changes in brain size and increased risk
for developing psychiatric disorders. Deletion of the 1g21.1 locus is primarily associated with an
increased risk of schizophrenia whereas duplication of the same locus is primarily associated with
an increased risk of autism. These mutations present an untapped opportunity to understand the
cellular deficits which underly both common and specific risk for psychiatric disorders. Patient
derived iPSCs were made from individuals carrying either 1q21.1 deletion or duplication and were
then used to model both neuronal and oligodendrocyte development. The presence of 1gq21.1
CNVs was associated with significant changes in neuronal and oligodendroglial development.
Deletion of the 1g21.1 locus was associated with increased neuronal activity and a reduced
production of mature oligodendrocytes. On the other hand, duplication of the 1q21.1 locus was
associated with deficits in the production of neurons and specification of oligodendrocytes. Key
findings from the iPSC models were also validated using a 1q21.1 microdeletion mouse model and
human brain imaging data from 1q21.1 carriers. These results constitute the first examination of
human cellular dysfunction associated with copy number variation at the 1g21.1 locus.
Furthermore, this work clearly demonstrates the importance of examining the effect of mutations
on both glial and neuronal cells. To develop a system which could provide further insight into the
interactions between these two cell types this study also examined the feasibility of bioprinting,
as a technique for 3D cell culture. Using iPSC derived astrocytes and neurons a novel alginate
based bioink was developed which could support the short-term maintenance of both cell types.
Therefore, demonstrating that 3D bioprinting is a viable technique for generating 3D culture

systems for iPSC derived neuronal cells.
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1. Introduction
1.1 Clinical significance of pathogenic copy number variants in neurodevelopmental and
psychiatric disorders

1.1.1 Contribution of rare CNVs for increasing the risk of neurodevelopmental and
psychiatric disorders

It has been estimated that during our life times more than 1 in 5 people will be
diagnosed with a common mental health disorder!. However, studies examining high risk
populations such as children in foster care? or individuals living in conflict settings® suggests
the prevalence to be alarmingly high. The prevalence of neurodevelopmental disorders has
also been reported to be 3-4% in children from high income countries.
Neurodevelopmental and psychiatric disorders are complex neurological phenomena
which cause significant distress and alter the ability of patients to function within society.
Furthermore, these disorders are often highly distressing for care givers and resultin a large
burden on both patients and the larger community with the estimated lifetime health and
social care costs of an individual with autism spectrum disorder (ASD) being as high as £2.4
million®.

Therefore, there is a significant focus on better understanding the causes of these
disorders and developing novel treatments which target the underlying pathology rather
than simply alleviating symptoms. Risk factors for neurodevelopmental and psychiatric
disorders include environmental factors®, neurotoxins’ and maternal immune activation®
among many others. However, these disorders are also known to be highly heritable
therefore indicating a genetic component to risk for these disorders®. This heritability is
most clearly demonstrated in family and twin studies which show a higher risk for
developing the same psychiatric disorder the more close the genetic relationship between
individuals®.

Due to the advent of next generation sequencing platforms genetic risk for
neurodevelopmental and psychiatric disorders has been widely studied. The genetic
component of risk for neurodevelopmental and psychiatric disorders can take three forms:
single nucleotide polymorphisms (SNPs), copy number variants (CNVs) and chromosomal
abnormalities. These platforms allow fast large-scale evaluation of populations to
determine novel SNPs, and to identify individuals with CNVs which are associated with risk
for neurodevelopmental and psychiatric disorders. While large scale genetic studies have

identified many SNPs which are involved in the heritable component of psychiatric

1



disorders'¥2 each individual SNP is unlikely to have a significant effect on an individual’s
likelihood of developing a psychiatric disorder. This technique has identified key pathways
and more recent work has begun to link these large scale genetic studies to cellular
subpopulation which are likely preferentially effected®®. However, the results do not lend
themselves to archetypal cellular models as recapitulating individual SNPs is likely to have
little effect on cellular function. Furthermore, modelling many SNPs in a single cell
population remains costly while introducing a large number of potentially confounding
variables. On the other hand, due to their more highly penetrant nature, CNVs can act as
an ideal model of psychiatric risk for investigating the link between genetic abnormalities
and cellular phenotypes associated with psychiatric disorders.

Copy number variants are relatively large sections of DNA (generally >1kb'4) that
can be lost or duplicated. Copy number variation can occur due to homologous or non-
homologous recombination. Homologous recombination requires sequence homology
(~300bp in eukaryotes'®) and when the incorrect partner strand is selected this can result
in CNV. Therefore, areas of the genome with low copy number repeat sequences may be
particularly susceptible to CNVs arising from this mechanism. Homologous recombination
can result in CNVs due to unequal crossing, break induced repair or single strand annealing
all of which involve the mis-selection of the repair template (as reviewed by Hastings et
al*®). However homologous recombination mainly occurs during replication whereas non-
homologous recombination can occur during replication or quiescence. Non-homologous
end joining; replication slippage; template switching and microhomology based repair are
all non-homologous recombination-based mechanisms by which CNVs can arise (as
reviewed by Hastings et al*®).

This type of variation is relatively common in the general population with one study
reporting 1,447 CNV regions in 270 individuals!’. Dependent on the methodology used to
identify CNVs, studies have reported between 1.5% to 12% of the human genome is
encompassed by copy number variable regions!”!®.The prevalence of these types of
mutations attribute to a significant proportion of intraspecific genetic variation. This type
of variation has been shown to be under positive selection!® in certain cases; providing the
basis for the expansion of many gene families?® that are linked to an increase of genetic
complexity observed through evolutionary time. However, these mutations have also been
linked to various pathological phenotypes which can be due to: changes in the dose of a

single gene within the mutated region?1-24, the mutation of a contiguous gene set (Williams-
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Beuren syndrome?®, DiGeorge Syndrome?® and Smith-Magennis syndrome?’), or novel
allele combinations. Many pathological CNVs have now been identified, however linking
these mutations to the complex presentation seen in patients remains difficult.
Investigations into the interaction between genes within these mutations and the biology
of the systems underlying the pathology may provide critical insight into this relationship.

While neurodevelopmental and psychiatric disorders can be considered separate
the link between these two families of disorders was suggested as early as 1987 when
Murray and Lewis?® suggested that schizophrenia (arguably one of the most studied
psychiatric disorders) is in part a neurodevelopmental disorder. This concept now has a
large body of evidence behind it including evidence from anatomical data, genetic studies
and work on the environmental factors known to effect risk for developing schizophrenia
(reviewed by Fatemi and Folsom?®). There is also evidence from studies into ASD3%3?,
bipolar disorder®?, major depression®®* and intellectual disability>* that abnormal
neurodevelopment plays a critical role in the aetiology of these disorders.

Therefore, modern research is focusing on elucidating periods where individuals are
at particular risk for deviation from the normal course of neurodevelopment which may
underly the establishment of risk for neurodevelopmental and psychiatric disorders.
Recent publications3>3® have identified mid-gestation as a key period for mutations
associated with psychiatric disorders to have an effect on gene expression. This conclusion
would suggest that dysregulation at very early stages of neurodevelopment may play a key
role in developing psychiatric disorders. Furthermore, this work suggests a commonality
between the time period (in utero development) and specific mutations when reviewing
several psychiatric disorders, thereby cementing neurodevelopment as a critical factor for
determining risk of developing a psychiatric disorder later in life.

While early neurodevelopment may be a critical time for mutations and
environmental factors to exert their effect, there is still little consensus on the precise
nature of the interaction between these factors and their involvement in the pathology of
psychiatric disorders in terms of the pathways involved and the cell populations affected.
While environmental factors which increase the risk for developing psychiatric disorders
have been identified these remain largely difficult to study using currently available
paradigms; with work focusing largely on the effect these risk factors have on animal
models. Therefore, the focus of cellular work remains understanding the cellular

consequences of genetic risk for neurodevelopmental and psychiatric disorders.



1.1.2 Previously identified CNVs associated with increased risk for neurodevelopmental and
psychiatric disorders

The first CNV to be linked to a psychiatric disorder was velo-cardio-facial syndrome;
first described in 19783%. The genetic cause of this syndrome was later discovered to be a
deletion of the 22g11.2 loci3®. Subsequent studies have shown this mutation to be linked
to anincreased risk of developing schizophrenia with around 25% of patients with 22q11.2
deletion being diagnosed with schizophrenia®®, and it has also been estimated that this
population accounts for around 1% of all recorded schizophrenics®®. As with most
mutations which have been linked to specific pathology, the penetrance of these types of
mutations is highly variable with estimates ranging from as low as 2% in the case of 15q11.2
deletion carriers exhibiting schizophrenia, to as high as 88% of patients carrying 22q11.2
deletions having intellectual disabilities. While these mutations have an important role in
the determination of psychiatric diagnosis, categorically they remain risk factors rather

than determinants for diagnosis.

Table 1.1: Previously identified rare copy number variants associated with an increased risk of neurodevelopmental
and psychiatric disorders. Each mutation is characterized as either a deletion of duplication and significant risk for
development of intellectual disability/developmental delay (ID), autism spectrum disorder (ASD), schizophrenia (SZ) or
bipolar disorder (BD) associated with each mutation is denoted (adapted from Malhortra and Sebat*?).

CNV Deletion or Duplication ID ASD SZ BD
1q21.1 Deletion Yes No Yes No
1g21.1 Duplication Yes Yes Yes Yes
3929 Deletion Yes No Yes Yes
7911.2 Duplication Yes Yes Yes No
7911.23 Deletion Yes No No No
7936.3 Duplication No No Yes No
15q11.2 Deletion Yes No Yes No
15¢q11.2 Duplication Yes Yes No No
15q13.3 Deletion Yes Yes Yes No
16p11.2 Duplication Yes Yes Yes Yes
16p11.2 Deletion Yes Yes No No
16p13 Duplication Yes No Yes No
17q12 Deletion Yes Yes Yes No
22q11 Deletion Yes Yes Yes Yes
22q11 Duplication Yes Yes No No

At least 11 CNV loci (Table 1.1) have been identified as having an association with
an increased risk of developing a neurodevelopmental or psychiatric disorder including;
ASD, bipolar disorder, intellectual disability or schizophrenia*'*2, The increased risk of

developing a psychiatric disorder can be associated with both or either deletion and



duplication of these loci. Of the aforementioned 11 loci (Table 1.1), 15 specific CNV
mutations have been linked with an increased risk of developing psychiatric disorders.
These mutations are also often associated with other pathologies, the most common of
which is facial dysmorphism*3, found in the majority of these CNV patients. Furthermore,
many of the CNVs associated with an increased risk of psychiatric disorder are also
associated with an increased risk of cardiac anomalies**. As such, these CNVs are often
associated with complex multifactorial pathology and therefore can offer opportunities to
examine the systems of patients with these mutations that have presented with non-
psychiatric symptoms.

The most consistent association between these CNVs and neurological disorders is
an increased risk of intellectual disability or developmental delay, which is a known
phenotype of 14 of the 15 CNVs*24454, On the other hand, only 4 of the 15 CNVs have been
significantly associated with an increased risk of developing bipolar disorder>>>%,
Furthermore, 4 CNV loci (1921.1, 15911.2, 16pl1ll and 22qgl1l) have deletions and
duplications spanning the same region, which are also associated with an increased risk of
developing psychiatric disorders (Table 1.1). In 3 of the 4 reciprocal CNVs, one form of the
CNVs (either the duplication or deletion) is significantly associated with an increased risk of
developing all 4 psychiatric disorders (ASD, bipolar, intellectual disability and
schizophrenia) whereas the other form is associated with only 2 of these disorders*. This
suggests that there may be general mechanisms affected by any change in the expression
of a gene underlying common risk for neurodevelopmental and psychiatric disorders.
Although there are likely also genes within these CNVs and specific mechanisms which are
only affected by an increase or decrease in the expression of specific genes which underly
risk for specific neurodevelopmental and psychiatric disorders. Therefore, with the use of
one of these differential CNV loci, it is possible to investigate common mechanisms which
underly an increased risk of developing any psychiatric disorder whilst simultaneously

researching mechanisms which may be more specific to an individual disorder.

1.1.3 Clinical significance of copy number variation at the 1g21.1 locus

The 1g21.1 region of the human genome carries at least four low copy number
repeats, forming the substrate for the origin of CNVs, which explains the complex
architecture of the CNVs in this area®. There are 5 types of CNVs which have been

identified in this region®® stratified by the deletion or duplication of this area and then



further delineated by the inclusion of two adjacent regions termed the thrombocytopenia
with absent radius (TAR) and distal region (Figure 1.1). The TAR region is a complex gene
rich region which is associated with the TAR syndrome. This syndrome is associated
primarily with blood and skeletal issues®® and has not been directly associated with an
increased risk of developing psychiatric disorders. However, the TAR region has only been
described as a microdeletion when examined separately from the distal region of 1g21.1
(Figure 1.1). The distal region of 1g21.1 can be found both deleted and duplicated and both
with and without TAR region involvement; in some rare cases, a complex TAR deletion can

be associated with a distal duplication (Figure 1.1).

TAR region Distal 1921.1 region
\ | | \ | | | | | | \
\ | | \ | | | | | \ \
144.0 144.2 144.4 144.6 1144.8 145.0 145.2 145.4 145.6 145.8 146.0
Class 1 deletion/duplication - [

Class 2 deletion/duplication - B

Complex TR delotionwith ... I - S

1g21.1 duplication

Figure 1.1: Diagrammatic representation of the classification of 1g21.1 deletions and duplications. Class 1 mutations
involve the distal region whereas class 2 mutations involve both the TAR and distal regions. Finally, very rare cases have
been identified with a TAR deletion and a duplication of the distal region (adapted from Brunetti-Pierri et al.*).

It is distal 1g21.1 CNVs which have been associated with an increased risk of
developing psychiatric disorders*>. However, similarly to other CNVs associated with
psychiatric disorders, the 1g21.1 deletions and duplications also commonly present with
other clinical features. The most common clinical features are facial dysmorphia*?, cardiac
abnormalities®?®2 and intellectual disability*?> which are all common to both deletions and
duplications, although the prevalence between the two does differ. Deletion or duplication
of the distal 1g21.1 region has also been linked to microcephaly and macrocephaly,
respectively®. When specifically examining the relationship between the distal 1g21.1 CNV
and psychiatric disorders, it has been reported that the deletion has a more significant
association with an increased risk of developing schizophrenia, whereas the duplication is
more significantly associated with an increased risk of developing ASD®3. Therefore, while

1g21.1 deletions and duplications are associated with distinct clinical presentations the



shared associations with psychiatric disorders present an interesting paradigm to

investigate the role of gene dosage on neurodevelopmentally relevant phenotypes.

1.1.4 Genetic architecture of the 1g21.1 locus

While there are 28 genes within the combined TAR and distal regions of the 1g21.1
locus®, there are 12 genes which are contained within the class 1 deletions and
duplications (Table 1.2). Studies have identified one of the gap junction proteins (Gap
Junction Protein Alpha 5, GJA5) as being the most influential on prevalence of cardiac
abnormalities associated with the distal 1g21.1 CNV®L, Recent work has also identified the
Notch 2 N-Terminal Like (NOTCH2NL) genes as playing a role in the correct development of
the human cortex, providing a source of speculation as to the cause of the
microcephaly/macrocephaly phenotypes commonly associated with distal 1qg21.1
mutations®. There are several other genes found in this CNV which may also have key
functions in neuronal systems including BCL9 Transcription Coactivator (BCL9),
Hydrocephalus-Inducing Protein Homolog Like (HYDINIL) and Chromodomain Helicase
DNA Binding Protein 1 Like (CHD1L). BCL9 functions as part of the WNT signaling pathway
a key signaling pathway involved in the development of the central nervous system®,
Furthermore, a GWAS meta-analysis identified SNPs in BCL9 as associated with negative
symptoms in schizophrenia®” (defined using the assessment of negative symptoms
described in phs000167.v1.pl). HYDINI1L is a paralog of the HYDIN gene; duplication of
which causes hydrocephalus in mice®®. Finally, CHD1L is a helicase DNA-binding protein
involved in the modification of chromatin structure and by extension gene expression. The
paralog of this gene, CHD1, is associated with a separate neurodevelopmental disorder
(Pilarowski-Bjornsson syndrome) which is chiefly characterized by developmental delay
and speech apraxia®. However, there is no direct evidence currently for how these
mutations facilitate the increased risk for psychiatric disorders associated with 1g21.1
mutations and which specific genes are mediating this increased risk. While there are many
genes in this CNV with known involvement in neurodevelopmental phenotypes, this CNV
remains an untapped resource for gathering valuable insight into the pathogenesis and

etiology of psychiatric disorders.



Table 1.2: Genes within both the TAR and distal regions of the 1g21.1 locus. Functions are listed only when clear
evidence is present either based on previous work or structural analysis of the protein (information collated from

GeneCards®)

ACPo6
ANKRD35
BCL9
CD160

CHDI1L
FMO5

GIAS
GIAR

GPR39A
GPR39B
GPR39C
HFE2
HYDIN2
ITGAL10
LINCD0624

LIX1L
NEPF24

NUDT17
NOTCH2MNL
PDZK1

PEX11B
PIAS3

POLR3C

POLR3GL
PRKAB2

REMSBA

RNF115
TXNIP

Distal
TAR

Distal
TAR

Distal

Distal

Distal
Distal

TAR
Distal
TAR
TAR
TAR
TAR
Distal

TAR
Distal

TAR
Distal
TAR

TAR
TAR

TAR

TAR
Distal

TAR

TAR
TAR

Acid Phosphatase 6, Lysophosphatidic
Ankyrin Repeat Domain 35
B-Cell CLL/Lymphoma 9
CD160 Molecule

Chromodomain Helicase DNA Binding
Protein 1 Like

Flavin Containing Monooxygenase 5

Gap Junction Protein Alpha 5
Gap Junction Protein Alpha 8

G Protein-Coupled Receptor 894
G Protein-Coupled Receptor 898
G Protein-Coupled Receptor 39C
Hemochromatosis Type 2
Hydrocephalus Inducing Homolog 2
Integrin Subunit Alpha 10

Long Intergenic Non-Protein Coding RNA
624
Limb and CNS Expressed 1 Like

MNeuroblastoma Breakpoint Family, Member
24
Mudix Hydrolase 17
Notch 2 N-Terminal Like

PDZ Domain Containing 1

Peroxisomal Biogenesis Factor 11 Beta
Protein Inhibitor of Activated STAT 3

RNA Polymerase Il Subunit C

RMNA Polymerase Il Subunit G Like

Protein Kinase AMP-Activated Non-Catalytic
Subunit Beta 2

RMA Binding Motif Protein 8A

Ring Finger Protein 115

Thioredoxin Interacting Protein

Histidine acid phosphatase
Unknown
Unknown
Matural Killer Cell Receptor BYS5

DMA helicase protein involved in DNA
repair
Metabolic N-oxidation of the diet-
derived amino-trimethylamine (TMA)
Component of gap junctions
Transmembrane connexin necessary
for lens growth
WVoltage dependent anion channel
Unknown
Unknown
Iron metabolism
Pseudogene
Collagen binding
Long non-coding RNA

Unknown

Unknown

Unknown
MNotch Signalling
Scaffold protein involved in
chaolesterol metabolism
Peroxisomal proliferation
Small ubiguitin-like modifier (SUMO)-
E3 ligase
Component of the RNA polymerase |1l
complex
Unknown
Mon-catalytic subunit of AMP-
activated protein kinase (AMPK)
Component ofthe exon junction
complex
E3 ubiquitin-protein ligase
Cellular redox signalling



1.1.5 Established evidence for the clinical effects of 1g21.1 mutations from animal models

Given the clinical relevance of 1g21.1 mutations, previous work has used genes
within this region and the contiguous deletion to model increased psychiatric risk in both
fly and mouse models. The Protein Kinase AMP-Activated Non-Catalytic Subunit Beta
(PRKAB2) mouse model, phenotypically characterized by the International Mouse
Phenotyping Consortium, indicated that PRKAB2 is expressed in the adult mouse brain,
specifically in the cerebellum and cerebral cortex’®. Furthermore, this model showed that
homozygous deletion of PRKAB2 was lethal at the preweaning stage and that heterozygous
deletion significantly decreased mean platelet volume as measured postnatally. Finally,
using the pre-pulse inhibition test on this model showed that females with heterozygous
PRKAB2 deletions had a significantly decrease pre-pulse inhibition. Pre-pulse inhibition
involves examining the change in startle response when a weak stimulus precedes the
startling stimulus. Abnormalities in pre-pulse inhibition have been associated with
alterations in dopaminergic and glutamatergic neurotransmission and have been robustly
associated with schizophrenia’l”’3. This description of PRKAB2 indicates that loss of
expression has effects on a phenotype commonly associated with models of psychiatric
disorders.

PRKAB2 has also been used as the basis for generating a fly (D. melanogaster) model
using deletion of the PRKAB2 ortholog AMPKR in the nervous system’4. This work showed
that these flies were more sensitive to starvation and were unable to sleep properly.
Specifically, AMPKB was shown to be required for initiation and maintenance of sleep
following sleep deprivation. Deletion of AMPKP also reduced the dendritic branching in
class-IV sensory neurons indicating a specific role in neuronal morphology and
maintenance. Furthermore, this model shows learning deficits as measured by courtship
conditioning. While using this model system limits assessment of more complex behavioral
phenotypes seen in humans, this evidence suggests that deletion of PRKAB2 has
demonstrable effects on neuronal morphology and more complex behaviors.

The International Mouse Phenotyping Consortium have also phenotyped a CHD1
(paralog of the 1g21.1 gene CHD1L) gene knockout resulting in many developmentally
relevant phenotypes’®. Firstly, homozygous knockout of CHD1 is lethal, definitively proving
its necessity during development. The heterozygous knockout of CHD1 has a significant
effect on cranial morphology including the maxilla and tooth morphology, and eye

morphology resulting in anophthalmia and abnormal eye morphology. Finally, reduced
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dosage of CHD1 has a negative effect on embryonic growth resulting in a decreased
postnatal body mass. These results show that CHD1 has a significant effect on early
development, indicating that CHD1L is an interesting candidate when evaluating causes of
the craniofacial abnormalities and micro/macrocephaly associated with the 1q21.1
mutation.

Finally Nielsen et al”®> generated a mouse model of the 1g21.1 microdeletion which
encompasses the mouse paralogs of the genes found to be lost in the human 1921.1
deletion carriers. These mice were shown to be significantly shorter than wild-type
littermates and were also slightly lighter. However, there were no significant differences in
general behavior, appearance, or gross brain morphology (including myelination and
numbers of parvalbumin positive interneurons) reported. The 1g21.1 microdeletion mouse
was shown to be more sensitive to psychostimulants than wild-type littermates including
an increase in activity associated with a low dose of amphetamine and an increased PCP-
induced disruption of pre-pulse inhibition. These phenotypes were reported to be due to
alterations in the direct dopamine pathway, specifically alterations in the activity of
neurons in the ventral tegmental area. Dysfunction in dopamine production and signaling
forms a core hypothesis for the origin of certain symptoms associated with schizophrenia
(mainly positive and psychotic symptoms) based on the effects of dopamine receptor
antagonists’® and amphetamine’’. Therefore, this rodent model suggests that 1g21.1
deletion has significant effects on schizophrenia-related neuronal pathways, providing
further evidence that this CNV is particularly relevant to study this paradigm.

Overall, animal models focus on the loss of genes within the 1921.1 region. These
models identify a myriad of phenotypes some of which are associated with schizophrenia
related pathways. Therefore, furthering the evidence from human studies which show
deletion of the 1g21.1 region is associated with an increased risk of developing

schizophrenia.

1.1.6 Cellular mechanisms underlying the pathogenesis of ASD and schizophrenia

Deletion of the 1921.1 region has been most highly associated with an increased
risk of developing schizophrenia whereas duplication of the same locus is most highly
associated with developing ASD*!. While the precise pathogenesis of either disorder,
remains unclear previous work has led to the formation of several hypotheses which

provide a rationale for the development of these disorders. Historically, schizophrenia has
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been the focus of a large body of research which has led to two primary hypotheses for the
cellular deficits which cause this disorder. The dopamine hypothesis and the glutamate
hypothesis have both been proposed to underly the pathogenesis of schizophrenia. While
neither hypothesis provides a perfect explanation for all the symptoms of schizophrenia
both hypotheses have merit in describing the pathogenesis of specific symptoms.

The dopamine (DA) hypothesis of schizophrenia states that schizophrenia may be
related to a relative increase in DA-dependant neuronal activity. The primary evidence for
this hypothesis is the reaction of schizophrenic patients to drugs that agonise and
antagonise DA dependant neuronal activity’®. It is now well established that drugs that
decrease DA activity have anti-psychotic effects’® whereas drugs that promote DA activity
may exacerbate psychotic symptoms of schizophrenia and induce similar symptoms in
otherwise healthy individuals®. While work on this hypothesis has mostly focussed on the
modulation of DA signalling for therapeutic purposes some work has also suggested that
these deficits may originate due to deficits in postnatal neurogenesis®!. Studies have
additionally shown that neurodevelopmental insults (specifically prenatal/maternal
immune activation) can result in DA dysfunction in adult animals®2®* Furthermore,
studies®>8® have suggested that dysfunction in the ventral hippocampus at early
developmental stages can cause DA dysfunction and trigger behavioural changes later in
development. Therefore, suggesting that DA dysfunction associated with schizophrenia
may have a developmental origin pointing towards neurodevelopmental dysfunction as a
source of this dysfunction.

However, as previously stated this paradigm has been heavily investigated for
pharmacological targeting and first-generation antipsychotics largely focussed on
antagonism of the D, dopamine receptor’®. Second generation (or atypical antipsychotics)
also antagonise the D> dopamine receptor however they also target the serotonin 5-HT2a
receptor’®. These treatments are effective in some patients however they largely target the
psychotic and negative symptoms of schizophrenia failing to effectively modulate the
cognitive symptoms. As discussed extensively by Kesby et al.®’ the lack of novel drugs
targeting the DA dysfunction associated with schizophrenia suggests that the current
paradigms for investigating the DA hypothesis of schizophrenia are insufficient for the
advancement of this hypothesis. Overall, the DA hypothesis of schizophrenia provides a
clear explanation for the origin of some of the symptoms associated with this disorder
(primarily the negative and psychotic symptoms).
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In a similar fashion to the DA hypothesis the glutamate hypothesis of schizophrenia
finds evidence from the action of N-methyl-D-aspartate receptor (NMDAR) antagonists
which can induce schizophrenia-like symptoms®8°  Unlike the DA hypothesis the
glutamate hypothesis of schizophrenia has been suggested to underly the cognitive
symptoms of schizophrenia®. The administration of phencyclidine (PCP) or ketamine (both
NMDAR antagonists®) has been shown to induce both the negative symptoms and the
cognitive dysfunction associated with schizophrenia®'°2. Furthermore, the effects of these
drugs remain in the absence of dopamine activity?>° suggesting a separate mechanism
driving this pathogenic mechanism.

More recent work has demonstrated gene expression changes in NMDAR related
genes associated with schizophrenia®®%, There is also evidence that NMDA dysfunction
associated with schizophrenia can be driven by both neuronal®® and glial'®-1°2 dysfunction.
Evidence from human brain tissue shows morphological changes of dendrites in
glutamatergic neurons of the cerebral cortex in schizophrenia patients along with reduced
levels of synapse markers'®. However, NMDAR dysfunction in inhibitory neurons has also
been suggested to be of particular relevance as this may result in widespread disinhibition
of glutamatergic neurons®.

The link between disinhibition of excitatory glutamatergic neurons and dysfunction
of GABAergicinterneurons (explored by Gordon?#) clearly links this pathogenic mechanism
with the concept of excitatory/inhibitory dysfunction which is a mechanism thought to
underly the pathogenesis of other psychiatric disorder including ASD. Indeed, while the
pathogenic mechanisms of ASD are less widely explored than schizophrenia perhaps due
to the lack of historic literature on this topic one of the familiar themes is alterations in the
balance of excitation and inhibition!%. Similarly, to schizophrenia this dysfunction has been
suggested to be a result of dysfunction in glutamate signalling. However, the precise
cellular mechanisms are considerably less well understood in this case.

The concept of ASD as a disorder of excitatory/inhibitory imbalance was
popularized by Rubenstein and Merzenich!®® who suggested ASD was caused by reduced
GABAergic signalling resulting in cortical hyper-activity. More recent evidence from
monogenic and syndromic forms of ASD has suggested that dysfunction in both excitatory
and inhibitory neurons (see review by Nelson and Valakh!%) can be associated with the

pathogenesis of this disorder. Therefore, while the precise cellular mechanism may be less
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well understood in ASD compared to schizophrenia the balance between excitation and
inhibition forms a key mechanism which may underly the pathogenesis of both disorders.

Another broader pathogenic mechanism suggested to underly the development of
both ASD and schizophrenia is dysfunction in connectivity. In ASD the primary finding in
terms of connectivity has been reduced long range connectivity with increased local
connectivity in specific brain regions (reviewed by Amaral et al.2°” and Judson et al.1%). The
dysfunction in connectivity has also been indicated in diffusion tensor imaging studies
which have indicated abnormalities in multiple white matter tracts!?91° pointing towards
oligodendrocyte or myelin dysfunction. The phenotype of aberrant connectivity has been
suggested to influence the balance of excitation and inhibition on a more global scale
adding to the disturbances seen in this phenotypel®. Similarly in schizophrenia dysfunction
in connectivity across brain regions has been associated with the cognitive symptoms of
this disorder!!!, Furthermore, a study!!? differentiating patients based on a clinical staging
model separating prodromal, first episode and chronic patients showed increasingly
widespread functional dysconnectivity over the course of the disorder from prodromal to
chronic patients. Finally, white matter abnormalities have been more consistently reported
in schizophrenic patients!3-1> further indicating a link between long range connectivity
and schizophrenia pathogenesis. Taken together these studies provide clear evidence for
dysfunction in long range connectivity in both ASD and schizophrenia which may be
mediated by dysfunction in both neurons and glia.

Disruption of neuronal connectivity and imbalances between excitation and
inhibition are both large scale explanations for the pathogenesis of both ASD and
schizophrenia. However, underlying these overarching phenotypes is synaptic disfunction
which has also been evidenced in both disorders and may underpin the dysfunction driving
other hypotheses for the pathogenesis of ASD and schizophrenia. A recent meta-analysis
of synaptic protein and mRNA levels!!® found evidence for a decreased expression of the
pre-synaptic marker synaptophysin in the hippocampus and cingulate cortices. A similar
meta-analysis also showed evidence for a decrease in the density of postsynaptic elements
in schizophrenia!l’. These results support earlier hypotheses that grey matter loss (without
neuronal degeneration) and the temporal onset of schizophrenia point towards a loss of

synapses as a critical feature of schizophreniall®,

Furthermore, analysis based on
schizophrenia GWAS data'!® showed synapse related genes including post synaptic density

genes and genes involved in synaptic plasticity account for significantly enriched heritability

13



for schizophrenia. Therefore, suggesting that the genetic risk for schizophrenia converges
on synaptic dysfunction. Finally using a brain imaging paradigm Onwordi et al.}? inferred
a decrease in synapse density in schizophrenic patients (specifically in the anterior
cingulate cortices) and further showed in a rat model that this measure was not changed
by the administration of an antipsychotic.

Similarly to schizophrenia the genetic risk for ASD coalesces on genes related to
synapses including cell adhesion molecules, scaffold proteins and protein involved in
synaptic signalling!?!. Furthermore, multiple syndromic forms of ASD have been associated
with synaptic dysfunction resulting in altered neuronal function!?%123, There have also been
reports that genes which are associated with syndromic forms of ASD may play roles in the
correct elimination of synapses!?*. Additionally, mouse models of ASD (15q11-13
duplication and neuroligin-3 R451C point mutation) show similar deficits in synapse
maintenance and stability!?>. However unlike in schizophrenia direct imaging of post-
mortem tissue establishing the precise nature of synaptic dysfunction or loss in this
disorder is lacking. Overall, there is clear evidence that synaptic dysfunction plays a role in
the pathogenesis of schizophrenia and ASD.

The synaptic dysfunction associated with both ASD and schizophrenia has also been
suggested to be a result of aberrations in the function of microglia and the immune system.
Microglia are the resident immune cells of the brain and are involved in the process of
synaptic pruning during postnatal development. Therefore, overactivation of microglia
caused by a combination of genetic and environmental factors would cause a loss of
synapses and other synaptic dysfunctions. There is evidence that ASD patients have
increased microglial activation!?%122 agccompanied by an increased level of inflammatory

cytokines and chemokines!?

. Beyond activated microglia inducing increased synaptic
pruning the increased level of cytokines has also been shown to affect neuronal synaptic
function?. Furthermore, maternal immune activation has been shown to be an important
risk factor for ASD39131  This is also mirrored by schizophrenia with multiple murine
schizophrenia models based on maternal immune activation able to induce the
symptomology and cellular deficits commonly associated with schizophrenia murine

models!30

. Work by Sellegren et al.*32 also showed an increased synapse elimination using
schizophrenic patient derived microglia. Overall, there is evidence that synaptic

dysfunction associated with both ASD and schizophrenia may be a result of aberrant
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microglia function caused by overactivation of the immune system further indicating the
importance of glial cells to the pathogenesis of ASD and schizophrenia.

Ultimately all the pathogenic mechanisms detailed above can be linked directly or
indirectly with dysfunction during neurodevelopment!33. Small scale changes like the loss
or perturbation of synapses (caused by genetic or environmental factors) are likely to be
most pronounced during neurodevelopment when a large proportion of synapses are
established. These changes can propagate and along with other neurodevelopmental
deficits caused by genetic or environmental factors can lead to deficits in DA and NMDA
signalling. Furthermore, developmental deficits in myelination and oligodendrocyte
development (which have been reported in schizophrenial'®>!34) can compound issues of
neuronal connectivity generated by dysfunction in other systems. Finally, these
phenotypes can lead to the aberrant development of excitatory and inhibitory systems
both at a local and global scale which can lead to chronic imbalances in these systems. The
deficits in the balance of excitation and inhibition are also likely to effect signalling through
DA and NMDA dependant pathways. Therefore, while there are many individual
pathogenic mechanisms that have been proposed for both ASD and schizophrenia it is
critical not to examine any one mechanism to the exclusion of all others as there is likely
interconnectivity between pathogenic mechanisms. Furthermore, deficits which appear on
the surface simple (i.e. reduction in synapse production or myelination potential) can have
profound effects when propagated through complex multicellular tissues which rely on
tightly controlled system for optimum functionality. Thus, reductionist models (like iPSC
derived neurons and glia) are important to understand the fundamental cellular deficits
which may underly the complex pathogenesis of these disorders. However, increasing the
complexity of these models and using them to investigate paradigms that are directly
relevant to the mechanisms discussed in this section remains critical to the further

development of this field.

1.1.7 Modelling 1g21.1 phenotypes using human iPSCs

There is clear evidence that CNV at the 1g21.1 locus is associated with increased
risk for developing neurodevelopmental and psychiatric disorders, and genes within this
region are likely to play roles in the development of the human CNS. However, as yet there
has been no investigation of the precise cellular phenotypes resulting from deletion or

duplication of the 1g21.1 region using human models. Induced pluripotent stem cells
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(iPSCs) provide a critical model to investigate the effect of 1g21.1 mutations on neuronal

and glial development. The advent of induced pluripotent stem cells*®

generated from
adult somatic cells (like fibroblasts) by expression of key transcription factors has allowed
the development of protocols to generate human derived neurons and glia that resemble
their in vivo counterparts.

IPSCs can be used to model neuronal development by differentiating iPSCs into
neurons and glia, which can be done using multiple paradigms each with key advantages
and limitations. Broadly there are two approaches to differentiating iPSCs into neuronal
cells, direct differentiation involves the overexpression of key transcription factors and
developmental patterning involves recapitulating the signalling which drives in vivo
development. Both approaches have been shown to produce functional neurons!3¢-138 and
glia'®¥142 which can be used as a basis to understand the effect of 19g21.1 mutations.
Assessing the phenotypes associated with mutations in iPSC derived neuronal cells is
largely dependent on the mutation under investigation and the specific sub-type of cell

being generated.

One of the common mechanisms proposed to underly the development of both ASD
and schizophrenia is alterations in the balance between excitation and inhibition*3. While
examining the balance between excitation and inhibition is difficult using neurons
generated from iPSCs; technologies such as multiple electrode arrays (MEAs) have allowed
more complex analysis of neuronal function. MEAs are microscopic arrays of electrodes
which can measure the extracellular action potentials (or field potentials) of neurons. This
activity can then be related to spatial and temporal information resulting in a more complex
view of neuronal activity. This technology can therefore be used to begin to understand the
formation of neuronal networks which may in tern be disrupted causing an imbalance of
excitation and inhibition?**. As this technique relies upon predominantly excitatory
neurons excitatory glutamatergic neurons are a particularly interesting cell type to
examine. Protocols to generate glutamatergic neurons are robust!#>!4con and the cells
produce have been shown to form functional neuronal networks on MEAs#4. Furthermore,
this population of cells allows the investigation of cortical development and synapse
formation, both key aspects of development which have been shown to be dysregulated in
psychiatric disorders. Therefore, glutamatergic neurons provide a platform to assess the
developmental and function consequences of 1g21.1 mutations in paradigms relevant to

the pathogenesis of psychiatric disorders.
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Another suggested link between psychiatric disorder is the concept of
dysconnectivity which has been suggested to underly multiple disorders'#”:148, This concept
integrates not only neuronal dysfunction but also suggest one possible mechanism by
which the glial dysfunction now commonly being associated with psychiatric

disorders32149150 may manifest. There has been a large body of work which has identified
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changes in white matter'>!, myelination?>? and oligodendrocytes!>*1>* as associated with
the pathogenesis of psychiatric disorders. There are strong associations between
schizophrenia and oligodendrocyte pathology. The apparent loss of myelination associated
with schizophrenia is likely to have profound effects on the connectivity of neuronal circuits

and therefore may compound phenotypes observed directly in neurons.

Recent advances in the generation of oligodendrocytes from iPSCs have resulted in
protocols which can now robustly generate mature myelinating cells’>>¢, Importantly
these protocols result in oligodendrocyte development comparable to that seen in
humans'®® and therefore offer a critical system to investigate the deficits in
oligodendrocyte development and function associated with schizophrenia. While the
assessment of neuronal dysfunction associated with psychiatric disorders is still a critical
facet of understanding the pathogenesis of these disorders the glial component of
psychiatric risk remains poorly understood. Deletion of the 1g21.1 locus present an
opportunity to investigate oligodendrocyte dysfunction associated schizophrenia using

iPSC derived oligodendrocytes.

Monoculture 2D iPSC-based models remain a critical tool in identifying cellular
dysfunction associated with psychiatric disorders and present the best opportunity to
dissect the complex phenotypes observed in individual cell types. However, these types of
models fail to recapitulate much of the complexity found in human CNVs. Therefore,
exploring methods which can be used to better model the complexity of neuronal systems
is becoming increasingly important in understanding the complex multicellular deficits
associated with increased risk for psychiatric disorders. With the goal of identifying both
individual cellular dysfunction and the contribution of that dysfunction to abnormalities
seen at the systems level. Organoids and bioprinting currently present the best approaches
157

for modelling multicellular neuronal interactions. However, while cerebral organoids

generated from iPSCs are becoming a popular choice for 3D neuronal models there remains
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a lack of literature on the feasibility of using bioprinting as an alternative for generating 3D

neuronal models using iPSC derived neuronal cell types.

Overall, 1921.1 deletions and duplications present a novel basis for investigating
increased risk for developing psychiatric disorders. Using patient derived iPSCs allows for
the dissection of specific cellular deficits associated with these mutations. Finally,
investigating alternative approaches which can be used to generate more complex cellular
models may provide the future basis of understanding how the dysfunction in disparate

cell types results in the complex clinical presentation seen in patients.
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1.1.8 Aims and objectives

The studies presented in this thesis focus on developmental patterning approaches
to generate neuronal cells from human iPSCs as these approaches allow dissection of
developmental phenotypes associated with 1g21.1 mutations. This is of interest given the
link between 1¢g21.1 mutations and neurodevelopmental disorders and phenotypes.
Therefore, the first two results chapters of this work will focus on phenotypes associated
with neuronal and oligodendrocyte development respectively.

While 1g21.1 deletions and duplications share some clinical associations there are
also clear clinical distinctions between these two mutations. Deletion of the 1921.1 locus
is associated primarily with microcephaly and an increased risk of developing
schizophrenia. On the other hand, duplication of the 1921.1 locus is associated with
macrocephaly and an increased risk of developing ASD. Therefore, the objectives of the
first two results chapters are to elucidate cellular deficits which may underly the specific
clinical features of 1g21.1 deletions and duplications.

Reductionist approaches using iPSC derived monocultures provide critical systems
to understand the cellular dysfunction associated with genetic risk factors for psychiatric
disorders. However, they fail to capture the combined effect of more complex cellular
systems. Therefore, the third results chapter focuses on the use of bioprinting to develop
a model which may be able to capture more of the complexity seen in the human CNS. The
objective of this chapter is to assess the feasibility of using bioprinting in this endeavour

and the effect this technique has on iPSC derived astrocytes and neurons.
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2. Material and Methods

Methods presented in this chapter were used in the generation and assessment of 1g21.1

deletion/duplication neurons and oligodendrocytes.

2.1iPSC culture
2.1.1 Ethics Statement

Generation and use of human iPSC were approved by the Cardiff University and HSE
(GMO0130/19.3). All methods were performed in accordance with the approved guidelines.
Clinical and psychometric testing of participants and skin biopsies were approved by the
Regional Ethics Committee of the National Health Service (study 14/WA/0035). Formal

informed consent was obtained from all subjects.

2.1.2 Generation

Fibroblasts were collected and maintained by Dr. Craig Joyce. Fibroblasts were
reprogrammed into induced pluripotent stem cells (iPSCs) using the CytoTune™-IPS 2.0
Sendai reprogramming kit (ThermoFisher Scientific) according to the manufactures
recommended protocol. Specifically, fibroblasts were grown in fibroblast media (DMEM,
10% FBS, 1x Non-essential amino acids (NEAA) and 55 uM B—mercaptoethanol all from
Gibco™) until 50-60% confluent (Day 0). The cells when then transduced with the 3 viral
mixes and were incubated overnight before the media was replaced. The media was then
replaced daily for the subsequent 7 days; for the first 3 days using fibroblast media then
with Essential 8™ Flex media (E8F, Gibco™) for the subsequent 4 days. Cells were then
passaged onto Geltrex™ (Gibco™) and media was replaced every 48 hours for 2 weeks.
Passaging was performed using versene solution (Gibco™) incubating for 5-7 minutes or
until cells were detached. Versene solution was inactivated by diluting 1:10 using E8F and
cells were collected by centrifugation (200 r.c.f. for 5 minutes) before being re-suspended
in the required volume of E8F supplemented with RevitaCell™ supplement (Gibco™).
Geltrex™ culture ware was prepared by incubating a 1:100 dilution of Geltrex™ (stored as
undiluted aliquots at -80°C) in DMEM/F12 (Gibco™) on culture ware in a 37°C incubator.
Clear iPSC like morphology was observed as early as day 10.

After 2 weeks colonies were isolated by manual picking, and each colony was
individually expanded (at least 8 colonies per fibroblast line). Individual colonies were

picked into a well on a 96 well plate then when the colony covered more than 1/3 of the
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well surface it was passaged. Colonies were incubated with RevitaCell™ supplement for 1
hour then passed into a single well on a 48 well plate using versene solution and scratching.
Again, cells were expanded until they covered at least 1/3 of the well surface and then they
were passaged in a similar fashion as previously into a well on a 24 well plate. This process
was repeated increasing the size of wells used until cells were covering 1/3 of a well on a
6-well plate at which point they were again passaged in a similar manner and re-plated at
a 1:6 ratio. Once each cell line was growing in a complete 6 well plate each line was
considered an iPSC line at passage 0.

During the first 2 passages after the expansion phase, cells were incubated with
RevitaCell™ supplement for 1 hour before passaging. Passaging was done using versene
solution to dissociate cells before manually scratching cells off the cell culture surface. After
the first 2 passages cells were passaged without the use of RevitaCell™ supplement unless
indicated by a low cell number or an estimated >70% loss of cells during passaging. Cell
were re-plated at a ratio between 1:3 and 1:6 for all passages. Once these colonies had
been expanded sufficiently (a minimum of 3 passages) a single clonal line was selected
which showed the best morphology and survival through passaging without the addition of
RevitaCell™ supplement. While all other lines were frozen for storage in liquid nitrogen (see
section 2.1.3) the selected cell lines (one from each of the original patient lines) were sub
cloned 3 times. Sub-cloning was carried out by plating cells at low density (<10,000
cells/cm?), feeding and maintaining cells until colonies were ~100 cells in size and then
individual colonies which showed ideal morphology were manually picked and expanded.
Once lines where established DNA was isolated using a DNeasy Blood & Tissue Kit (Qiagen)
according to the manufacturers recommended protocol. The DNA was then sent for
sequencing to confirm the original CNV diagnosis. Sequencing and CNV calling was
performed by Dr. Elliot Rees. Cell lines were also differentiated using the STEMdiff™
Trilineage Differentiation Kit (Stemcell Technologies) as per the manufacturer’s protocols.

Trilineage differentiations and subsequent staining were performed by Sharna Lunn.

2.1.3 Maintenance

Induced pluripotent stem cells were grown on Geltrex™ coated plates in E8F media
with media changed every 48 hours and were maintained between 30 and 80% confluency
at 37°C and 5% CO: unless otherwise stated. When iPSCs were between 70 and 80%
confluent they were passaged using versene solution and manual dissociation. Briefly,
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iPSCs were washed with DPBS (Gibco™) and incubated with versene solution for 2-3
minutes at 37°C. Versene solution was then removed and fresh E8F media was added to
the cells. Cells were then detached by scratching the surface with a 2- or 5-mL serological

pipet and cells were then resuspended and re-plated at a ratio of between 1:3 and 1:6.

2.1.4 Freezing

For cryostorage, cells were incubated with RevitaCell™ supplement for a minimum
of 1 hour before the media was collected and cells were dissociated using versene in a
similar manner to that described for passaging (see section 2.1.2) preserving a large colony
size. Once detached cells were centrifuged (at 120 r.c.f. for 3 minutes), the supernatant
was removed, and cells were lightly resuspended in 500 pL conditioned media for every
well of a 6-well plate (or equivalent) that the cells originated from. Cryopreservation media
was prepared using the conditioned media by adding 20% Dimethyl Sulfoxide (DMSO,
Sigma-Aldrich). Cryovials were prepared with 500 uL of cell suspension and then an equal
volume of cryopreservation media was added dropwise while mixing. Cryovials were then

frozen to -80°C at -1°C per minute before being stored in liquid nitrogen.

2.1.5 Defrosting

To recover cells from cryostorage vials were partially defrosted in a 37°C water bath
until approximately half of the solution was still frozen. Warm E8F media was then added
to finish defrosting the cells and the cells were resuspended in a total volume of 10 mL
using E8F media, all manipulation involving defrosted cells were carried out using 5mL
serological pipettes. The suspension was then centrifuged (at 120 r.c.f. for 5 minutes), the
supernatant was removed and 2 mL E8F media containing RevitaCell™ supplement was
added before cells were plated on Geltrex™ coated plates. Cells were incubated for 48
hours before the media was changed and were maintained for a maximum of 7 days before
passaging. Once successfully defrosted cells were passaged at least once before use in

further experiments.
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2.2 Neuronal differentiation
The protocol for generating cortical excitatory neurons is based on the dual SMAD
inhibition protocol published by Chambers et al*** with modifications based on work

published by Telezhkin et al.?4¢ and Qi et al.1*%

2.2.1 Neuronal media formations
N2B27 media: was comprised of 2/3 DMEM/F12 (Gibco™) and 1/3 Neurobasal
(Gibco™) supplemented with N2 supplement (1:150, Gibco™) and B27 supplement
(1:150, Gibco™) either with or without vitamin A depending on the stage of
differentiation. The use of B27 with vitamin A is denoted by + and the use of B27
without vitamin A is denoted by -. This media was further supplemented with B-
mercaptoethanol (55 uM, Gibco™) and a cocktail of antibiotics and antimycotics

(1:100, Sigma-Aldrich).

BrainPhys: media was comprised of BrainPhys™ Neuronal Medium (Stemcell
Technologies) supplemented with ascorbic acid (200 uM, Sigma-Aldrich), B27
supplement (1:50), BDNF (10 ng/mL, Peprotech) and a cocktail of antibiotics and

antimycotics (1:100).

2.2.2 Generation of neuronal precursors

Induced pluripotent stem cells were maintained in ES8F media on Geltrex™ until 90-
100% confluent at which point the media was changed to N2B27- supplemented with LDN-
193189 (LDN, Cambridge Bioscience) at 250 nM and SB431542 (SB, Stratech) at 10 uM. For
the subsequent 10 days half the media was changed every other day using fresh N2B27-
supplemented with LDN and SB.

The cells were then incubated with Y-27632 (Stratech) at 10 puM in un-
supplemented N2B27- for 1 hour and the media was collected. Cells were then passaged
using versene solution (see section 2.1.2) onto fibronectin (15 pg/mL, Millipore) coated
plates at a 2:3 ration in 1:1 conditioned to fresh media. Half the media was then replaced
every other day for the following 10 days using un-supplemented N2B27-. At which point
cells were considered neuronal precursor cells (NPCs) and were used in downstream
experiments; frozen for long term storage or were terminally differentiated into cortical
excitatory neurons.
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2.2.3 Freezing and defrosting neuronal precursors

For cryostorage, cells where incubated with Y-27632 for a minimum of 1 hour and
then dissociated by incubating with Accutase™ (Sigma-Aldrich) for 7-10 minutes at 37°C.
Accutase™ was subsequently inactivated by a minimum of 1:5 dilution in DMEM/F12. Cells
were then collected by centrifugation (at 200 r.c.f. for 5 minutes). The supernatant was
removed, and cryopreservation media was added containing 20% DMSO. Cryovials were
then frozen to -80°C at -1°C per minute before being stored in liquid nitrogen.

To recover cells from cryostorage vials were partially defrosted in a 37°C water bath.
Warm N2B27- media was then added to finish defrosting the cells. The suspension was
then centrifuged (at 200 r.c.f. for 5 minutes), the supernatant was removed and fresh
N2B27- media was added before cells were plated onto poly-D-lysine (10 pug/mL, Sigma-
Aldrich) and laminin (20 ug/mL, Roche or Sigma-Aldrich). Defrosted NPCs after 24 hours

recovery were considered identical to passed NPC at day 20 of differentiation.

2.2.4 Terminal differentiation of cortical excitatory neurons

Day 20 neuronal differentiations were passaged using Accutase™ as previously
described (see section 2.2.3) at a ratio of (1:4) onto poly-D-lysine (10 pg/mL) and laminin
(20 pg/mL) coated cultureware (chamber slides, coverslips or multi-well plates) at a density
of 2.5-3.5x10° per cm?. The media was changed to N2B27+ and cells were left to adhere
and recover for 48 hours. After 48 hours the media was changed and CultureOne™
supplement (Gibco™) was added to the media.

After two days half the media was replaced with fresh N2B27+ with CultureOne™
supplement. After a further day the media was replaced with fresh N2B27+ supplemented
with DAPT (5 uM, Stratech) and PD0332991 (5 uM, Stratech) and again half the media was
replaced every 2 days with fresh media. After 7 days the media was changed to fresh
N2B27+ without any further supplements. Cells were then maintained at 37°C and 5% CO»;
collections for RNA, protein and immunofluorescence were taken periodically, after 40
days of differentiation cells were passaged and used for calcium imaging and after 50 days

of differentiation cells were used for MEAs.
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2.3 Oligodendrocyte differentiation
The protocol for the generation of oligodendrocytes is based on previous work by

159

Douvaras and Fossati*>® with minor modifications.

2.3.1 Oligodendroglial media Formations
Basal media: was comprised of DMEM/F12 supplemented with NEAA (1x), alanyl-
glutamine (2 mM, Sigma-Aldrich), 2-mercaptoethanol (55 uM) and antibiotics and

antimycotics (1x)

Neural induction media: was comprised of basal media supplemented with SB (10
uM), LDN (250 nM), retinoic acid (100 nM, Sigma-Aldrich) and insulin (25 pg/ml,
Sigma-Aldrich)

N2 media: was comprised of basal media supplemented with N2 supplement

(1:100), SAG (1 uM, Stratech) and retinoic acid (100 nM)

OPC media: was comprised of basal media supplemented with N2 supplement
(1:100), B27 supplement without vitamin A (1:50), SAG (1 uM), retinoic acid (100

nM) and insulin (25 pg/ml)

PDGF media: was comprised of basal media supplemented with N2 supplement
(1:100), B27 supplement without vitamin A (1:50), PDGFaa (10 ng/mL, Cambridge
Bioscience), IGF-1 (10 ng/mL, R&D systems), HGF (5 ng/mL, Gibco™), NT3 (10
ng/mL, Insight), T3 (60 ng/mL, Sigma-Aldrich), cAMP (1 uM, Sigma-Aldrich) and
insulin (25 pg/mL).

PDGF light media: was comprised of basal media supplemented with N2
supplement (1:100), B27 supplement without vitamin A (1:50), PDGFaa (5 ng/mL),
IGF-1 (5 ng/mL), HGF (5 ng/mL), NT3 (10 ng/mL), T3 (100 ng/mL), cAMP (10 uM) and
insulin (25 pg/mL).

Maturation media: was comprised of basal media supplemented with N2

supplement (1:100), B27 supplement without vitamin A (1:50), HEPES (10 mM,
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Sigma-Aldrich), T3 (60 ng/mL), Biotin (100 ng/mL), cCAMP (10 uM), insulin (25 pg/mL)
and ascorbic acid (20 pug/mL).

2.3.2 Generation of ventralized neuronal precursors

Cells were dissociated using Accutase™ as previously described (see section 2.1.3),
after centrifugation cells were counted and resuspended in E8F supplemented with
RevitaCell™ supplement (1:100) at a density of 5x10% to 1x10° cells/mL and then plated into
either 6 well plates or cover-slips both coated with Geltrex™. After 48 hours media was
changed to neural induction media and media was changed daily for 8 days. Media was

then replaced with N2 media for 4 days with media changed daily.

2.3.3 Generation of oligodendrocyte precursors

After 12 days of differentiation cells were passaged into ultra-low
attachment plates using Accutase™ as previously described (see section 2.2.3) with a 12-
minute incubation. Cells were resuspended in OPC media and were passed through a 40um
cell strainer (Stemcell Technologies) before being counted and plated into low attachment
plates at a density of 5x10° cells/mL.

Cells were checked daily for sphere formation or sphere aggregation and cultures
were fed by 2/3 media changes every other day. After 48 hours (and assuming clear
production of cell aggregates) plates were placed onto a gyratory shaker and were again
checked daily for undue sphere aggregation. For media changes cultures were collected in
50mL centrifuge tubes and centrifuged (at 100 r.c.f. for 2 minutes), 2/3 of the media was
removed and spheres were resuspended by titration 10 times using a 1 mL pipet. Fresh
media was then added, and cells were re-plated into the same ultra-low attachment plates
evenly distributing cell aggregates or spheres.

After 20 days of differentiation the media was changed to PDGF media by collecting
spheres in 50 mL conical tubes and allowing them to sediment for 5-10 minutes. Most of
the media was removed (295%) taking care not to disturb the sedimented spheres. Fresh
PDGF media was added and the spheres were resuspended by titration using a 1mL pipet.
Cells were redistributed into the same ultra-low attachment plates. Cells were maintained
in PDGF media for the subsequent 10 days with 2/3 media changes performed every other
day, cultures were also checked for sphere aggregation and if observed cultures were again
titrated 10 times using a 1 mL pipet. To perform media changes spheres were allowed to
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sediment for 5-10 minutes in 50 mL centrifuge tubes before 2/3 media was removed and

replaced with fresh media.

2.3.4 Terminal differentiation of mature oligodendrocytes by dissociated spheres

After 18 days in non-adherent culture ideal spheres were collected, dissociated and
sorted for A2B5+ cells using magnetically activated cell sorting (MACS, see section 2.9) and
plated onto poly-ornithine (50 pg/mL,Sigma-Aldrich) and laminin (20 ug/mL) coated
plasticware at a density of 20,000 cells/cm?2. Spheres were manually selected based on
density, shape and size with ideal spheres being between 400 and 1200 um in diameter
with smooth spherical shape and a dense core indicated by a dark brown appearance under
a standard light microscope. After 2 days cells were fed be replacing 2/3 of the media with
fresh PDGF light media with media replacements performed every 3 days afterwards. Cells
were grown in the presence of cytarabine (1 uM,Sigma-Aldrich) and were collected for
downstream analysis after 25 days (Day 55) or media was changed to maturation media
supplemented with cytarabine (1 uM) and cells were maintained for a further 20 days (day

75) before collection and downstream analysis.

2.3.5 Terminal differentiation of mature oligodendrocytes by adherent culture

After 18 days of differentiation in non-adherent cultures ideal spheres were
collected and plated onto poly-ornithine (50 ug/mL, Sigma-Aldrich) and laminin (20 pug/mL)
coated plasticware. Spheres were manually selected based on density, shape and size with
ideal spheres being between 400 and 1200 um in diameter with smooth spherical shape
and a dense core indicated by a dark brown appearance under a standard light microscope.
Spheres were incubated for 3 days to allow adherence to the basement membrane and
then were fed with PDGF light media every 3 days for 20 days by replacing % the media
while avoiding any unnecessary movement of the spheres. Spheres were monitored for the
production of astrocytes and any sphere producing large numbers of astrocytes (4-8% of
spheres from control iPSC) was discarded immediately. Cells were then passaged and
sorted using Accutase™ as previously described (see section 2.2.3) using a 20-minute
incubation. Cells were plated onto poly-ornithine and laminin coated culture-ware at a
density of 15,000 cells/cm?. Cells were grown in the presence of cytarabine (1 uM, Sigma-

Aldrich) and were collected for downstream analysis after 5 days (Day 55) or media was
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changed to maturation media supplemented with cytarabine (1 uM) and cells were

maintained for a further 20 days (day 75) before collection and downstream analysis.

2.4 Calcium imaging
2.4.1 Preparation of cells for calcium imaging

Day 40 neuronal differentiations were dissociated using Accutase™ as previously
described (see section 2.2.3) and strained through a 40 um nylon mesh before being
passaged onto poly-D-lysine (10 pg/mL) and laminin (20 pug/mL) coated coverslips at a
density of 50,000 cells/cm?. Cells were then maintained in a 50:50 combination of
conditioned and fresh N2B27+ media for 2 days before being switched to BrainPhys media.
When media was switched, drugs to modulate calcium homeostasis were added (Calcitriol:
10 nM (EC50=0.23nM), Clozapine: 500 nM (ECso=11nM), Roscovitine: 15 uM (ECs0=12uM)

and Verapamil: 50 nM (ECso=17.3nM)) and were maintained through all media changes.

2.4.2 Dye loading

After 10 days neurons were loaded with 1uM Calbryte-520™ (AAT Bioquest) for 1
hour in BrainPhys media containing 0.02% Pluronic F127 at 37°C. The media was then
replaced with fresh BrainPhys media and cells were incubated for a further hour at 37°C.
Coverslips were then transferred into artificial cerebrospinal fluid (aSCF) containing: 125
mM NacCl, 26 mM NaHCO3s, 1.25 mM KH,PO4, 2.5 mM KCI, 1 mM MgCl,, 2 mM CaCl; and 25
mM Glucose (all from Sigma-Aldrich) with or without either DL-AP5 or NQBX (at a final
concentration of 10 uM, from R&D systems). Coverslips were perfused using aCSF

throughout the experiment and were maintained at 37°C.

2.4.3 Image acquisition

For each coverslip and condition a minimum of 3 fields were selected based on the
presence of clear neuronal morphology and minimal cell density as seen using standard
light microscopy. Cells were pre-exposed to fluorescent light for 3 minutes before images
were collected. Images were taken using an epifluorescence microscope at intervals of

100ms for 5 minutes.
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2.4.4 Data analysis

160 software this data was then

Masks for the images were created using NeuroCa
transferred to FluoroSNNAP®! software (using custom matlab scripts supplied by Dr. Will
Plumbly) which identified the calcium transients. The data was then manually curated for
events with both a fast rise (<1 second) and fall time (<2 seconds). Regions of interest with
0 calcium events identified were maintained in the data set when calculating percentage
of active cells, however they were removed when analyzing for number of calcium events.
All data is comprised of a minimum of 3 coverslips differentiated independently. Each

coverslip was imaged across a minimum of 3 separate fields each with a minimum of 10

neurons and results from each coverslip were averaged before statistical analysis.

2.5 Multi electrode arrays
2.5.1 Plating cells onto MEAs

Plating and maintenance of MEAs was carried out by Dr. Mouhamed Alsaqati. All
experiments were performed using Cytoview MEA 24 well plates (Axion) composed of 24
wells each embedded with 16 electrodes. Multiple electrode arrays were incubated with
0.1% Polyethyleneimine (Sigma-Aldrich) for a minimum of 1 hour. The multiple electrode
arrays (MEAs) where then washed with distilled water and left to dry completely
(approximately 30 minutes). Cultures to be used for MEA were switched to Brainphys
media at least 4 days prior to dissociation. Conditioned media was collected from day 50
neuronal cultures and cells where then dissociated using Accutase™ as described
previously (see section 2.2.3) until most of the culture was a single cell suspension (10-12
minutes). The suspension was then centrifuged (at 120r.c.f. for 5 minutes), the supernatant
removed, and the pellet resuspended in fresh Brainphys media.

Cells where then counted using a hemocytometer and the cells where again
centrifuged and a 1:1 mix of fresh and conditioned media was added achieving a 5x10°
cells/mL suspension. Laminin (20 pg/mL) was then added to the cell suspension and 10 pl
of this suspension was added directly to the MEA electrodes. The MEAs where then placed

in a 37°C incubator for 1 hour before further fresh media was added to the MEAs.
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2.5.2 Data collection and analysis

Readings from MEA plates were recorded by Dr. Mouhamed Alsagati. Analysis of
MEA data was carried out with help from Dr. Mouhamed Alsaqgati and MATLAB scripts
written by Dr. William Plumbly. The hardware consisted of the Maestro Pro complete with
Maestro 768-channel amplifier. Data acquisition was managed by Axion’s integrated studio
(AxIS 1.5.2). Channels were sampled simultaneously with a gain of 1000x and a sampling
rate of 12.5 kHz/channel. During the recording, the temperature was maintained constant
at 37°C. A Butterworth band-pass filter (with a high-pass cut-off of 200 Hz and low-pass
cut-off of 3000 Hz) was applied along with a variable threshold spike detector set at 5.5x
standard deviation on each channel. Offline analysis was achieved with custom scripts
written in MATLAB. Briefly, spikes were detected from filtered data using an automatic
threshold-based method set at -5.5 x 0, where o is an estimate of the noise of each
electrode based upon the median absolute deviation 1. Bursting was detected based on
three parameters; inter-burst period longer than 200 ms, more than 3 spikes in each burst
and a maximum inter-spike (intra-burst) interval of 300 ms. Network activity was illustrated
by creating array—wide spike detection rate (ASDR) plots with a bin width of 200 ms. Further
analysis for network bursting was performed using AxIS software (Axion biosystems)
specifically the Axion built-in neural metric analysis tool employing the envelope algorithm.
The algorithm defines a network burst as an occurrence when the histogram exceeds a
threshold of 1 standard deviation above or below the mean with a minimum of 200 ms
between SBs and at least 10% of electrodes included. All data is acquired from a minimum

of 3 MEA wells each differentiated independently.

2.6 Immunocytochemistry
2.6.1 Cell preparation and staining

Cells were washed once with sterile DPBS and then incubated with 4%
paraformaldehyde (Sigma-Aldrich) for 10 minutes at room temperature. Paraformaldehyde
was removed, and cells were washed twice with sterile DPBS. Cells where then stored at
4°C covered with sterile phosphate buffered saline (PBS) for a maximum of 3 months before

staining proceeded.
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Cells were blocked and permeabilized for a minimum of 1 hour using a solution of
5% donkey or goat serum in sterile PBS with triton-X-100 (PBST, all supplied by Sigma-
Aldrich) ranging in concentration from 0.01% to 0.1% based on the antigen being targeted.
Primary antibodies (see Table 2.5) were then made up in the blocking solution and
incubated overnight at 4°C. Primary antibody solution was removed, and cells were washed
3 times with sterile PBS. Secondary antibodies (see Table 2.5) were diluted 1:1000 in PBST
and applied for 1 hour at room temperature or were diluted 1:2000 and applied overnight
at 4°C. The secondary antibody solution was then removed, cells were washed twice with
PBS before counterstaining with DAPI (1 pg/mL, Sigma-Aldrich) and mounting using
Fluoromount™ Aqueous Mounting Medium (Sigma-Aldrich) or ProLong™ Glass Antifade
Mountant (Invitrogen™). Imaging was done on a Zeiss LSM710 confocal microscope and a

Leica DMI600B inverted time-lapse microscope.

2.6.2 Cryosectioning mouse brains

Mouse brains from animals modelling 1g21.1 microdeletion was purchased from
Taconic and received in PBS. Brains were from male and female animals (3 of each per
group) and all animals were sacrificed at one month of age. Brains were incubated in 30%
w/v sucrose (Sigma-Aldrich) at pH 7 for a minimum of 24 hours and before continuing
brains had to have sunk to the bottom of the receptacle. Brains were then removed from
sucrose and quickly washed in PBS before drying using a paper towel. To freeze the brains,
they were dropped into 3-Methyl-1-butene (Sigma-Aldrich) which was precooled in a -80°C
freezer and left to freeze for a minimum of 30 seconds. Brains were removed from the 3-
Methyl-1-butene using tweezers which were precooled to -20°C and were immediately
placed into a Cryostar™ NX50 cryostat (Thermofisher).

Brains were mounted into square molds using OCT (Thermofisher) and the cryobar
in the Cryostar™ NX50 cryostat at -20°C. Firstly, the mold was prechilled and a layer of O.C.T
was placed in the bottom of the mold and allowed to partially freeze. Before the OCT was
completely solidified the mouse brain was placed on top using precooled tweezers and
lightly pressed into the OCT. Small pellets of dry ice were arranged around the mold in
contact with the four sides and further OCT was added around the brain slowly with each
layer being allowed to partially solidify before the next was added. Once the brain was
completely covered with OCT the mounted brains were placed into a -80°C freezer for

between 1 and 3 hours.
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Mounted brains were removed from the -80°C freezer and molds were removed
before the block was placed in the Cryostar™ NX50 cryostat at -20°C for 30 minutes to 1
hour. The mounted brain was then attached to the chuck using OCT. Excess OCT and
unwanted brain tissue was then removed by sectioning at 100um. Brains were sectioned
at 10um after the appearance of the primary somatosensory cortex with sections mounted
sequentially on sets of 10 slides with 3 sections mounted per slide. A total of 100 slides
were cut from each brain and slides were anatomically compared with similar coronal

sections selected for staining. After cryosectioning sections were stored at -80°C.

2.6.3 Slide preparation and staining

Slides were removed from storage in the -80°C freezer and were placed on a heat
block at 60°C for 20 seconds to dry the slides. Antigen retrieval was performed using citrate
buffer (Sigma-Aldrich) and high heat generated by either a water-bath or a pressure cooker.
For antigen retrieval using the water bath, citrate buffer was heated to 90°Cin a coplin jar
in a water bath. Slides were then placed in the coplin jar for 10 minutes before being placed
into a second coplin jar with room temperature PBS.

For antigen retrieval using a pressure cooker citrate buffer was heated in a pressure
cooker in a microwave until boiling but not under high pressure (around 10 minutes at full
power). Slides were then placed in the pressure cooker in plastic heatproof slide rack and
heat was again applied until the pressure cooker was under pressure (3-5 minutes at full
power). The microwave power was then reduced to 70% and the pressure cooker was
heated for a further 7 minutes. Slides were removed into a coplin jar containing room
temperature PBS.

Tissue sections were circled using a hydrophobic pen before blocking for 1 hour
using 5% donkey serum and 0.5% triton-x-100 in PBS. Primary antibodies (see Table 2.5)
were added at the required concentration in blocking solution overnight at 4°C. Slides were
washed in PBS, 3 times for 5 minutes each before secondary antibodies (see Table 2.5) were
applied at a 1:1000 dilution in blocking solution. Secondary antibodies were incubated on
slides for 1-2 hours at room temperature in the dark before slides were again washed in
PBS, 3 times for 5 minutes each. Sections were counterstained using DAPI (1ug/mL) and
mounting was done using Fluoromount™ Aqueous Mounting Medium or ProLong™ Glass
Antifade Mountant. Imaging was done on a Zeiss LSM710 confocal microscope and a Leica
DMI600B inverted time-lapse microscope.
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2.6.4 Image processing and analysis

When appropriate quantification was performed using a minimum of 3 random
fields selected from each coverslip or well (each field containing a minimum of 20 cells as
qguantified by DAPI staining). Quantification of mouse brain staining was performed using a
minimum of 3 brain sections per animal with the required area imaged from both
hemispheres.

162 ysing a Cell/particle

Quantification of nuclear staining was done using CellProfiler
counting pipeline which counted the number of objects in each channel and then related
one or more channels to DAPI allowing the enumeration of the percentage positive cells.
All objects which were identified in non-DAPI channels which did not overlap with DAPI
were eliminated. In each case the pipeline was tailored to the specific density and
resolution of the images with ImageJ!®3 used to estimate the diameter of nuclei in pixels
for each image set and then the CellProfiler settings were set with a minimum (20% below
the measurement from Imagel) and a maximum (20% above the measurement from
Imagel). The images generated by CellProfiler were periodically checked for accuracy and
compared to object counts performed manually using ImageJ.

As some staining used in this work are cytoplasmic (GFAP, MAP2) the quantification
of these staining was performed differently. Instead of using DAPI staining (nuclei) as the
standard the staining was used as the standard with objects identified under the same
procedure described above based on measurements taken in Imagel. These objects were
then filled in as in the case of GFAP especially the area where the nuclei were, was often
unstained or lightly stained. These primary objects were then only counted if there was a
nucleus within the area covered by the staining. This was then compared to the total
number of nuclei in each filed measured by a separate analysis module. The parameters
used to identify the primary objects (positive stained cells) were refined by examining the
output images and were tailored to the density and size of each image set. The counts
generated by this analysis were periodically checked for accuracy by manual analysis using
Imagel.

Analysis of neuronal morphology was performed using a combination of ImageJ and
CellProfiler. The soma area was measured using CellProfiler by measuring the area of
objects identified for the quantification of MAP2 staining. Both the number of primary
processes and the length of primary processes was determined in Imagel) by manually

counting the number of processes and measuring the length of each process from the
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junction with the soma to the furthest point from the soma. The length of each process
was measured by matching short linear segments along the process approximating the
curves of the process as close as possible.

Finally, the quantification of synapse density was performed using Intellicount: a
machine learning system which relates the number of synaptic puncta to the area covered
by filamentous staining i.e. MAP2. Full explanation of the software can be found in the
paper by Fantuzzo et al.'®* the object area (size of synaptic puncta) was estimated using
measurements from Imagel and all other settings were maintained as recommended by
the software. Quantification is presented as the number of puncta per 1um? of MAP2

staining.

2.7 Western blotting
2.7.1 Protein isolation and quantification

Cells were collected by Accutase™ dissociation as previously described (see section
2.2.3) and were pelleted by centrifugation (at 900 r.c.f. for 5 minutes). The resulting pellet
was re-suspended in RIPA buffer (Millipore) with protease and phosphatase inhibitors
(Sigma-Aldrich) and then incubated on ice for 30 minutes with vortexing every 5 minutes.
The samples where then centrifuged (at 18,500 r.c.f. for 5 minutes at 4°C) and the
supernatant split, a small sample was retained in this state for quantification. The
remainder of the supernatant was combined with Bolt™ LDS sample buffer (Invitrogen™)
and Bolt™ sample reducing buffer (Invitrogen™) then incubated at 70°C for 10 minutes
before being stored at -80°C. The small sample was used to quantify the protein
concentration in the large sample using the DC™ protein assay (Biorad) according to the
manufacturers protocol, the standards used ranged from 2 mg/ml to 100 pug/ml of BSA
(Invitrogen™) and absorbance was read at 750nm. The total protein level in the isolate was
estimated and if the estimated protein concentration was above 2 mg/ml then the sample

was diluted, and the assay was re-run.

2.7.2 Western blotting and imaging

Samples were thawed and prepared on ice; (unless otherwise stated) 20ug of
protein per lane was loaded onto Bis-Tris 4-12% gradient gels along with the PageRuler™
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plus prestained protein ladder (Thermo Fisher™). The gel was run using Bolt™ MES SDS
Running Buffer (Invitrogen™) and then the proteins were transferred to a nitrocellulose
membrane (GE Healthcare). The transfer was done using Bolt™ Transfer Buffer
(Invitrogen™) at 4°C. Where necessary the protein transfer was visualized using Ponceau S
dye (Sigma-Aldrich) which was subsequently washed out with water. The membrane was
blocked in blocking solution comprised of 5% Amersham ECL Prime Blocking Reagent (GE
Healthcare) in tris-buffered saline (TBS, Fisher) with 0.1% Tween-20 (TBST, Sigma-aldrich)
for 1 hour at room temperature. Primary antibodies (see Table 2.5) were diluted in blocking
solution and then applied to the membranes over night at 4°C on an orbital shaker. The
membranes were washed in TBST and the secondary antibodies (see Table 2.5) were
applied at a 1:15000 dilution in blocking solution for 1-1.5 hours at room temperature on
an orbital shaker. The membranes were then washed again twice in TBST and then once in
TBS before being visualized using the Odyssey CLx (LiCor). Quantification of band intensity
was done using the Image Studio™ software (LiCor). All results were normalized to GAPDH
as an endogenous control before further analysis was carried out. All data is presented as

an average of 3 independent differentiations.

2.8 Quantitative PCR
2.8.1 RNA isolation and cDNA production

Cells were collected by Accutase™ dissociation as previously described (see section
2.2.3) and were pelleted by centrifugation. The supernatant was discarded, and RNA was
isolated using a GeneElute™ mammalian total RNA miniprep kit (Sigma-Aldrich) according
to the manufacturers protocol. RNA was eluted in 30 ul of elution buffer and the
concentration of RNA was measure using a nanodrop machine (BioSpectrometer,
Eppendrof). A minimum of 500 ng of RNA was then used to create cDNA using a high-
capacity cDNA reverse transcription kit (Applied Biosystems) based on the manufacturers

protocol.

2.8.2 Quantitative PCR
For quantitative real-time polymerase chain reaction (qPCR) 100 ng of cDNA was

used per reaction, primer sequences are available in Table 2.6 and were taken from
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previously published papers, primerbank!®® or independently designed. Primers were
diluted in TE buffer (Sigma-Aldrich) and were used at a concentration of 400 nM. Reactions
were run on a StepOnePlus™ real-time PCR system (Applied Biosystems) with qPCRBIO
SyGreen Blue Mix Hi-ROX (PCR Biosystems) under the following conditions: initial
denaturation at 95°C for 2 min; denaturation at 95°C for 5 seconds and annealing at 60°C
for 30 seconds for 40 cycles. PCR products were detected by incorporation of SYBR-green.
Primers were validated by melt curve analysis and by gel electrophoresis to prove the
production of a single PCR product, of the correct length. Threshold cycle (CT) numbers
during the log phase of amplification were normalized to the expression of GAPDH. The
relative expression in each sample was calculated by the 274" method®®®. Each reaction
was run in triplicate and outliers were eliminated based on Crvalues and averaged before

further analysis. All data is presented as an average of 3 independent differentiations.

2.9 Magnetically activated cell sorting
2.9.1 Cell preparation

Cells grown adherently were dissociated with Accutase™ as previously described
(see section 2.2.3) incubating for a minimum of 15 minutes, then collected by
centrifugation (200 r.c.f. for 5 minutes). Cells were resuspended in 80 pL (per 10°) cells of
buffer solution comprised of PBS supplemented with 0.5% BSA (Gibco™) pre-cooled to 4°C.
Cells grown as non-adherent spheres were dissociated using the GentleMACS™ Octo
dissociator with heaters (Miltenyi Biotec). Aggregates were collected in <1 mL of media and
combined with 9 mL PBS, after allowing aggregates to sediment the supernatant was
removed leaving <100 pL liquid. Aggregates were then transferred to a C tube (Miltenyi
Biotec) and 2 mL dissociation solution was added (10 mg/mL papain, 1 mM L-Cysteine,
10U/mL DNase | and 0.5 mM EDTA in DMEM/F12 all from Sigma-Aldrich). Dissociation was
carried out using the GentleMACS™ Octo dissociator with heaters, spheres were digested
using protocols based on the digestion of murine brain tissue. Cells were then collected by
centrifugation (200 r.c.f. for 5 minutes) and resuspended in 80 pL per 10° cells of buffer

solution pre-cooled to 4°C.
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2.9.2 Cell sorting

The required microbeads were added to the cell suspensions using 20 pL of
microbeads per 10° cells. Cells were incubated on ice for 10 minutes before adding 1 mL of
buffer solution, cells were then collected by centrifugation (200 r.c.f. for 5 minutes) and
resuspended in 500 pL of buffer solution per 10° cells. Positive selection was carried out
using MS columns and an OctoMACS™ separator (both from Miltenyi Biotec). The column
was prepared by washing with 500 uL of buffer solution before the cell suspension was
added. The flow through was collected and then the column was washed with a further
500 pL of buffer solution with the flow through again collected and combined with the
original. The column was removed from the magnet and 1 mL of buffer solution was added
and flushed through the column using the plunger. Both the flow through and desired cells
were collected by centrifugation (200 r.c.f. for 5 minutes). All cells were then resuspended
in the desired media and the number of cells in each population was quantified. Cells were

plated and maintained as described in section 2.3.4.

2.10 Human brain imaging
2.10.1 Human brain imaging data collection and processing
The human brain data used in this study is a subsample of participants in the UK

Biobank project (www.ukbiobank.ac.uk). All subjects provided informed consent to

participate in UK Biobank, and ethical approval was granted by the North West Multi-
Centre Ethics committee. Data was released to Cardiff University after application to the
UK Biobank (project ref. 17044). For full details on sample processing see UK Biobank

documentation at: https://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=155581. CNV calling

was based on procedures published by Kendall et al*®’.
Complete details of the image acquisition and processing are freely-available on the
UK Biobank website in the form of: a protocol

(http://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=2367), brain imaging documentation

(http://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=1977) and in a publication from Miller et

al*®8. Only intracranial volume and DTl measurements are presented in this study; for

detailed descriptions of metrics used see Alfaro-Almagro®®,
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2.10.2 Statistical analysis
Statistical analysis was performed by Ana Silva using RStudio version 3.5.1 (RStudio:
Integrated development environment for R; Boston, MA, USA. Available from

www.rstudio.org). Prior to analysis extreme values (defined as values + 2.5 standard

deviations from each group mean) were removed from the data based on protocols
published by Warland et al*”°. In order to mitigate any effects from known diseases either
neurological or psychological, participants with any history of neuropsychiatric disorders
(i.e. schizophrenia, psychosis, ASD, dementia or intellectual disability) or neurological
condition (i.e. alcohol or other substance dependency, Parkinson’s, Alzheimer, multiple
sclerosis or other neurodegenerative conditions) were excluded from analysis. Exclusion
was based on self-reported diagnosis based on medical assessments or from hospital
records. After exclusions there was a total of 15177 individuals with 8 1g21.1 deletion
carriers and 10 1g21.1 duplication carriers used for this study. The individuals used in this
study had an average age of 63 and the cohort was 47% male.

Linear regression analysis was performed for each DTI measure with age, sex and
intracranial volume specified as covariates of no interest. Post hoc pairwise comparisons
were performed to assess differences between groups and to account for multiple testing

P values were corrected using the FDR methodology*’*

. Where appropriate uncorrected P
values (clearly marked) are presented due to the low number of individuals with 1g21.1
mutations. To assess the magnitude of the changes in DTl metrics Cohen’s d effect sizes
were calculated comparing 1g21.1 deletion vs No CNV and 1g21.1 duplication vs No CNV
and plotted using diverging bars. The adjusted means were the residuals from the linear
regression model: Im(genotype ~ age + sex + ICV). Cohen classified effect sizes as negligible

(d<0.2), small (d>0.2), medium (d>0.5), and large (d>0.8)*"2. For full methodology on the

DTI metrics used in this study refer to Silva et al*”3.
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2.11 Statistical analysis
Statistical analysis was carried out using a combination of GraphPad prism version

7.00 and 8.00 (GraphPad Software; La Jolla, CA, USA, Available from www.graphpad.com)

and RStudio version 3.5.1 (RStudio: Integrated development environment for R; Boston,

MA, USA. Available from www.rstudio.org). All technical replicates were averaged before

statistical analysis and specific statistical tests used for each data analysis are detailed in
figure legends. The number of cell lines used for each analysis are listed in the figure
legends as N numbers for control, deletion and duplication separately. The number of
separate differentiations used in each analysis is also listed in figure legends as n. Unless
specifically sated the same number of separate differentiations was used for each cell lines
therefore the total number of samples per data point can be calculated simply by N x n.
When different numbers of differentiations were used for groups (control, deletion and

duplication) the specific n is listed for each group.
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2.12 Materials

Table 2.1: List of consumables used in the study

Item

6 well plates

12 well plates

24 well plates

48 well plates

96 well plates

1 mL Tips

200 pl Tips

10 pl Tips

50 mL Tubes

25 mL Universals

15 mL Tubes

50 mL Serological pipettes
25 mL Serological pipettes
10 mL Serological pipettes
5 mL Serological pipettes
1 mL RPT Tips

200 pL RPT Tips

10 puL RPT Tips

1 mL Filter Tips

200 pL Filter Tips

20 pl Filter Tips

1.5 mL Tubes

2 mL Tubes

Cryovials

PCR tubes (Singles)

PCR tubes (Rows)

PCR plates

Coverslips (24 well)
Coverslips (12 well)
Chamber Slides

FACS tubes with cell strainers
MEA plates

C Tubes

MS columns

gPCR plates

gPCR films

Lenti-X™ GoStix™ Plus
0.22 um PES membrane filters
1.5 mL Syringes

20 mL Syringes

16 Gauge Needles

Supplier
Starlab
Starlab
Starlab
Starlab
Starlab
Starlab
Starlab
Starlab
Greiner

Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
Starlab
Starlab
Starlab
Starlab
Starlab
Starlab
Fisher Scientific
Fisher Scientific
Starlab
Starlab
Starlab
Starlab
Fisher Scientific
Fisher Scientific
Millipore
Fisher Scientific
Axion
Miltenyi Biotec
Miltenyi Biotec
Starlab
Starlab
Takara
Starlab
VWR
Fisher Scientific
Fisher Scientific

Code
CC7682-7506
CC7682-7512
CC7682-7524
CC7682-7548
CC7682-7596
$1112-1720
$1111-1700
$1111-3700
227261
11319153
11765075
10702541
10606151
10084450
10420201
$1161-1720
$1163-1700
$1161-3700
$1122-1730
$1120-8710
$1123-1710
11569914
11579914
E3110-6122
11402-8108
11402-3700
E1403-7700-C
15737602
11588482
PEZGS0816
10585801
M384-tMEA-24W
130-096-334
130-042-201
E1403-7700
E2796-9795
631280
E4780-1226
10080264
11866071
10518554
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Table 2.2: List of drugs and small molecules used in the study

Compound
Y27632
Retinoic Acid
SB431542
LDN193189
SAG
PDGF-AA
IGF-1

HGF

NT3

Biotin
cAMP

T3

Ascorbic acid
SU-5402
PD0332991
DAPT

BDNF

NBQX
Doxycycline
Cytarabine
DL-AP5

Supplier
Stratech
Sigma-Aldrich
Stratech
Cambridge Bioscience
Stratech
Cambridge Bioscience
Rand D
Gibco
Insight
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Stratech
Stratech
Cambridge Biosi
Rand D
Sigma-Aldrich
Sigma-Aldrich
Rand D

Code
S1049
R2625
S1067
SM23-1
S7779
GFH16-10
291-G1
PHG0254
TP750019
B4639
D0260
T2877
A4403
SML0443
S1579
$2215
GFH1AF
1044
D9891
BP383
0105
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Table 2.3: List of cell culture material used in the study

Item

CytoTune™-IPS 2.0 Sendai
reprogramming kit
DMEM

FBS

NEAA
B—mercaptoethanol
Essential 8™ Flex media
DMEM/F12

RevitaCell™ supplement
Versene solution

DPBS

DMSO

Antibiotic and antimycotic solution
BrainPhys™ Neuronal Medium
Neurobasal

N2 supplement

B27 supplement

B27 supplement without vitamin A
Geltrex™

STEMdiff™ Trilineage
Differentiation Kit
Fibronectin

Accutase™

Poly-D-lysine

Laminin

Laminin

CultureOne™ supplement
Alanyl-glutamine

Insulin

HEPES

Poly-ornithine
Calbryte-520™

NacCl

NaHCO;

KH2PO4

KCl

MgCl,

CaCl;

Glucose
Polyethyleneimine

HCI

NaOH

Papain

L-Cysteine

EDTA

Supplier
Invitrogen

Gibco
Gibco
Gibco
Gibco
Gibco
Gibco
Gibco
Gibco
Gibco
Sigma-Aldrich
Sigma-Aldrich

Stemcell Technologies

Gibco
Gibco
Gibco
Gibco
Gibco

Stemcell Technologies

Millipore
Sigma-Aldrich
Sigma-Aldrich

Roche
Sigma-Aldrich
Gibco
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
AAT bioquest
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Code
A16518

41965062
16000044
11140035
31350010
A2858501
11320033
A2644501
15040033
14190169
D2650
A5955
05790
21103049
17502001
17504001
12587001
A1413302
05230

ECMO001
A6964
P7280
11243217001
L2020
A3320201
A8185
19278
H3537
P3655
20653
S7653
S5761
P5655
P9333
M8266
C1016
G7528
765090
H9892
S2770
P4762
30089
E6758
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DNase
Lenti-X-concentrator
TrypLE™ Express
Advanced DMEM/F12
TransIT Virusgen
Pluronic® F-127
Sodium alginate
Matrigel
RGD-alginate
Tenascin R

Chitosan

Collagen IV
Hyaluronic acid
Calcein-AM
Propidium iodide

Astrocyte Growth Supplement

Glutamate Assay Kit

Sigma-Aldrich
Takara
Gibco
Gibco
Mirus
Sigma-Aldrich
Sigma-Aldrich
Fisher Scientific
Dupont
R&D systems
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Caltag Medsystems
Abcam

AMPD1
631232
12605010
12634028
MIR 6700
P2443
W201502
11573620
4270129
3865-TR-050
448877
C7521
94137
17783
P4864
SC-1852
ab83389
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Table 2.4: List of molecular biology and staining reagents used in the study

Item

DNeasy Blood & Tissue Kit
Paraformaldehyde

PBS tablets

Triton-x-100

Donkey Serum

Goat Serum

Fluoromount™ Aqueous Mounting
Medium

ProLong™ Glass Antifade Mountant
Sucrose

Ethanol

3-Methyl-1-butene

O.C.T

Citrate Buffer

Superfrost plus glass slides

Bolt™ LDS sample buffer

Bolt™ Sample reducing buffer
Bolt™ 4-12% Bis-Tris Plus Gels

DC™ protein assay

BSA protein standards

Amersham Protran 0.45 NC
nitrocellulose Western blotting
membrane

PageRuler™ Plus Prestained Protein
Ladder

Bolt™ Transfer Buffer

Methanol

Amersham ECL Prime Blocking
Reagent

TBS solution

Tween-20

GeneElute™ mammalian total RNA
miniprep kit

High-capacity cDNA reverse
transcription kit

gPCRBIO SyGreen Blue Mix Hi-ROX
TE buffer

RIPA buffer

Phosphatase and protease inhibitors

Supplier
Qiagen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Thermofisher
Sigma-Aldrich

Fisher Scientific

Invitrogen

Invitrogen

Invitrogen

Biorad

Invitrogen

GE Healthcare

Invitrogen

Invitrogen
Sigma-Aldrich
GE Healthcare

Thermo Scientific
Sigma-Aldrich
Sigma-Aldrich

Applied Biosystems

PCR Biosystems
Sigma-Aldrich
Millipore
Sigma-Aldrich

Code
69504
P6148
P4417
T9284
S30-M
S26-M
F4680

P36984
S7903
51976

257931

23-730-571
C9999
12-550-15
BO0OO7
BOOO9
NWO04125BOX
5000112
23209
10600002

26619

BT00061
34860
RPN418

28358
P7949
RTN70

4368814
PB20.12-51
19285

R0278
MS-SAFE
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Table 2.5: List of antibodies used in the study

Antibody
488-Donkey
488-Donkey
488-Donkey
488-Donkey
555-Donkey
555-Donkey
555-Goat
594-Donkey
647-Donkey
647-Goat
680-Goat
800-Goat

A2B5 microbeads

APC
APC
BRACHYURY
CTIP2
CTIP2
GAPDH
GAPDH
GFAP
Map2
Map2
Map2
MAP2
MBP
NANOG
OoCT4
04

04
Olig2
Olig2
PAX6
PAX6
PSD95
SOX10
SOX17
SYN
Thbrl

Code
A21202
A21208
A11039
A21206
A31572
A31570
A32727
A21209
A31571
A32733
92668070
92632211
130-093-392
AB16794
AB15270
SC374321
AB70453
AB18465
AB8245
AB181602
Z0334
AB32454
M9942
MAB8304
M1406
MAB386
D73G4
C30A3
07139
MAB345
MABNS50
AB109186
AB5790
AB195045
AB2723
AB212843
AB84990
AB32127
AB31940

Company
Thermo
Thermo
Thermo
Thermo
Thermo
Thermo
Thermo
Thermo
Thermo
Thermo
Licor
Licor

Miltenyi Biotec

Abcam
Abcam

Santa Cruz
Abcam
Abcam
Abcam
Abcam

Dako

Abcam
Sigma-Aldrich
RND
Sigma-Aldrich
Sigma-Aldrich
CellSignalling
CellSignalling
Sigma
Sigma-Aldrich
Sigma-Aldrich
Abcam
Abcam
Abcam
Abcam
Abcam
Abcam
Abcam
Abcam

Species
Mouse
Rat
Chicken
Rabbit
Rabbit
Mouse
Mouse
Rat
Mouse
Rabbit
Mouse
Rabbit
Mouse
Rabbit
Mouse
Rabbit
Rat
Mouse
Rabbit
Rabbit
Rabbit
Mouse
Mouse
Mouse
Rat
Rabbit
Rabbit
Mouse
Mouse
Mouse
Rabbit
Rabbit
Rabbit
Mouse
Mouse
Mouse
Rabbit
Rabbit
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Table 2.6: List of primers used in the study

Gene
ACP6
ASCL1
BCL9
BRACHYURY
CACNA1B
CACNA1C
CACNA1G
CD160
CHD1L
cMYC
CTIP2
Cuxi
DCX
DDC
DLX1
EN1
ETV1
FMOS5
FOXP1
GAD67
GAPDH
GCH1
GJAS
GJA8
GLUA1
GPR89B
GRIN1
GSX2
Kl67
KLF4
MAP2
MBP
MSX2
NCAM
NESTIN
NKX2.1
NKX2.2
NURR1
OCT4
OLIG2
PAX6
PLP1
PLZF
PRKAB2

Forward Primer (5'-3')
AGATGGCAGTAGGCCCATTC
TCTTCGCCCGAACTGATGC
GGCCATACCCCTAAAGCACTC
TATGAGCCTCGAATCCACATAGT
GACAACGTCGTCCGCAAATAC
GAAGCGGCAGCAATATGGGA
ACACTTGGAACCGGCTTGAC
GCTGAGGGGTTTGTAGTGTTT
GCTATGAGCGTGTGGATGGTT
TCAAGAGGCGAACACACAAC
CTCCGAGCTCAGGAAAGTGTC
GCTCTCATCGGCCAATCACT
CCTTGGCTAGCAGCAACAGT
ACTGGCTCGGGAAGATGCT
CCATGCCAGAAAGTCTCAACA
GAGCGCAGGGCACCAAATA
CTGGATGACCCGGCAAATTCT
TGTCCTCCTCAAGACACCTCT
AGACAAAAAGTAACGGTTCAGCC
GCCAGACAAGCAGTATGATGT
CTGGTAAAGTGGATATTGTTGCCAT
ACAAGTTCAGGAGCGCCTTAC
GCTGCCAGAATGTCTGCTAC
GACCCTGCTGAGGACCTACAT
CGAGCTTTCCCGTTGATACAT
GGAGTGACTCTCATGGCTCTT
CTACCGCATACCCGTGCTG
ATGTCGCGCTCCTTCTATGTC
TCCTTTGGTGGGCACCTAAGACCTG
CCACCCACACTTGTGATTACG
CTGCTTTACAGGGTAGCACAA
GTCCCTGAGCAGATTTAGCTG
CACCCTGAGGAAACACAAGAC
ACATCACCTGCTACTTCCTGA
TCCAGAAACTCAAGCACCA
CGCATCCAATCTCAAGGAAT
GACAACTGGTGGCAGATTTCGCTT
ACCACTCTTCGGGAGAATACA
GCTTGGAGACCTCTCAGCCT
CAGAAGCGCTGATGGTCAT
CAACTCCATCAGTTCCAACG
TGCTGATGCCAGAATGTATGG
GGGACTTTGTGCGATGTGGT
ATGCGTTTCGATCTGAGGAAAG

Reverse Primer (5'-3')
ACAGCTTTCTGATCTTGTCGG
CAAAGCCCAGGTTGACCAACT
CGGAAATACTTCGCTCCCTTTT
CCTCGTTCTGATAAGCAGTCAC
CCCGATGAAATAGGGCTCCG
TTGGTGGCGTTGGAATCATCT
AGCACACGGACTGTCCTGA
GTGTGACTTGGCTTATGGTGA
TGCTGTTAAGTTCATGCCAACTC
GGCCTTTTCATTGTTTTCCA
TCATCTTTACCTGCAATGTTCTCC
TCTATGGCCTGCTCCACGT
CCACTGCGGATGATGGTAA
CCGATGGATCACTTTGGTCC
GGCCCAAACTCCATAAACACC
AATAACGTGTGCAGTACACCC
CCTCTTCAGGCTCAATCAGTTT
GATTTTCCTGGAACCTCCAGAGC
CGCACTCTAGTAAGTGGTTGC
CCAGTTCCAGGCATTTGTTGAT
TGGAATCATATTGGAACATGTAAACC
AGTAGAGGGCTCAACCCTTTATT
GGTACTCGTAAGAGCCAGA
CCCAACTCCATCACGTTGAG
TCTGCCACTTGTAATGGTCAATG
TCACACCTAGTGTCCACTTGTT
GCATCATCTCAAACCACACGC
ATGCCAAGCGGGATGAAGAAA
TGATGGTTGAGGTCGTTCCTTGATG
GCGGGCGAATTTCCATC
TTGAGTATGGCAAACGGTCTG
GAATCCCTTGTGAGCCGATTT
AACTCTGCACGCTCTGCAAT
CTTGGACTCATCTTTCGAGAAGG
AAATTCTCCAGGTTCCATGC
TGTGCCCAGAGTGAAGTTTG
AGCCACAAAGAAAGGAGTTGGACC
GGCATTTGGTACAAGCAAGGT
TTGATGTCCTGGGACTCCTC
CGGCAGTTTTGGGTTATTC
TGGATAATGGGTTCTCTCAAACTCT
GCAGATGGACAGAAGGTTGGA
ATTGCGGTGGAAGAGGATCTC
GGTTCAGCATAACATGGTTGGG

Primer Origin
Primerbank!®®
Primerbank’®

Primerbank’®

Yuan et al.*’*
Primerbank’®
Primerbank’®
Primerbank’®
Primerbank’®
Primerbank’®
Sese et al.'”®
Primerbank’®
Pasca et al.?%¢
Pasca et al.’%¢
Primerbank’®
Primerbank’®
Primerbank’®
Primerbank’®
Primerbank’®
Primerbank’®
Primerbank’®
Own design

Primerbank’®
Primerbank’®
Primerbank’®
Primerbank’®
Own design

Primerbank’®
Primerbank’®

Prihantono et a

Own design
Primerbank’®
Primerbank’®
Primerbank’®
Primerbank’®
Primerbank’®
Primerbank’®
Hu et al.”’
Primerbank’®
Ren et al.'’®
Own design
Primerbank’®
Primerbank’®
Primerbank’®

Primerbank’®

I 176
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PSD-95
REELIN
$100B
SATB2
SOX10
SOX17
SOX2
SYN
TBR1
TBR2
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VGLUT1
VGLUT2
VGLUT3
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201

AGCCCCAGGATATGAGTTGC
TCCGGGACAAGAATACCATGT
TGGCCCTCATCGACGTTTTC
CCGCACACAGGGATTATTGTC
ATGTCAGATGGGAACCCCGA
GTGGACCGCACGGAATTTG
GAGTGGAAACTTTTGTCCGAGA
TGGTGTTCGGCTTCCTGAA
GGGCTCACTGGATGCGCCAAG
CCGGGCACCTATCAGTACAG
CCGCGGTTCATTGGGCG
CGACGACAGCCTTTTGTGGT
GGGAGACAATCGAGCTGACG
AAACCGGAAATTCAGACAGCA
GGACCAGCTAACCAACGACA

AGTCCCTTACCTTTCGCCTGA

GATGTGTGGGTTGTCAGTGC
CCAAATCCGAAAGCACTGGAA
ATGTTCAAAGAACTCGTGGCA

TCCACTTCAGGCAGGTTGAG

TGGACATTACCTCGTGGCTG

GGAGATTCACACCGGAGTCA

GAAGCGTGTACTTATCCTTCTTCAT
GCGGCCCAGCCTGTCT
TCCGTGCCGTCCTCGTTCACT
GGTTGCACAGGTAGACGTG
CACCAGCTCACCTCAAACAC
GCCGTAGACGTAGAAAACAGAG
CAGCGGATACCGAAGGAGATG
CCAAAGACCCTGTTAGCAGCA
AAGGTCAAGACGTGCCAGAG

TCTCTTAGCATTATGTGAGCTGC

Jiang et al.1®

Primerbank’®
Zhang et al.*®
Primerbank’®
Varghese et a/.18!
Own design

Ehm et al.1®
Own design
Primerbank’®
Primerbank’®
Primerbank’®
Primerbank’®
Primerbank’®
Primerbank’®
Boros et al.’

Primerbank’®
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3. Deletion and Duplication of the Distal 1g21.1 Locus are Associated
with Altered Neuronal Differentiation Resulting in Altered Functional
Behavior
3.1 Introduction
3.1.1 Generating neurons from iPSCs using developmental patterning paradigms

Early protocols for generating neurons from iPSCs exploited the principle that
pluripotent cells have a tendency to default to neuroepithelia when drivers of pluripotency
are removed and these cells can be driven towards neuronal precursors with minimal
interferencel®*. However, while this protocol can be used to generate neurons and glia
there was little control over the specific types of cells produced. Therefore, results using
these very simple protocols were highly variable. More advanced protocols were
developed specifying a specific subtype of neuronal precursor which could then be driven
towards a specific subtype of neuron!®. The publication of the use of dual SMAD inhibition

for the conversion of IPSCs into neuronal stem cells'*®

provided a critical stepping stone in
the development of more robust protocols for the generation of neuronal cells. The
combination of two SMAD inhibitors drives the loss of pluripotency and the induction of
neuroepithelia by the repression of endogenous BMP signalling. This protocol allows the
production of cortical neurons primarily producing lower layer excitatory glutamatergic
neurons with the possibility of producing both upper layer glutamatergic neurons and
GABAergic interneurons. Importantly these protocols also reproduce the course of early
human cortical development producing persistent progenitors and then immature neurons
which mature into functional cells.

Further protocols have been developed with a focus on decreasing the time taken
to generate neurons, as dual SMAD inhibition-based protocols can take 40-50 days to
generate neurons and a further 40-50 days for the development of fully functional neuronal
networks. Therefore, efforts have been focussed on the use of mitotic inhibitors to
synchronise the differentiation of neuronal differentiations while simultaneously
preventing the continued proliferation of neuronal precursors'®® 187 While this approach
does move away from the original aim of recapitulating neuronal development it does
produce a more homogeneous product which allows for the discrimination of the more
subtle phenotypes which are likely to be relevant to neurodevelopmental and psychiatric
disorders. Recent work has expanded on these concepts to develop very short protocols

for the generation of cortical neurons using developmental patterning approaches®8,
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However, this approach moves even further away from recapitulating in vivo neuronal
development and therefore has limited utility as a model for neurodevelopmental
disorders

While these neurons are not identical to those found in the adult patients from
whom the cells are derived it is believed that they share developmental trajectories and
recapitulate key features of early human neuronal development. At a simplistic level these
cells have the key components that mature neurons have and can be used to form
functional synapses and neuronal networks. While the functionality may not be as complex
as that found in adult human brains these cells provide a critical reductionist model to
assess the effects of mutations, drugs and other insults on the development and function
of human neurons®®. Numerous publications have used these models to delve into the
cellular pathology associated with disorder such as ASD*® and schizophrenia!®® allowing a
greater understanding of the cellular pathology which underlies the phenotypes known to

be relevant in the pathogenesis of neurodevelopmental and psychiatric disorders.

3.1.2 The role of cortical neuronal dysfunction in neurodevelopmental and psychiatric
disorders

The cerebral cortex is the outermost layer of the brain comprising of tightly
compacted neurons, which form a highly organised structure with a high level of neuronal
diversity. The cortex is made of two broad classes of neurons. Excitatory cortical neurons
are generated from the ventricular zone of the dorsal telencephalon!®! migrating
tangentially to generate the layered structure of the cortex. Inhibitory interneurons are

generated in the caudal and medial ganglionic eminences®?

and migrate laterally to
infiltrate the developing cortex. This results in a highly complex and diverse structure which
is formed from the base starting with layer VI neurons and finishing with layer | neurons
with most progenitors continuing to reside in the ventricular and subventricular zone below
layer VI (Figure 3.1). This structure is also highly evolutionarily conserved with largely
similar structures present in most higher animals including mice'®3. Given the complex
structure of the cortex and the critical role it plays in cognition and information processing

it has long been suggested that small abnormalities in this system could underly some of

the pathologies associated with neurodevelopmental and psychiatric disorders.
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Figure 3.1: Graphical representation of the structure of the cortex. A The structure of the developing brain, the neocortex is formed
from the ventricular zone (blue). Also marked are the lateral ganglionic eminence (green), medial ganglionic eminence (yellow), preoptic
area (purple) and striatum (red). B The layered structure of the cortex is formed by the division of progenitors in the ventricular zone
(VZ) and the subventricular zone (SVZ). The layers are organized from layer VI to layer | with layer | being the surface of the brain. Each
layer including both VZ and SVZ can be marked by the expression of certain genes indicated to the right of each layer. Image adapted
from Mukhtar and Taylor.

Imaging studies have been carried out to examine gross structural changes in the
cortex associated with psychiatric disorders. These studies have indicated a thinning of the

cortex associated with schizophrenia®

and bipolar (specifically type 1'%°). A further study
examining the longitudinal development of the cortex found a delayed development
associated with ADHD diagnosis®. Studies examining cortical development in ASD patients

have shown overgrowth at very early stages!®’

with some evidence for cortical thinning at
later stages of development!®®. Furthermore, links have been provided between genetic
risk factors for psychiatric disorders and cortical abnormalities. A rare mutation associated
with bipolar disorder and schizophrenia'®® (Disrupted in schizophrenia 1, DISC1) has been
shown to effect cortical development affecting both the differentiation of cortical neurons
and the final structure of the cortex?®. Finally, in a rodent model of 22q11.2 deletion it has
been shown that the intrinsic properties of cortical neurons are altered?’. This evidence
combines to suggest that widespread cortical abnormalities may indeed underly the
phenotypes associated with neurodevelopmental and psychiatric disorders.

One theory which may explain how these cellular changes associated with cortex
development result in the phenotypes related to neurodevelopmental disorders is altered

excitatory-inhibitory balance which ultimately results in aberrant neuronal activity. The

balance between excitation and inhibition is critical to the proper functioning of neuronal
50



networks2%?

and the connections between these system is particularly critical to cortical
function. Therefore, while the imbalance between excitation and inhibition may not be a
purely cortical phenomenon; the critical function of the cortex and the presence of both
excitatory and inhibitory neurons, in this complex highly regulated structure, have made it
a particularly interesting target for investigating this phenotype. In practical terms the
major excitatory neurotransmitter is glutamate and the major inhibitory neurotransmitter
is gamma aminobutyric acid (GABA) therefore changes in the balance between excitation
and inhibition are likely to involve changes in the production, distribution and removal of
these molecules. These imbalances may be due to changes in the proportion of excitatory
neurons, inhibitory neurons or a combination of both systems. Indeed, post-mortem
studies have indicated structural abnormalities in both excitatory and inhibitory circuits in
patients with either ASD or schizophrenia23-2%6,

This imbalance can also result from changes in the expression or function of genes
encoding relevant receptors or other synaptic proteins. Many of these genes have now
been identified as risk factors for developing psychiatric disorders. In terms of
glutamatergic neurons, many genes have been identified which are correlated with an
increased risk of developing psychiatric disorders. These genes include post synaptic
density proteins (such as the SH3 And Multiple Ankyrin Repeat Domains, SHANK
proteins?97:2%8) - subunits of NMDA receptors (such as Glutamate lonotropic Receptor
NMDA Type Subunit 2, GRINR2A/B/C?%°?%) and other proteins involved in synapse
formation (such as Neuregulin 1, NRG1?'* and Erb-B2 Receptor Tyrosine Kinase 4,
ERBB4??). In terms of GABAergic neurons, the majority of studies have focused on the
reduction of GAD67 (the principle enzyme for synthesising GABA) which was reduced in
patients with psychiatric disorders?'321>, More recent work on Cytoplasmic FMR1
Interacting Protein 1 (CYFIP1) and Cytoplasmic FMR1 Interacting Protein 2 (CYFIP2) has
shown that changes in the expression of these protein can have effects on both excitatory
and inhibitory synapses?!®. Animal models have indicated that loss of genes such as
neurexin-la (a protein involved in synapse organization) is associated with social
behaviours which can be connected with both ASD and schizophrenia?’. This evidence
indicates that an imbalance of excitation and inhibition is a significant factor in the
pathogenesis of psychiatric disorders this may be caused by gross changes in the proportion
of cell types or by fine changes in the composition and function of the synapses formed by

these cells. Therefore, to understand the increased risk for developing psychiatric disorders
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associated with specific mutations it is critical to consider both a neurodevelopmental
paradigm to investigate the production of neuronal populations and a more focussed

investigation of the role the mutation may play in the function of these neurons.

3.1.3 Modelling CNVs and psychiatric disorders using iPSC derived neurons

The use of iPSCs carrying previously recognised CNVs associated with an increased
risk of developing psychiatric disorders is becoming a popular paradigm for studying the
genetics associated with psychiatric disorders. However, to date only neuronal modelling
of 15911.2, 22g11.2 and 22q13.3 deletions and 16p11.2 deletions and duplications, all of
which are associated with an increased risk of developing multiple neurodevelopmental
and psychiatric disorders, have been reported. Mutations at the 15q11.2 locus have been
the focus of a large volume of work largely related to the loss of CYFIP1 expression. While
this is not the only gene within this region the two functions of this gene (actin
polymerization and protein translation?!®) suggest it to be the cause of the phenotypes
associated with 15911.2 deletions. These mutations have been modelled in rodents
identifying several behavioural and cellular phenotypes?’®. Modelling using 15q11.2
deletion iPSC has also found reductions in the expression of key genes within this locus and
altered dendritic morphology like that seen previously in rodent models indicating that
iPSCs can be used to model phenotypes previously identified in rodent models?%.

Toyoshima et al??? showed that cells carrying 22q11.2 deletions have a reduced
ability to form neurons and the function of these neurons is impaired. Further studies!*®
have also shown widespread gene expression changes associated with 22q11.2 deletion in
pathways relevant to neuronal development and function. However, the gene within this
locus which has been focussed on as the driver of these phenotypes is DGCR8
Microprocessor Complex Subunit (DGCR8)*?2, which is involved in the processing of
microRNAs (miRNAs) and was shown to alter the expression of many miRNAs which could
underly complex alterations in gene expression. These changes in miRNA expression are
believed to drive the upregulation of p38a which in turn drove the altered neurogenic-to-
gliogenic competence ratio found by Toyoshima et al.

Deletion of the 22q13.3 locus (also known as Phelan-McDermid syndrome) has
been studied for effects on iPSC derived neuronal function. This mutation has been
associated with increased input resistance and decreases in the frequency of excitatory

post synaptic currents mediated by AMPA and NMDAR?%3, These functional changes have
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been associated with loss of SH3 And Multiple Ankyrin Repeat Domains 3 (SHANK3)
expression (a postsynaptic density protein in the 22q13 region) and overexpression of
SHANK3 or treatment with IGF1 have been shown to rescue the loss of pre and post
synaptic puncta associated with 22q13.3 deletion??3. These results highlight the power of
using iPSC derived neurons to identify genes within complex mutations which may drive
the phenotypes associated with these mutations.

The only CNV with both deletion and duplication forms associated with an increased
risk of developing psychiatric disorders which has been studied using human iPSCs is
16p11.2. The study by Deshpande et al??* showed reciprocal changes in neuronal
morphology with deletion neurons having increased soma size and dendritic length and
duplication neurons having smaller soma and shorter dendrites. However, the functional
deficits were similar irrespective of whether the mutation was a deletion or duplication of
the 16p11.2 locus. Both types of mutation resulted in a decrease in the density of synapses
and an increase in the amplitude of mini excitatory postsynaptic currents. This study
demonstrates the fact that opposing mutations can show both reciprocal and convergent
phenotypes.

Beyond CNVs iPSC derived neurons have also been used to examine other genetic
risk factors for developing psychiatric disorders. Work by Hoffman et a/??> has shown that
gene expression changes in iPSC derived NPCs and neurons from schizophrenic patients
show concordance with gene-expression found in post-mortem adult brains. Many studies
have been carried out to examine differences between iPSC NPCs and neurons derived
from psychiatric patients and controls. The majority of studies comparing NPCs have shown
there is no specific change in the quantity of NPCs produced from psychiatric patient

229 and organizational

derived cells??5228, Yet studies have shown morphological deficits
abnormalities associated with patient derived cells?%.

Examining the production of neurons; studies have also largely reported no
differences between the production of neurons in patient samples compared to
controls??8231.232_ However, there has been some evidence presented of deficits in the
generation of dopaminergic neurons??®?33 and the subsequent secretion of catecholamine
in association with schizophrenia. In terms of functional deficits early work by Brennand et
al?*! demonstrated that iPSC derived neurons from schizophrenic patients had decreased
connectivity which could be modulated using a specific antipsychotic (loxapine). Further

work has demonstrated defects in glutamatergic synapse maturation association with
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mutations in the DISC1 gene, resulting in altered connectivity??®. Finally, studies have
shown that neuronal activity regulated expression of genes including IncRNAs and this gene
expression is altered by the functional deficits associated with iPSC neurons derived from
schizophrenic patients?34. The IncRNAs can in turn effect the alternative splicing of genes
such as DISC1 and ERBB4%*° reaffirming the fundamental link between gene expression and
function.

Studies modelling ASD have largely focussed on syndromic forms of the disorders
with studies carried out using patients with Rett syndrome, fragile X syndrome and Timothy
syndrome. Studies from Rett syndrome patients showed morphological changes in neurons
associated with these mutations and decreases in both the number of synapses and the
connectivity of the system produced?3®. Furthermore, these deficits could be partially
rescued using insulin-like growth factor 1 which is known to partially rescue Rett
phenotypes observed in mouse models?®’. Studies in fragile X syndrome have shown fewer

238 with impaired synaptic outgrowth?*° while this is similar to findings

and shorter spines
in other syndromic forms of ASD this is in contrast to data from post-mortem studies
showing an increased spine density?®. Work by Tian et a/*®° has shown that iPSC neurons
generated from patients with Timothy syndrome have gene expression changes enriched
for ASD susceptibility gene sets and are similar to genes known to be altered is ASD post-
mortem brains. While limited studies have been carried out examining the phenotypes
associated with non-syndromic ASD with studies focussing on Contactin 5 (CNTN5),
Euchromatic Histone Lysine Methyltransferase 2 (EHMT2), Transient Receptor Potential
Cation Channel Subfamily C Member 6 (TRPC6) or SHANK2 hypofunction showing aberrant
neuronal differentiation resulting in hyper-connective and/or hyperactive neuronal
networks?41-243,

Collectively the studies into ASD, schizophrenia and CNVs associated with
psychiatric disorders using iPSC derived neurons have identified a myriad of phenotypes
which may be underlying these conditions. However, the reappearance of synaptic
phenotypes in many of the studies points towards this as a particularly critical underlying
mechanisms and it remains critical that these phenotypes are related to higher order

functionality to demonstrate their relevance to real world pathology.
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3.1.4 Limitations and challenges of iPSC derived neurons for modelling phenotypes
associated with psychiatric disorders

The advent of induced pluripotent stem cells and the use of these cells to generate
human cell types of pathological interest has opened new avenues in the understanding of
diseases especially those with complex multifactorial pathologies. However, these
techniques also introduce novel limitations into these studies. The two approaches used to
generate the cell types of interest present an interesting interplay between advantages and
limitations. As detailed previously developmental patterning approaches present perhaps
the cell types with the most similarity to those cells seen in vivo in terms of developmental
stages and cellular intermediates. Cells derived from direct differentiation may be unable
to recapitulate key developmental stages and cellular intermediates. Therefore, studying
the interactions between genotype and neurodevelopment must be carried out using a
developmental pattern approach or risk missing phenotypes which occur at specific time
points in development. This limitation of direct differentiation approaches was elegantly
illustrated by the recent work of Schafer et al*#*, which showed that the use of neurons
generated using the established Neurogenin 2 (NGN2) direct differentiation system
obscured key developmental phenotypes which could be seen using a developmental
patterning approach.

Another limitation to using iPSCs is heterogeneity introducing confounding
variables from unwanted cell types. This is especially relevant in developmental patterning
approaches where there is less control being exerted over the system which can result in
higher levels of heterogeneity. There are however strategies to address this limitation, the
most common being some form of selection for the specific cell type of interest which is a
popular method employed in more complex developmental patterning approaches. This
usually takes the form of FACS using markers specific to the cell type of interest?*> however
again this is not a perfect solution and often there will be some inclusion of undesired cells.
Furthermore, while the population of cells collected after FACS is very pure these cells are
often not the final mature cell type which is desired as post mitotic functional iPSC derived
cells often do not survive this process. Therefore, these cells are often some form of
intermediate progenitor cell which therefore may retain some element of multipotency
and therefore still introduce some form of heterogeneity.

A final limitation to be considered is that imposed by the use of iPSC themselves as

while they have provided critical insight into human development and pathology; as with
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all model systems they are not without their limitations. There are two critical limitations
when using iPSC, the first is the identification of suitable populations for study and the
second partially linked limitations is the background genotype of these individuals. Firstly,
it is important to consider the selection of a population for the generation of iPSCs and
subsequent study. To study the genetic component of neurodevelopmental and psychiatric
disorders one must select a population with similar and significant genetic risk for these
disorders. This is achievable using high penetrance low prevalence mutations like CNVs
however these are often only identified in patients who also have a psychiatric diagnosis,
or some other malady related to the CNV. Therefore, this population may be a
subpopulation within the larger population of CNV carriers. Thus, studies using these
cohorts may not describe directly the phenotype found in all CNV carriers but may be
describing a phenotype found in a subpopulation caused by both the CNV and other
environmental and genetic factors. This consideration then links to the second key
limitation of using iPSCs and that is the background genotype of these individuals. Patients
are likely to have other mutations which may also increase or decrease the risk for
developing developmental and neuropsychiatric disorders and these may mask or increase
the phenotypes which are directly caused by the mutations of interest. This limitation may
be addressed by increasing the number of individuals studied and by correcting the
mutations in the cell lines produced therefore creating isogenic controls. However,
increasing the number of individuals studied is often not possible due to the low prevalence
of these types of mutations. Furthermore, production of isogenic control lines is costly,
complex and is only viable when a single gene or small area is mutated which is often not
the case in CNVs. Therefore, while iPSCs provide a critical material to study
neurodevelopmental and psychiatric disorders it is important to consider the limitations of

both the original cell type and the cell type produced to study these disorders.
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3.2 Chapter 1: Hypothesis and aims

My hypothesis is that iPSC derived neurons with 1g21.1 deletions or duplications
will have developmental and functional deficits. Therefore, the aims of this chapter are to
investigate the role of 1g21.1 deletion and duplication on the course of early human
neuronal development with a specific focus on the development of glutamatergic cortical
neurons. Specifically, cortical neurons will be produced based on a developmental
paradigm and examined for the production of key neuronal markers. Further investigation
will delve into the functionality of these neurons to determine if mutations at the 1g21.1
locus have any effect on neuronal function at both the individual and network level. Finally,
by analyzing changes in gene expression caused by mutations at the 1g21.1 locus the

previously identified phenotypes will be targeted for pharmacological rescues.
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3.3 Results
3.3.1 Characterization of iPSCs from patients carrying distal 1g21.1 mutations

Fibroblasts from patients carrying 1g21.1 mutation (Table 3.1) were reprogrammed
using non integrating sendai vectors. Cells began with clear fibroblast morphology (flat
large cells), 4 days after viral transduction hallmarks of iPSC morphology could be seen with
cells shrinking and the nuclear to cytoplasm ration increasing (Figure 3.2). After 12 days
iPSC colonies could be clearly differentiated from the surrounding cells (Figure 3.2).
Ultimately successfully reprogrammed iPSCs were isolated and cultured before testing for
the expression of key markers of pluripotency at both the gene expression and protein
level. These assessments indicated that all cell lines expressed similar levels of the
pluripotency markers to an already established and validated iPSC cell line (Figure 3.3 - 3.8).
Furthermore, all cell lines stained positive for key markers of pluripotency (Figure 3.4 - 3.8).
Finally, each cell line was assessed for 1g21.1 status by exome sequencing to confirm no
alteration of this mutation and to assess if any other mutations were present which could
confound results. No common mutations other than those at the 1g21.1 locus was

identified and therefore all 5 iPSC lines were used for this study (Table 3.1).

Figure 3.1: Reprogramming of human fibroblasts into iPSCs. Example images from the production of iPSC from human
fibroblasts highlighting the emergence of iPSC like morphology 4 days post transduction and the clear emergence of iPSCs
12 days after transduction. Scale bars = 100 um
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Figure 3.2: Characterization of iPSCs generated from 1q21.1 deletion patient 1. A Representative image of IPSCs stained
for 3 markers of pluripotency (SOX2, OCT4 and NANOG). B Expression of OCT4 in iPSCs generated from 1g21.1 deletion
patient 1 as compared to a positive control (hESCs) and a negative control (control iPSC derived neurons). C Expression
of SOX2 in iPSCs generated from 1g21.1 deletion patient 1 as compared to a positive control (hESCs) and a negative
control (control iPSC derived neurons). D Expression of C-MYC in iPSCs generated from 1g21.1 deletion patient 1 as
compared to a positive control (hESCs) and a negative control (control iPSC derived neurons). E Expression of KLF4 in
iPSCs generated from 1g21.1 deletion patient 1 as compared to a positive control (hESCs) and a negative control (control
iPSC derived neurons). F Representative images and gene expression of SOX17 in iPSCs pushed to an endoderm fate. G
Representative images and gene expression of BRACHYURY in iPSCs pushed to a mesoderm fate. H Representative images
and gene expression of PAX6 in iPSCs pushed to an ectoderm fate. Relative mRNA abundance was calculated compared
to GAPDH expression. All data is presented as mean + SEM, (n>3) and where appropriate data was analyzed by students
T-Test: ****P<0.0001 vs negative control. Scale bar = 100 um.
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Figure 3.3: Characterization of iPSCs generated from 1q21.1 deletion patient 2. A Representative image of IPSCs stained
for 3 markers of pluripotency (SOX2, OCT4 and NANOG). B Expression of OCT4 in iPSCs generated from 1g21.1 deletion
patient 2 as compared to a positive control (hESCs) and a negative control (control iPSC derived neurons). C Expression
of SOX2 in iPSCs generated from 1g21.1 deletion patient 2 as compared to a positive control (hESCs) and a negative
control (control iPSC derived neurons). D Expression of C-MYC in iPSCs generated from 1g21.1 deletion patient 2 as
compared to a positive control (hESCs) and a negative control (control iPSC derived neurons). E Expression of KLF4 in
iPSCs generated from 1g21.1 deletion patient 2 as compared to a positive control (hESCs) and a negative control (control
iPSC derived neurons). F Representative images and gene expression of SOX17 in iPSCs pushed to an endoderm fate. G
Representative images and gene expression of BRACHYURY in iPSCs pushed to a mesoderm fate. H Representative images
and gene expression of PAX6 in iPSCs pushed to an ectoderm fate. Relative mRNA abundance was calculated compared
to GAPDH expression. All data is presented as mean + SEM, (n>3) and where appropriate data was analyzed by students
T-Test: ****P<0.0001 vs negative control. Scale bar = 100 um.
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Figure 3.4: Characterization of iPSCs generated from 1q21.1 deletion patient 3. A Representative image of IPSCs stained
for 3 markers of pluripotency (SOX2, OCT4 and NANOG). B Expression of OCT4 in iPSCs generated from 1g21.1 deletion
patient 3 as compared to a positive control (hESCs) and a negative control (control iPSC derived neurons). C Expression
of SOX2 in iPSCs generated from 1g21.1 deletion patient 3 as compared to a positive control (hESCs) and a negative
control (control iPSC derived neurons). D Expression of C-MYC in iPSCs generated from 1g21.1 deletion patient 3 as
compared to a positive control (hESCs) and a negative control (control iPSC derived neurons). E Expression of KLF4 in
iPSCs generated from 1g21.1 deletion patient 3 as compared to a positive control (hESCs) and a negative control (control
iPSC derived neurons). F Representative images and gene expression of SOX17 in iPSCs pushed to an endoderm fate. G
Representative images and gene expression of BRACHYURY in iPSCs pushed to a mesoderm fate. H Representative images
and gene expression of PAX6 in iPSCs pushed to an ectoderm fate. Relative mRNA abundance was calculated compared
to GAPDH expression. All data is presented as mean + SEM, (n>3) and where appropriate data was analyzed by students
T-Test: ****P<0.0001 vs negative control. Scale bar = 100 um.
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Figure 3.5: Characterization of iPSCs generated from 1q21.1 duplication patient 1. A Representative image of IPSCs
stained for 3 markers of pluripotency (SOX2, OCT4 and NANOG). B Expression of OCT4 in iPSCs generated from 1g21.1
duplication patient 1 as compared to a positive control (hESCs) and a negative control (control iPSC derived neurons). C
Expression of SOX2 in iPSCs generated from 1g21.1 duplication patient 1 as compared to a positive control (hESCs) and a
negative control (control iPSC derived neurons). D Expression of C-MYC in iPSCs generated from 1g21.1 duplication
patient 1 as compared to a positive control (hESCs) and a negative control (control iPSC derived neurons). E Expression
of KLF4 in iPSCs generated from 1g21.1 duplication patient 1 as compared to a positive control (hESCs) and a negative
control (control iPSC derived neurons). F Representative images and gene expression of SOX17 in iPSCs pushed to an
endoderm fate. G Representative images and gene expression of BRACHYURY in iPSCs pushed to a mesoderm fate. H
Representative images and gene expression of PAX6 in iPSCs pushed to an ectoderm fate. Relative mRNA abundance was
calculated compared to GAPDH expression. All data is presented as mean + SEM, (n>3) and where appropriate data was
analyzed by students T-Test: ****P<0.0001 vs negative control. Scale bar = 100 um.
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Figure 3.6: Characterization of iPSCs generated from 1q21.1 duplication patient 2. A Representative image of IPSCs
stained for 3 markers of pluripotency (SOX2, OCT4 and NANOG). B Expression of OCT4 in iPSCs generated from 1g21.1
duplication patient 2 as compared to a positive control (hESCs) and a negative control (control iPSC derived neurons). C
Expression of SOX2 in iPSCs generated from 1g21.1 duplication patient 2 as compared to a positive control (hESCs) and a
negative control (control iPSC derived neurons). D Expression of C-MYC in iPSCs generated from 1g21.1 duplication
patient 2 as compared to a positive control (hESCs) and a negative control (control iPSC derived neurons). E Expression
of KLF4 in iPSCs generated from 1g21.1 duplication patient 2 as compared to a positive control (hESCs) and a negative
control (control iPSC derived neurons). F Representative images and gene expression of SOX17 in iPSCs pushed to an
endoderm fate. G Representative images and gene expression of BRACHYURY in iPSCs pushed to a mesoderm fate. H
Representative images and gene expression of PAX6 in iPSCs pushed to an ectoderm fate. Relative mRNA abundance was

calculated compared to GAPDH expression. All data is presented as mean + SEM, (n>3) and where appropriate data was
analyzed by students T-Test: ****P<0.0001 vs negative control. Scale bar = 100 um.
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Table 3.1: Patient information for all 1g21.1 patients used in the study. GAD: generalized anxiety disorder; MDD: major

depressive; OCD: obsessive compulsive disorder; PD: personality disorder.
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3.3.2 Differentiation of iPSCs into cortical excitatory neurons

Generation of cortical excitatory neurons was carried out using a protocol based on
dual SMAD inhibition'#> resulting in a neuronal population resembling that of the
developing forebrain. This protocol has previously been demonstrated to generate a high
proportion of glutamatergic excitatory neurons and recapitulates the development of the
lower layers of the human cortex?*®. To demonstrate the predominate cell populations
present at two critical points during the neuronal differentiation. The expression of 3
characteristic markers of NPCs and 3 characteristic markers of neurons was assessed after
20 and 50 days of differentiation in 2 control cell lines. Two established iPSC lines were
used as controls (IBJ4 see Plumbly et al?*” and HPSI1013i-wuye_2 purchased from HipSci)
both cell lines have no known pathogenic CNVs and are from healthy individuals. After 20
days of differentiation the expression of the three NPC markers (Nestin: NES, Zinc Finger
And BTB Domain Containing 16: PLZF and Tight Junction Protein 1: ZO1) was high with a
significant decrease in the expression of two of these markers after a further 30 days of
differentiation (Figure 3.8). In contrast to this the expression of 3 characteristic markers of
maturing neurons (Doublecortin: DCX, Neural Cell Adhesion Molecule 1: NCAM and
Microtubule Associated Protein 2: MAP2) shows low expression at day 20 with a significant
increase in expression after a further 30 days of differentiation (Figure 3.8). Therefore,
these results confirm that at day 20 of differentiation cultures are predominantly NPCs and

after 50 days of differentiation there is efficient conversion of NPCs into neurons.
A B

NPC Markers 1 Neuronal Markers

| k]
D50

Aarn
——

0.14

=
n

SREk rExx

0.01 B 0014

0.0014 0.0014

HEAx

Relative mRNA Abundance

Relative mRNA Abundance

0.0001 0.0001 ad
NES PLZF 201 DCX NCAM MAP2

Figure 3.7: Expression of NPC and Neuronal markers after 20 and 50 days of differentiation. A The expression of NESTIN
(NES), PLZF and Z0O1 mRNA at day 20 and 50 of neuronal differentiation. The time point samples were taken had a
significant effect on expression of the three markers (F1,30=23.2; P<0.0001; Control N=2 and n=3). B The expression of
DCX, NCAM and MAP2 mRNA at day 20 and 50 of neuronal differentiation. The time point samples were taken had a
significant effect on expression of the three markers (F1,3=98.4; P<0.0001; Control N=2 and n=3). Relative mRNA
abundance was calculated compared to GAPDH expression. Data sets were analyzed by two-way ANOVA with post hoc
comparisons comparing to day 20 samples. Stars above points represent Sidak-corrected post hoc tests. All data
presented as means + SEM *P<0.05; **P<0.01; ****P<0.0001 vs. Day 20.
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3.3.3 Mutation at the 1g21.1 locus is associated with altered gene expression at both
neuronal precursor and immature neuron stages of development

To demonstrate the validity of this approach for assessing any effect of 1921.1
mutation on the formation and function of neurons the expression of genes known to be
within the 1921.1 region was assessed first for any expression after 50 days of neuronal
differentiation and then for any changes in expression associated with 1g21.1 mutations.
Four genes known to be in the distal 1q21.1 region (BCL9, CHD1L, GPR89B and PRKAB2)
showed relatively high expression in neurons after 50 days of differentiation (Figure 3.9).
Examining the expression of these four genes in 1g21.1 neurons showed that two of the
four had reciprocal expression associated with deletion and duplication of the 1g21.1
region with BCL9 and CHD1L having significantly lower expression than controls in 1g21.1
deletion neurons and both genes showing increased expression in 1g21.1 duplication
neurons. These results indicate that genes within the 1g21.1 locus are expressed in
maturing neurons and mutations of the 1g21.1 region are associated with corresponding

gene dosage effects in maturing neurons.
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Figure 3.8: Expression of 1q21.1 genes in day 50 cortical neurons. A The expression of 9 genes localized to the 1g21.1
locus and known to be part of all distal 1g21.1 mutations used for this work (Control N=2 and n=3). B Relative gene
expression of the 4 most highly expressed genes in the 1g21.1 locus comparing 1g21.1 deletion and duplication neurons
to controls (Control N=2, Deletion N=3, Duplication N=2 and n=3). Relative mRNA abundance was calculated compared
to GAPDH expression. Data was analyzed by Students T-test. All data presented as means + SEM *P<0.05; **P<0.01; vs.
control neurons.

To probe the effect of 1g21.1 mutation on the differentiation of neurons the
expression of key genes was assessed at both the neuronal precursor stage (Figure 3.10)
and after cells had been allowed to mature into immature neurons (Figure 3.11). At day 20
of differentiation (Figure 3.10) the expression the general neuronal progenitor marker NES
was upregulated in both 1g21.1 deletion and duplication differentiations compared to
control. Furthermore PLZF (another general marker of neuronal precursors) was also

upregulated in 1g21.1 duplication cultures when compared to controls, while the
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expression of ZO1 remains similar across all cell lines. Examining markers of early dorsal
forebrain patterning (Paired Box 6: PAX6 and T-Box Brain Protein 2: TBR2) showed an
upregulation of TBR2 in both 1g21.1 deletion and duplication compared to controls.
However, the expression of PAX6 was up regulated in 1g21.1 deletion and down regulated
in 1921.1 duplication compared to controls. There were also no changes in the expression
of midbrain and hindbrain markers (Achaete-Scute Family BHLH Transcription Factor 1:
ASCL1, Distal-Less Homeobox 1: DLX1, NK2 Homeobox 1: NKX2.1, GS Homeobox 2: GSX2,
Engrailed Homeobox 1: EN1, Msh Homeobox 2: MSX2 and Nuclear Receptor Subfamily 4
Group A Member 2: NURR1). Furthermore, the expression of these genes was very low
(~0.01% of GAPDH expression) compared to the expression of the general neuronal
precursor markers (~5% of Glyceraldehyde-3-Phosphate Dehydrogenase: GAPDH
expression) and PAX6 (Figure 3.10). Overall 1g21.1 mutations are associated with changes
in the expression of key NPC gene which are highly expressed at early stages of
differentiation (NESTIN, PLZF and PAX6), with no significant changes in the expression of

low abundance mRNAs.
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Figure 3.9: Gene expression of NPC markers in control and 1g21.1 day 20 differentiations. A Expression of general NPC
markers (yellow) and markers of forebrain (red), midbrain (blue) and hindbrain (green) development in control day 20
cultures (Control N=2 and n=3). B Expression of general NPC markers (yellow) and markers of forebrain (red), midbrain
(blue) and hindbrain (green) development in 1g21,1 day 20 differentiations (Control N=2, Deletion N=3, Duplication N=2
and n=3). Relative mRNA abundance was calculated compared to GAPDH expression. Fold change is normalized to control
day 20 differentiations and all data is presented as mean + SEM. Data was analyzed using multiple T-Tests. Stars represent
Holm-Sidak corrected p-values: **P<0.01; ***P<0.001; ***P<0.001 vs. control.

Similarly, after 50 days of differentiation genes which are characteristically
expressed by immature neurons show high expression (Figure 3.11) in control cultures. The
expression of three pan neuronal markers (DCX, NCAM and MAP2) was high with MAP2
MRNA being particularly abundant. Expression of 3 voltage gated calcium channel subunits
was high with Calcium Voltage-Gated Channel Subunit Alpha 1 G (CACNA1G) having the
highest expression. The expression of GLUA1 (Glutamate lonotropic Receptor AMPA Type

Subunit 1, a subunit of the AMPA receptor) and GRIN1 (Glutamate lonotropic Receptor
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NMDA Type Subunit 1, a subunit of the NMDA receptor) was also high, however the
expression of GRIN1 was around 10-fold higher than GLUA1 therefore suggesting neurons
generated in this manner from control iPSCs have a greater amount of NMDA receptors
than AMPA receptors. The expression of all 3 glutamate transporters (Vesicular Glutamate
Transporter 1/2/3, VGLUT1/2/3) was relatively high with VGLUT1 having the highest
expression and while there is some expression of genes related to dopamine synthesis this
expression is low compared to all other genes assayed. These results confirm the
production of a largely glutamatergic excitatory neuron population in control neuronal
differentiations.

The expression of all 3 pan neuronal markers is affected by mutations of the 1g21.1
locus (Figure 3.11) with both deletions and duplication being associated with an increase
in DCX expression compared to controls. However, there are reciprocal changes in both
NCAM and MAP2 expression with 1g21.1 deletions being associated with an increase in
expression compared to controls and 1g21.1 duplications being associated with a decrease
in expression compared to controls. This indicates the production or maturation of neurons
is improved in 1g21.1 deletions and impaired in 1g21.1 duplications.

Three calcium channels were also selected to assess any changes in the expression
of three key families of calcium channels. The three genes selected were Calcium Voltage-
Gated Channel Subunit Alpha 1B (CACNA1B), Calcium Voltage-Gated Channel Subunit
Alpha 1C (CACNAIC) and Calcium Voltage-Gated Channel Subunit Alpha 1G (CACNA1G).
Each subunit comprises a critical component of N- type, L-type and T-type calcium channels
all found to some degree in neurons of the CNS. The change in expression of voltage gated
calcium channels shows a largely similar pattern to that seen with MAP2 as in the case of
both CACNA1B and CACNA1G there is an increase in expression in 1g21.1 deletion and a
decreased expression in 1g21.1 duplication cultures (Figure 3.11). However, in the case of
CACNAIC both 1g21.1 deletion and duplication are associated with a decrease in
expression. The pattern of expression seen in MAP2 and both CANCNA1B and CACNA1G is
again mirrored by GLUA1 and GRIN1 expression with a small increase of expression in
1g21.1 deletion cultures and a larger decrease of expression in 1q21.1 duplication cultures.
There are also changes in the expression of glutamate transporters resulting from 1g21.1
mutations with a general upregulation of all three transporters with the exception of
VGLUT3 in 1921.1 deletions which shows a down regulation compared to controls (Figure

3.11). However, VGLUT1 and VGLUT2 are the predominant glutamate transporters
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expressed in neurons and therefore the upregulation of these two genes is likely more
prescient than the changes in vGlut3 expression. There is also a general upregulation of
dopamine related genes associated with 1g21.1 deletion and a downregulation associated
with duplication. Due to the low overall expression of these genes the changes in

expression are likely to have minimal effect.
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Figure 3.10: Gene expression of neuronal markers in control and 1g21.1 day 50 differentiations. A Expression of general
neuronal markers (red), channels and receptors (blue), dopamine related genes (green) and cortical layer markers (yellow)
in control day 50 cultures (Control N=2 and n=3). B Expression of general neuronal markers (red), channels and receptors
(blue), dopamine related genes (green) and cortical layer markers (yellow) in 1g21.1 deletion and duplication day 50
cultures (Control N=2, Deletion N=3, Duplication N=2 and n=3). Relative mRNA abundance was calculated compared to
GAPDH expression. Fold change is normalized to control day 50 differentiations and all data is presented as mean + SEM.
Data was analyzed using multiple T-Tests. Stars represent Holm-Sidak corrected p-values: *P<0.05; **P<0.01; ***P<0.001;
***¥p<0.001 vs. control.

As this protocol is used to model early human cortical development the expression
of cortical layer markers was also assessed. As expected, the levels of lower cortical layer
markers (ETS Variant Transcription Factor 1: ETV1, Forkhead Box P1: FOXP1, T-Box Brain
Transcription Factor 1: TBR1 and BAF Chromatin Remodeling Complex Subunit: CTIP2) was

high with particularly high expression of TBR1 (Figure 3.11). Using protocols based on dual
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SMAD inhibition it has been previously demonstrated that there is large scale production
of lower layer cortical neurons?*®, Therefore, high expression of TBR1 in particular is
expected as this marks the lowest layer of cortical neurons. Both ETV1 and FOXP1 are
promiscuous markers of the lower layer of the cortex and the expression of these genes is
also correspondingly high. Moving up through the cortex the expression of the
corresponding markers decreases from that of TBR1. The expression of CTIP2 and SATB
Homeobox 2 (SATB2) are both still relatively high as both mark lower layer cortical neurons
and the expression of Cut Like Homeobox 1 (CUX1) is also relatively high suggesting there
is some production of upper layer cortical neurons. However, the expression of Reelin is
very low confirming there is likely little to no production of true upper layer cortical
neurons.

In terms of the effect of 1g21.1 mutations on cortical development deletion of the
1921.1 region is associated with a general increase in the expression of cortical layer
markers with a particularly large increase of both TBR1 and CTIP2 expression. On the other
hand, 1g21.1 duplication was associated with no significant changes in the expression of
lower layer cortical neuron markers and an upregulation of genes associated with upper
layer cortical neurons. These results confirm that this protocol is a valid model of early
human cortical development producing largely lower layer glutamatergic cortical neurons
with some small-scale production of upper layer neurons. Furthermore, 1g21.1 mutations
have a significant effect on the expression of general neuronal makers and markers specific

to both cortical fate and neuronal function.

3.3.4 1g21.1 mutations are associated with alterations in the morphology and production of
immature neurons

To investigate the effect of 1g21.1 on the production of immature neurons, the
morphology and quantity of neurons was assessed after 30 days of differentiation. At this
time point cells are transitioning from NPCs to neurons and begin to express MAP2,
however while the morphology of these cells is changing complex neuronal morphology is
not yet observable. Measuring the soma size of MAP2 positive immature neurons showed
a decrease in 1g21.1 deletions and a corresponding increase in 1g21.1 duplications (Figure
3.12), however the effect sizes of these changes were small with an increase or decrease
of around 10 um?2. Unlike soma size the changes in primary process length and number of

primary processes did not show reciprocal changes with 1921.1 mutation, both deletion
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and duplication of the 1g21.1 locus was associated with an increase in primary process
length and number of primary processes (Figure 3.12). However, again the effect size of
these changes is relatively small particularly when considering the number of primary
processes. All immature neurons have either 2 or 3 primary processes and therefore the
increase in primary processes in neurons with 1g21.1 mutation is due to a small increase
in the proportion of neurons with 3 primary processes. The changes in primary process
length are of particular interest as the largest change is in 1g21.1 duplication cells with an
almost 20 um increase in average process length, with 1g21.1 deletion associated with a
smaller and more variable increase in process length. Therefore, both 1g21.1 deletion and
duplication are associated with changes in immature neuronal morphology.

However, assessing the expression of DCX at day 30 of differentiation showed that
while 1g21.1 deletion cultures are able to produce immature neurons with similar basic
morphology to controls, there is a decrease in the expression of DCX (Figure 3.12). As this
result and previous data on MAP2 expression at day 50 suggest duplication cultures have a
decrease propensity to form neurons, the percentage of MAP2+ cells was evaluated in day
30 cultures. In control cultures most cells are MAP2+ with around 25% of nuclei remaining
MAP2-, representing the small population of NPCs (or MAP2- neurons) which remain at this
time point. In 1g21.1 deletion cultures there is a small but significant increase in the
proportion of MAP2+ cells. On the other hand in 1g21.1 duplication cultures there is a large
(almost 50%) loss of MAP2+ cells (Figure 3.12). These results confirm that the gene
expression changes are caused by changes in the production of immature neurons with
1921.1 deletion cultures producing similar amounts of neurons to controls and 1g21.1

duplication cultures producing significantly fewer neurons.
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Figure 3.11: Morphology of immature neurons produced by 1g21.1 mutant cells. A Quantification of average soma size
of neurons after 30 days of differentiation (Control N=2, Deletion N=3, Duplication N=2 and n=3). B Quantification of
MAP2+ process length of neurons after 30 days of differentiation (Control N=2, Deletion N=3, Duplication N=2 and n=3).
C Quantification of the number of primary MAP2+ branches of neurons after 30 days of differentiation (Control N=2,
Deletion N=3, Duplication N=2 and n=3). D The expression of DCX mRNA at day 30 of neuronal differentiation (Control
N=2, Deletion N=3, Duplication N=2 and n=3). Relative mRNA abundance was calculated compared to GAPDH expression.
E Quantification of the percentage of DAPI+ nuclei with were colocalized with Map2 positivity in immature neuronal
cultures after 30 days of differentiation (Control N=2, Deletion N=3, Duplication N=2 and n=3). Data was analyzed using
Students T-Tests and all data is presented as means + SEM *P<0.05, **P<0.01; ***P<0.001; ***P<0.001 vs. control. F
Representative images of MAP2 positive immature neurons after 30 days of differentiation from a control, deletion and
duplication cell line. Scale bar = 50 pm.
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3.3.5 Deletions and duplications of the 1g21.1 region are associated with altered
developmental trajectories

With evidence of changes in the production of neurons after 30 days of
differentiation and similar indications from gene expression changes after 50 days of
differentiation the longitudinal expression of 3 genes was examined (PAX6, NES and MAP2);
each marking a separate stage of early neuronal differentiation (Figure 3.13). As a marker
of neuroectodermal specification the expression of PAX6 was highest at day 20 of
differentiation and all cultures followed a similar trajectory with a large decrease in PAX6
expression. However, after 30 days of differentiation 1921.1 duplication cultures had a
decrease level of PAX6 expression compared to both controls and 1g21.1 deletions and
after 40 days of differentiation 1g21.1 deletion cultures had an increase in the expression
of PAX6 compared to both control and 1g21.1 duplication cultures. The expression of NES
(a marker of NPCs) showed a largely similar pattern to PAX6 with a general decrease in
expression across all cultures with 1g21.1 duplication cultures starting with a higher

expression than either control or deletion cultures.
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Figure 3.12: Longitudinal expression of neuronal markers in control and 1q21.1 deletion or duplication neuronal
differentiations. A The expression of PAX6 through the course of the neuronal differentiations (from day 20 to day 50).
Both genotype (F,,65=15.06; P<0.0001; Control N=2, Deletion N=3, Duplication N=2 and n=3) and time (F365=99.75;
P<0.0001; Control N=2, Deletion N=3, Duplication N=2 and n=3) had significant effects on PAX6 expression. B The
expression of NES through the course of the neuronal differentiations (from day 20 to day 50). Both genotype (F,,65=7.94;
P<0.001; Control N=2, Deletion N=3, Duplication N=2 and n=3) and time (F3 65=193; P<0.0001; Control N=2, Deletion N=3,
Duplication N=2 and n=3) had significant effects on NES expression. C The expression of MAP2 through the course of the
neuronal differentiations (from day 20 to day 50). Both genotype (F,,6:=28.17; P<0.0001; Control N=2, Deletion N=3,
Duplication N=2 and n=3) and time (F365=53.13; P<0.0001; Control N=2, Deletion N=3, Duplication N=2 and n=3) had
significant effects on MAP2 expression. Relative mRNA abundance was calculated compared to GAPDH expression. Data
sets were analyzed by two-way ANOVA with post hoc comparisons using Dunnett’s multiple comparisons test comparing
to control samples. Stars above points represent Dunnett-corrected post hoc tests. D Representative western blot protein
bands and histograms for Map2 expression normalized to GAPDH. Data was analyzed using Students T-Test (n>3). All data
presented as means + SEM *P<0.05; **P<0.01; ****P<0.0001 vs. control.
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Finally, MAP2 (a general marker of immature neurons and neuronal complexity)
showed an opposing pattern with a significant increase in MAP2 expression from early time
points to later time points (Figure 3.13). For all time points except day 40 1g21.1 duplication
cultures were associated with a decreased expression of MAP2 compared to control or
deletion cultures. On the other hand, 1g21.1 deletion cultures show no change in MAP2
expression between day 20 and day 30 of differentiation followed by a sharp and sustained
increase in MAP2 expression for the remainder of the time course. At both day 40 and day
50 of differentiation 1921.1 deletion cultures have an increase expression of MAP2
compared to controls. Similarly, previous results (Figure 3.13) have illustrated a small but
significant increase in MAP2 positive cells at day 30 of differentiation. Taken together these
results suggest that 1g21.1 deletion cultures produce more MAP2 and therefore likely
produce more neurons from early time points through to later time points.

To confirm the differences in MAP2 expression at day 50 the protein levels of MAP2
were quantified by western blot (Figure 3.13) which showed a largely similar level of MAP2
in control and 1g21.1 deletion cultures indicating that the changes in MAP2 mRNA
expression may not be fully translated in protein. However, there was a large decrease in
the levels of MAP2 protein in 1921.1 duplication cultures reconfirming that there were
significantly fewer immature neurons in these cultures. Overall these results suggest that
cells carrying 1g21.1 deletions are capable of producing neurons in similar if not larger
quantities than controls but cell with 1921.1 duplications have a deficit in neuronal
production.

As MAP2 is a general marker of neuronal maturity and therefore only an indication
of an increased production of neurons it was important to consider if the production of
particular subgroups of neurons was affected. The simplest way of subgrouping neurons is
into excitatory and inhibitory neurons and given dual SMAD inhibition based protocols are
known to produced largely excitatory neurons with a small proportion of inhibitory neurons
it was critical to assess if this proportionality was altered by the increase in neuronal
production associated with 1g21.1 deletion. Using a marker of inhibitory neurons
(Glutamate Decarboxylase 1, GAD67) and a marker of excitatory neurons (VGLUT1) it was
clear that the increase in neurons in 1g21.1 deletion cultures is likely a specific increase in
excitatory (VGLUT1+) neurons rather than a general increase in all neurons (Figure 3.14).
While there is also a small increase in GAD67 and VGLUT1 in 1g21.1 duplication cultures

this is orders of magnitude smaller than the increase in VGLUT1 seen in 1921.1 deletion
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cultures suggesting that there may be small changes in the production of these markers
but consistent with a similar or lower production of neurons in these cultures. These results
suggest that 1g21.1 deletion and not duplication influences the proportionality of

excitatory and inhibitory neurons produced under this protocol.
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Figure 3.13: Expression of an excitatory and an inhibitory neuronal marker in day 40 differentiations. Expression of
GAD67 and VGLUT1 in day 40 neuronal cultures. Relative mRNA abundance was calculated compared to GAPDH
expression. Fold change was normalized to the expression in control cultures. Data was analyzed using Students T-Test
(Control N=2, Deletion N=3, Duplication N=2 and n=3). All data presented as means + SEM *P<0.05; ****P<0.0001 vs.
control.

3.3.6 Mutations at the 1g21.1 locus are associated with altered early cortical development
To further examine the impact of 1g21.1 mutations on the ability of lower cortical
neuron production the expression of two lower cortical layer markers was examined (TBR1
and CTIP2). As previously stated, the primary neurons produced at early stages of this
protocol are TBR1+ neurons and thus the expression of TBR1 mRNA increases rapidly in all
cultures (Figure 3.15). However, by far the largest increase in TBR1 expression is in 1g21.1
deletion cultures which diverge from duplication and control cultures at day 40 and
continue to increase in expression at day 50. The increase in TBR1 in 1g21.1 deletion
cultures is also seen at the protein level (measured at day 50) but while there is a trend for
an increase in the number of TBR1+ cells this is not significant at day 50. While 1g21.1
duplication cultures also have a small but significant increase of TBR1 mRNA expression at
day 30 and 40 the slow rate of increase compared to controls means that by day 50 there
is no significant difference between 1g21.1 duplication cultures and controls. The
similarities in TBR1 expression between control and 1g21.1 duplication cultures are also
seen at protein level and there is no significant difference between the percentage of
MAP2+ cells which are also TBR1+ in 1g21.1 duplication cultures compared to controls.
The expression of CTIP2 shows a much more reciprocal relationship with 1g21.1
deletion and duplication cultures diverging from control after day 20 (Figure 3.15). In

1g21.1 deletion cultures there is a sharp increase in expression of CTIP2 mRNA after day
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30 of differentiation resulting in higher expression than control cultures at both day 40 and
day 50. The increase of CTIP2 mRNA is also seen at protein level, observed by western
blotting and at a cellular level with more MAP2+ cells which also stain positive for CTIP2;
suggesting the increased production of CTIP2+ cells in 1g21.1 deletion cultures is a
particularly robust phenotype. The expression of CTIP2 mRNA in 1g21.1 duplication
cultures shows a reciprocal phenotype with a decreased expression from day 40 compared
to controls. However similarly to TBR1 there is no significant difference between control
and 1g21.1 duplication cultures when examining CTIP2 protein levels or the number of
MAP2+ cells co-expressing CTIP2. Given previous results on the decrease MAP2 expression
in 1921.1 duplication cultures it is critical that both cell counts are normalised to MAP2
positivity therefore bypassing any changes in the number of neurons. These results show
that 1g21.1 deletion cultures produce more CTIP2+ neurons and indicate there may be an
increase production of TBR1 neurons or an overexpression of TBR1 in TBR1+ neurons.
However, 1921.1 duplication cultures show similar expression of TBR1 and CTIP2 therefore
indicating that while there may be deficits in the production of neurons the neurons
produced (as identified by MAP2 expression) express markers of lower layer cortical

neurons at similar proportions to control cultures.
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Figure 3.14: Lower layer cortical neuron patterning in control and 1g21.1 neuronal differentiations. A The expression of
TBR1 through the course of the neuronal differentiations (from day 20 to day 50). Both genotype (F2,34=57.55; P<0.0001;
Control N=2, Deletion N=3, Duplication N=2 and n=3) and time (Fss=365.8; P<0.0001; Control N=2, Deletion N=3,
Duplication N=2 and n=3) had significant effects on TBR1 expression. Relative mRNA abundance was calculated compared
to GAPDH expression. B Representative western blot protein bands and histograms for TBR1 expression normalized to
GAPDH (Control N=2, Deletion N=3, Duplication N=2 and n=3). C Quantification of the percentage of MAP2 positive cells
which co-express TBR1 (Control N=2, Deletion N=3, Duplication N=2 and n=3). D Representative images of MAP2 and TBR1
colocalization from a control, deletion and duplication cell line. E The expression of CTIP2 through the course of the
neuronal differentiations (from day 20 to day 50). Both genotype (F;,34=199.7; P<0.0001; Control N=2, Deletion N=3,
Duplication N=2 and n=3) and time (F3g=133.2; P<0.0001; Control N=2, Deletion N=3, Duplication N=2 and n=3) had
significant effects on CTIP2 expression. Relative mRNA abundance was calculated compared to GAPDH expression. F
Representative western blot protein bands and histograms for CTIP2 expression normalized to GAPDH (Control N=2,
Deletion N=3, Duplication N=2 and n=3). G Quantification of the percentage of MAP2 positive cells which co-express CTIP2
(Control N=2, Deletion N=3, Duplication N=2 and n=3). H Representative images of MAP2 and CTIP2 colocalization from a
control, deletion and duplication cell line. Scale bar = 50 um. Data sets were analyzed by Students T-Test or two-way
ANOVA with post hoc comparisons using Dunnett’s multiple comparisons test comparing to control samples. Where
appropriate (A and E) stars above points represent Dunnett-corrected post hoc tests otherwise stars represent results
from T-Tests. All data presented as means + SEM *P<0.05; **P<0.01; ***P<0.001 ****P<0.0001 vs. control.
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3.3.7 A mouse model of 1g21.1 microdeletion shows altered cortical development

With human 1g21.1 neuronal differentiations showing deficits in the production of
lower cortical layer neurons a mouse model of 1g21.1 microdeletion was assessed for the
production of lower layer cortical neurons using the same two markers (Tbrl and Ctip2).
This assessment showed that the 1g21.1 microdeletion mouse model had an increase in
Tbrl+ cells compared to litter mate controls (Figure 3.16). However, there was no
difference in the number of Ctip2+ cells when comparing the 1g21.1 mouse model to litter
mate controls. While these results are limited to these two markers, they do indicate a
cortical layer phenotype in the mouse model suggesting that the underlying genotype

driving this phenotype may be common between both mice and human.
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Figure 3.15: Quantification of lower layer cortical markers in adult mouse brains modelling 1q21.1 microdeletion. A
Quantification of Tbrl+ nuclei in the somatosensory cortex of adult mice modelling 1g21.1 microdeletion and liter
matched controls given as a percentage of nuclei in a 300 um section of cortex. B Quantification of Ctip2+ nuclei in the
somatosensory cortex of adult mice modelling 1g21.1 microdeletion and liter matched controls given as a percentage of
nuclei in a 300 um section of cortex. All data presented as mean + SEM; **P<0.01. Data was analyzed using Student’s T-
tests with 6 animals per group and n=3 for each animal. C Example images of Tbr1+ cells in the somatosensory cortex of
adult mice both wild type (WT) and from the 1g21.1 microdeletion model (1g21.1). D Example images of Ctip2+ cells in
the somatosensory cortex of adult mice both wild type (WT) and from the 1g21.1 microdeletion model (1g21.1). Markers
correspond to cortical layers. Scale Bar = 100 um.
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3.3.8 Neurons carrying 1921.1 mutations have altered capacity to produce synapses

To investigate the effect the changes in differentiation may have on the
functionality of the resultant cells the production of synapses was assessed. To understand
the effect of 1g21.1 mutation on the production of synapses the expression of a pre-
synaptic protein, Synaptophysin (SYN), and a post-synaptic protein, Discs Large MAGUK
Scaffold Protein 4 (PSD-95), was examined. The expression of SYN mRNA showed an
increased expression in 1g21.1 deletion neurons compared to controls whereas 1g21.1
duplication neurons showed a similar expression to controls (Figure 3.17). However, the
expression of PSD-95 mRNA showed a reciprocal pattern with an increased expression in
1g21.1 deletion neurons and a decreased expression in 1g21.1 duplication neurons
compared to control.

However, given the previously identified changes in the production and complexity
of neurons in these cultures it was critical to identify if these changes were simply due to
changes in the amount or complexity of neurons. To achieve this the expression of both
markers was assessed at protein level and normalised to an endogenous control (GAPDH)
and then further normalised to the expression of MAP2 protein. This quantification
therefore begins to examine the expression of these markers without the confound of
differential neuronal production or morphology. Unlike at mRNA level SYN protein
expression normalised to MAP2 showed that both 1g21.1 deletion neurons and control
neurons had similar expression of SYN protein, but 1g21.1 duplication neurons showed a
significant loss of SYN protein compared to control (Figure 3.17). On the other hand, PSD-
95 protein expression showed a similar pattern to mRNA expression with increased
expression in 1g21.1 deletion neurons and a decreased expression in 1g21.1 duplication

neurons.
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Figure 3.16: The expression of synapse associated genes in control and 1g21.1 day 50 neuronal cultures. A The
expression of SYN mRNA at day 50 of neuronal differentiation (Control N=2, Deletion N=3, Duplication N=2 and n=3).
Relative mRNA abundance was calculated compared to GAPDH expression. B Representative western blot protein bands
and histograms for SYN expression normalized to both GAPDH and MAP2 (Control N=2, Deletion N=3, Duplication N=2
and n=3). C The expression of PSD-95 mRNA at day 50 of neuronal differentiation (Control N=2, Deletion N=3, Duplication
N=2 and n=3). Relative mRNA abundance was calculated compared to GAPDH expression. D Representative western blot
protein bands and histograms for PSD-95 expression normalized to both GAPDH and MAP2 (Control N=2, Deletion N=3,
Duplication N=2 and n=3). Data was analyzed using Students T-Tests and all data is presented as means + SEM; *P<0.05;
**P<0.01; ***P<0.001; ****P<0.0001 vs. control.

Finally, to confirm the changes in SYN expression the number of SYN+ puncta was
guantified and normalised to the total area of MAP2+ staining thereby again assessing the
number of SYN+ pre-synaptic termini account for some of the changes in number and
complexity of neurons. This quantification showed a similar pattern to that seen in PSD-95
expression with an increased number of SYN+ puncta in 1g21.1 deletion neurons and a
decrease in puncta in 1921.1 duplication neurons (Figure 3.18). These results confirm that
1g21.1 mutations have an effect on the production of synapses and critically while this
effect may be linked to the previously identified differentiation phenotypes the changes in
synapse production may not simply be due to an increase in the number of neurons or an
increase in the complexity of the neurons produced as indicated by increased expression

of MAP2 in previous data.
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Figure 3.1: The uantification of presynaptic densities in day 50 neurons. A Quantificatin of the numbe of SYN
positive puncta normalized to the area which stained positive for MAP2 (Control N=2, Deletion N=3, Duplication N=2 and
n=3). B Representative images of SYN positive puncta in a control, deletion and duplication cell line. Scale bar = 50 um.
Data was analyzed using Students T-Tests and all data is presented as means + SEM **P<0.01 vs. control.
3.3.9 Deletion or duplication of the 1g21.1 locus changes the ability of neurons to function
Calcium measurements in iPSC-neurons provide information about neuronal
activity providing a convenient method to begin to assess the effect of 19g21.1 mutations
on neuronal function. Cells were preloaded with a fluorescent calcium indicator, and
changes in intracellular calcium levels were recorded as a proxy to monitor neuronal
activity. Using this paradigm, it is possible to ascertain if differences in neuronal
differentiation, morphology and synapse production are likely to have an effect on
neuronal function. Given previous data on the differential ability of 1g21.1 mutant cells to
produce neurons; firstly the percentage of cells identified (using commercially available
software) which showed at least one characteristically neuronal calcium event (defined as
a rise time <1 second, fall time <2 seconds) was quantified. This analysis showed that in
both control and 1g21.1 deletion cultures around 80% of the cells identified using the
automated analysis showed at least one characteristically neuronal calcium event ina 5
minute recording (Figure 3.19). In 1g21.1 duplication cultures the percentage of active cells
was significantly lower with only around 35% of cells showing at least one neuronal calcium

event across the 5-minute recording.
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Examining the number of neuronal calcium events per minute the difference
between 1g21.1 deletion neurons and controls became clear, with 1g21.1 deletion neurons
being around 30% more active than control neurons (Figure 3.14). However, in this case
the duplication and control neurons were similar in their activity. These results show that
while 1g21.1 duplication cultures produce fewer active cells (as measured by calcium
activity) the neurons which are produced function in a similar fashion to the controls.
Whereas the deletion of the 1g21.1 region has no significant effect on the number of active
cells (as measured by calcium activity) but significantly increases the activity of these cells.
Finally, examining the traces of these calcium events it is clear that deletion of the 1g21.1
region is more commonly associated with trains of spikes (Figure 3.19) with clear definition

between spikes but troughs between these peaks failing to return to base line.

A, Active Cells B, Calcium Events  C
:
ki Control ] \M\N

3 304 < N\\ jj\'\j\l\:\J
< £
e 2
0 604 £ 3 L
z :>: Deletion J\i‘A\\j@\J\J\N W )
f,w- 1) £ 24
2 =
g 3 A

204 o 1 Duplication Y IJ\!N\!\J\’\J/\/I\

10% AF/F
0 o 30s

Control Deletion Duplication Control Deletion Duplication

Figure 3.18: Analysis of calcium kinetics in neurons carrying 1q21.1 mutations. A Quantification of soma which show at
least 1 characteristically neuronal calcium event (Control N=2, Deletion N=3, Duplication N=2 and n=3). B Number of
characteristically neuronal calcium events recorded per minute (Control N=2, Deletion N=3, Duplication N=2 and n=3). C
Representative traces of calcium events as measured by changes in fluorescence from a control, deletion and duplication
cell line (Control N=2, Deletion N=3, Duplication N=2 and n=3). Data was analysed using Students T-Tests and all data is
presented as means * SEM ***P<0.001; ****P<0.0001 vs. control.

To examine the contribution of AMPA and NMDA signalling on the activity of
neurons within these cultures the NMDA receptor antagonist AP5 (D-2-amino-5-
phosphonopentanoate) and the AMPA receptor antagonist CNQX (6-Cyano-7-
nitroquinoxaline-2,3-dione) were added to cultures for 10 minutes. After incubation with
either AP5 or CNQX the percentage of active cells was again quantified. This analysis
showed that inhibition of either AMPA or NMDA signalling in control or 1g21.1 deletion
cultures reduced the percentage of active cells by around 1/3 (Figure 3.20). In the case of
1g21.1 deletion cultures this reduction put the levels of active cells into a similar range, to
that found in 1g21.1 duplication cultures suggesting that the reduced level of activity in
these cultures may be due to a lack of neuronal signalling through either AMPA or NMDA

pathways. In 1g21.1 duplication cultures only the inhibition of AMPA signalling by CNQX
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significantly reduced the percentage of active cells. This result suggests that in 1g21.1
duplication cultures AMPA signalling is more prevalent than NMDA signalling. However,
while the loss of active cells was significant due to inhibition of AMPA signalling this loss
was very small. Taken together these results further suggest a lack of neuronal signalling in

1921.1 duplication cultures.
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Figure 3.19: The effect of inhibiting AMPA or NMDA signaling in day 50 neuronal cultures. Quantification of soma which
show at least 1 characteristically neuronal calcium event. Both genotype (F,,19=97.44; P<0.0001; Control N=2, Deletion
N=3, Duplication N=2 and n=3) and drug (F,,15=100.5; P<0.05; Control N=2, Deletion N=3, Duplication N=2 and n=3) had
significant effects on the percentage of active cells. There was also a significant interaction between the effect of
genotype and drug (Fs,19=10.16; P=0.0001; Control N=2, Deletion N=3, Duplication N=2 and n=3) on the percentage of
active cells. Data sets were analyzed by two-way ANOVA with post hoc comparisons using Dunnett’s multiple comparisons
test comparing to control samples. Stars represent Dunnett-corrected post hoc tests. All data presented as means + SEM
*P<0.05; ****P<0.0001 vs. untreated.

Examining calcium kinetics is a powerful technique to analyse the function of
neurons however this analysis is a proxy measure of the function of these cells. Therefore,
to directly measure the functionality of these cells and to understand how mutations at the
1921.1 locus effect neuronal network behaviour MEAs were used. The use of MEAs allows
an examination of both simple metrics such as activity and more complex metric such as
bursting and network bursting. Once cells are plated onto MEAs there is a recovery period
of 10 days to allow the reformation of complex neuronal morphology and synapses and
from this point forward the activity of these cells increases over the course of the
subsequent 50 days. Therefore, as expected control cultures show a slow and steady
increase of activity. However, 1g21.1 duplication cultures show a decrease in activity across
the 50-day period of MEA recording (Figure 3.21). In contrast 1g21.1 deletion cultures also
show a steady increase in activity over this period with a similar rate of increase to controls
up to day 80 and then a larger increase in activity over the subsequent 20 days.

The simplest metric beyond total activity is bursting, which is a dynamic state in
which neurons repeatedly fire discrete spikes. This behaviour is critical to neuronal function

and drives the communication and synchronisation of neuronal networks. This type of
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activity is not seen in at early time points (around day 60 or 70) but begins to present later
(after day 80). In control cultures again as expected there is an increase in the number of
bursts per minute from day 60 to day 100 with a sharp increase from day 70 to 80 follow
by a plateau in the number of bursts per minute (Figure 3.21) speaking to the transition
from an active unorganised network to an active and organised network. In 1g21.1 deletion
cultures there was a similar increase in the number of bursts per minute as in control
cultures between days 60 and 80. However, rather than the number of bursts plateauing
after day 80 the bursts per minute continued to increase at a higher rate resulting in a 2
fold increase in the number of bursts per minute in 1g21.1 deletion cultures as compared
to controls. In a similar pattern to that seen with activity there is a small increase in bursting
in 1g21.1 duplication cultures at day 70; however, this is not sustained and by day 100 there
is no observable bursting in 1g21.1 duplication cultures. These results suggest that the
increase activity seen in 1921.1 deletion cultures does not preclude the formation of
organised neuronal activity and rather results in more active neuronal firing patterns.
Whereas the lack of activity in 1921.1 duplication cultures results in a lack of neuronal

network behaviour.
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Figure 3.20: The activity and network behavior of neurons using MEAs. A Representative trace of electrical activity as
measured by MEAs (at day 70 and day 100 of differentiation) with each row representing a single electrode. B The average
number of spikes recorded per electrode across the 50-day MEA period. Both genotype (F,,76=18.06; P<0.0001; Control
N=2, Deletion N=3, Duplication N=2 and n=3) and time (F4 76=3.536; P<0.05; Control N=2, Deletion N=3, Duplication N=2
and n=3) had significant effects on the average number of spikes per electrode. C The average number bursts (defined as
when more than 3 electrodes were active in the same 200ms time frame) per culture across the 50 days cells were
maintained on MEAs. Only genotype (F,,61=8.637; P<0.001; Control N=2, Deletion N=3, Duplication N=2 and n=3) had a
statically significant effects on the number of bursts per culture per recording. D,E,F Array-wide spike detection rate plots
from control, 1g21.1 deletion and 1g21.1 duplication MEAs. Data sets were analyzed by two-way ANOVA with post hoc
comparisons using Dunnett’s multiple comparisons test comparing to control samples. Stars above points represent
Dunnett-corrected post hoc tests. All data presented as means + SEM *P<0.05; **P<0.01; ***P<0.001 ****P<0.0001 vs.
control.
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Previous work using similar MEA systems has shown that neuronal bursting is
dependent on both AMPA and NMDA signalling?#’. To assess the effect of inhibiting AMPA
and NMDA signalling AP5 or CNQX were added for 10 minutes before MEA recordings were
taken. Mirroring the results from calcium imaging experiments addition of either AMPA or
NMDA signalling prevented the emergence of neuronal bursting resulting in a decrease in
the spike counts/bin on the ASDR plots (Figure 3.22). While this pharmacological
intervention did not prevent all neuronal activity, the remaining activity was similar to that
seen as background activity in untreated cultures. This therefore indicates that neuronal
network activity in 1g21.1 deletion cultures is dependent on both AMPA and NMDA
signalling however not all activity is dependent on this signalling.

A Deletion B Deletion + AP5 C Deletion + CNQX

Figure 3.21: Inhibition of AMPA or NMDA signaling in 1q21.1 deletion neuronal cultures. A Example of an array-wide
spike detection rate (ASDR) plot from 1g21.1 deletion cultures after 100 days of differentiation. B Example of an array-
wide spike detection rate plot from 1q21.1 deletion cultures after 100 days of differentiation. The culture was incubated
with AP5 immediately before recording. C Example of an array-wide spike detection rate (ASDR) plot from 1g21.1 deletion
cultures after 100 days of differentiation. The culture was incubated with CNQX immediately before recording.
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The use of MEAs allows not only the analysis of activity in terms of a temporal
component but also in terms of a spatial component examining the network bursting of
cultures. This type of activity is characterized in a similar fashion to simple bursting however
rather than simply quantifying the number of spikes in a given period, network bursting
also takes into account the number of electrodes which are active in the same period.
Therefore, this metric examines the true network behaviour of the system rather than
simply analysing temporally linked activity which may not be due to complex network
behaviour and may be due to a small subset of or a single highly active electrode. It is clear
after 100 days of differentiation network bursts become apparent in both control and
1g21.1 deletion cultures with each network burst featuring the majority of active
electrodes followed by periods of very low activity (Figure 3.23). Examining the frequency

of these network bursts shows no significant difference between control and 1q21.1
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deletion cultures. Furthermore, examining the number of spikes which are presentin these
network bursts also showed no significant difference between control and 1g21.1 deletion
cultures (Figure 3.23). These results indicate that while there is increased activity and an
increased amount of bursting in 1g21.1 deletion cultures compared to controls there is no

change in the frequency of network activity.
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Figure 3.22: The effect of 1q21.1 deletion on complex neuronal network behaviors. A,B Representations of synchronicity
within cultures, purple boxes denote synchronized network activity (when 3 or more electrode are active within the same
time frame) and height of peaks in the above histogram represents this synchronized network activity as a function of
total activity. C Quantification of the number of network bursts per minute in each culture measured after 100 days of
differentiation (Control N=2, Deletion N=3 and n=3). D Quantification of the number of spikes within each network bursts
across all cultures and all recordings. Measured after 100 days of differentiation (Control N=2, Deletion N=3 and n=3).

While the frequency of network bursting is unaffected by 1g21.1 deletions the
duration of network bursts is significantly different between 1g21.1 deletion cultures and
controls. Interestingly the increase in network bursts duration is seen at both day 80 when
organised network activity begins and at day 100 suggesting that this change is not directly
due to the large increase in activity seen at later time points in 1g21.1 deletion cultures
(Figure 3.24). Furthermore, there is no significant difference between the interval between
bursts after either 80 or 100 days of differentiation. Taken together these results show that
1g21.1 deletion cultures have longer network bursts however the interval between bursts

and the number of spikes within the bursts are not significantly different. Meaning
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therefore, 1g21.1 deletion cultures have longer periods of network activity with no
corresponding increase in network activity.
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Figure 3.23: The effect of 1g21.1 deletion on complex neuronal network bursting behaviour. A Quantification of the
time between network bursts measured after 80 days of differentiation (Control N=2, Deletion N=3 and n=3). B
Quantification of the time between network bursts measured after 100 days of differentiation (Control N=2, Deletion
N=3 and n=3). C The duration of network bursts in cultures after 80 days of differentiation (Control N=2, Deletion N=3
and n=3). D The duration of network bursts in cultures after 100 days of differentiation (Control N=2, Deletion N=3 and
n=3). Data sets were analyzed by Students T-Test; **P<0.01; ****P<0.0001 vs. control.

3.3.10 The use of drugs targeting calcium related pathways can modulate the physiological
phenotypes associated with 1g21.1 mutations

Due to the changes in the expression of calcium channels associated with 1921.1

CNVs, 4 drugs were selected to modulate the altered calcium exchange observe in 1921.1
deletion or duplication neurons. The 4 drugs were selected based on their ability to
modulate the function of neuronally expressed calcium channels with aim of rescuing the
phenotypes observed in 1g21.1 mutant cultures. Clozapine (known to down regulate
calcium transmission and effect T-type calcium channels?#824%) and verapamil (an L-type
calcium channel blocker?>°) were selected to decrease activity in 1g21.1 deletion neurons
and calcitriol (which has neuroprotective effects?*!) and roscovitine (which slows the
closing of P-type calcium channels?>?) were selected to induce activity in inactive 1921.1
duplication cells. As these drugs were resuspended in either PBS or DMSO the latter was
used as a vehicle control given it is far more likely to have an effect and was added in

parallel to all drugs. The drugs were administered chronically for 10 days to allow for gene
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expression changes to take hold. Similarly to previous results the 1g21.1 deletion and
control cultures showed high levels of active cells with no significant differences between
1921.1 deletion or control cultures in any condition tested (vehicle, clozapine or
verapamil). However, the increased activity in 1g21.1 neurons was ameliorated by the
addition of either drug (clozapine or verapamil) both decreasing the rate of calcium events
by around half resulting in a lower level than that seen in control neurons (Figure 3.25).
Both drugs also had a significant effect on the rate of calcium events in control neurons
with clozapine reducing the rate to a similar level as that seen in 1g21.1 deletion neurons;
however, this reduction is significantly smaller than that seen in 1g21.1 deletion neurons.
Verapamil had an inverse effect on control neurons as 1g21.1 deletion neurons; increasing
the rate of calcium events by around 1/3.

Neither calcitriol or roscovitine had a significant effect on the percentage of active
neurons in either control or duplication cultures with duplication cultures having around %
the percentage of active neurons seen in control cultures (Figure 3.25). In control neurons
treatment with either calcitriol or roscovitine increased the rate of calcium events by
around 50% resulting in a similar rate to that seen in 1921.1 deletion neurons. However, in
1g21.1 duplication neurons only roscovitine had a significant effect; also increasing the rate
of calcium events to a similar degree as that seen in controls. These results indicate that
the duplication of 1g21.1 prevents the action of calcitriol but has no effect on the action of
roscovitine. Furthermore, the cells which do not show any calcium activity in 1g21.1

duplication cultures remain inactive despite that addition of either calcitriol or roscovitine.
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Figure 3.24: Pharmacological modulation of calcium kinetics in neurons with 1q21.1 mutations. A Number of
characteristically neuronal calcium events recorded per minute in day 50 control and 1g21.1 deletion cultures treated
for 10 days with vehicle (DMSO), clozapine or verapamil. Both genotype (F1,2s=71.64; P<0.0001; Control N=2, Deletion
N=3, Duplication N=2 and n=3) and the addition of drugs (F,2s=79.56; P<0.0001; Control N=2, Deletion N=3, Duplication
N=2 and n=3) had significant effects on the average rate of calcium events. Furthermore, there was a significant
interaction between the effect of genotype and drug (F,.s=162.4; P<0.0001; Control N=2, Deletion N=3, Duplication
N=2 and n=3) on the rate of calcium events. B Number of characteristically neuronal calcium events recorded per
minute in day 50 control and 1g21.1 duplication cultures treated for 10 days with vehicle (DMSO), calcitriol or
roscovitine. Both genotype (F1,2,=38.1; P<0.0001; Control N=2, Deletion N=3, Duplication N=2 and n=3) and the addition
of drugs (F,,,2=63.87; P<0.0001; Control N=2, Deletion N=3, Duplication N=2 and n=3) had significant effects on the
average rate of calcium events. Furthermore, there was a significant interaction between the effect of genotype and
drug (F,2,=16.06; P<0.0001; Control N=2, Deletion N=3, Duplication N=2 and n=3) on the rate of calcium events. C
Quantification of soma which show at least 1 characteristically neuronal calcium event in day 50 control and 1g21.1
deletion cultures treated for 10 days with vehicle (DMSO), clozapine or verapamil (Control N=2, Deletion N=3,
Duplication N=2 and n=3). D Quantification of soma which show at least 1 characteristically neuronal calcium event in
day 50 control and 1g21.1 deletion cultures treated for 10 days with vehicle (DMSO), calcitriol or roscovitine. Only
genotype had a significant effect on the percentage of active cells (F1,,2=463.9; P<0.0001; Control N=2, Deletion N=3,
Duplication N=2 and n=3). Data sets were analyzed by two-way ANOVA with post hoc comparisons using Dunnett’s
multiple comparisons test comparing to control vehicle treated samples. Stars above points represent Dunnett-
corrected post hoc tests. All data presented as means + SEM; ***P<0.001 ****P<0.0001 vs. vehicle treated control.
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3.4 Discussion
3.4.1 Mutations at the 1g21.1 locus differentially regulate neuronal differentiation

This study is the first examination of the effects of copy number variation at the
1921.1 locus on human neuronal development and function. It is clear from this evidence
that mutation of the distal 1921.1 locus (either deletions or duplications) has no significant
effect on the creation and pluripotent ability of iPSCs. However, both deletion and
duplication of the 1921.1 region result in aberrant neuronal differentiation. Specifically, the
loss of neuronal production in 1g21.1 duplication cultures is consistent with other studies
on syndromes linked to an increased risk of ASD. In a similar iPSC model, it has been shown
that deletion of the 22q11.1 locus is associated with a decrease in the production of lower
cortical layer neurons and an increase in upper cortical layer neurons3. Furthermore, this
phenotype is also consistent with a study on Rett syndrome which found a decrease in the

253 In contrast a study by Mariani et al.** showed an

expression of neuronal markers
increase in neuronal production associated with FOXG1 mutation (associated with Rett
syndrome). However, this increase was suggested to be specific to GABAergic inhibitory
neurons with similar production of glutamatergic neurons.

In this study 1921.1 duplication cultures were shown to have decreased expression
of MAP2 after 50 days of differentiation and a similar decrease in the production of neurons
after 30 days of differentiation. This phenotype is further compounded by the increase in
DCX expression after 50 days of differentiation. Taken together these results suggest that
the decrease of neurons seenin 1g21.1 duplication cultures may be due to a bottle neck in
the transition of immature neurons into mature neurons (Figure 3.26). This results in
particular is consistent with previous work on increased expression of NOTCH2NL which
has been shown to prevent the differentiation of neurons from NPCs®>2%>, However due to
the use of mitotic inhibitors in these differentiations the resulting phenotype is an increase
of immature neurons rather than a maintenance of NPCs. This may be particularly relevant
to the use of DAPT which is a y-sectretase inhibitor and therefore will decrease the
overactivation of NOTCH signaling associated with duplication of the 1g21.1 region and has
been shown to increase neuronal differentiation®. The lack of a decrease in the expression
or number of TBR1 and CTIP2 positive cells in 1g21.1 duplication cultures may also be due
to the use of mitotic inhibitors forcing cells which would otherwise remain as immature

neurons to become lower layer cortical neurons.
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While the duplication of the 1g21.1 locus is associated with an increased risk of ASD,
deletion of this locus is primarily associated with an increased risk of schizophrenia. The
association between neuronal differentiation and CNVs associated specifically with
schizophrenia remains poorly understood. A study examining deletion of the 15q11.2 locus
has shown an associated loss of NPC organization in iPSC models?®®. This study went on to
use a mouse model of CYFIP1 hypofunction to show this phenotype was linked to abnormal
cortical organization like that seen in the 1g21.1 microdeletion mouse model. The increase
production of immature neurons in 1g21.1 deletion cultures is also somewhat consistent
with findings from a study using iPSCs derived from idiopathic schizophrenic patients. This
study showed that glutamatergic neurons from these patients failed to mature??® therefore
also suggesting a developmental phenotype.

The deletion of the distal 1g21.1 locus is associated with an increased production
of all neuronal markers at day 50 of differentiation. There is also an increased production
of CTIP2 neurons and increased expression of TBR1. After 30 days of differentiation there
is clear evidence for the efficient conversion of immature neurons into maturing neurons
as shown by the decreased DCX expression and the increased number of MAP2+ cells
(Figure 3.26). Therefore, the subsequent increase in DCX, NCAM and MAP2 seen at day 50
is likely due to the retention of proliferative cells in the intervening 20 days. The increase
in both immature and maturing neurons in 1g21.1 deletion cultures at later time points
could be due to an increase in proliferation at all stages of neuronal development or could
be due to an increased proliferation of early immature neurons and then efficient
conversion of these extra cells into later immature neurons and then mature neurons
(Figure 3.26). Again these results somewhat recapitulate those seen in work on NOTCH2NL
genes which has shown that loss of NOTCH2NL expression causes early transition of radial
glial cells into neurons®2>>, While consistent with the results at day 30 of differentiation

this work does not fully explain the results seen after 50 days of differentiation.
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Figure 3.25: Graphical explanations for the developmental phenotypes observed in 1g21.1 mutant cell lines. A After 30
days of differentiation in control iPSC differentiations there are NPCs (blue) which are still proliferating and being
converted into immature neurons (green) and maturing neurons (yellow). In 1g21.1 duplication differentiations the NPCs
are also being converted to immature neurons however the lack of conversion to maturing neurons results in an increase
in the proportion of immature neurons compared to controls. In 1g21.1 deletion differentiations there is highly efficient
conversion of immature neurons into maturing neurons. This results in a decrease in the proportion of immature neurons
and an increase in the proportion of maturing neurons. B After 50 days of differentiation in control iPSC differentiation
there are very few NPCs with the remaining immature neurons being converted to maturing neurons. Similarly, to day 30
after 50 days of differentiation in 1g21.1 duplication differentiations there is a loss of maturing neurons due to a lack of
conversion from immature neurons coupled with a retention of NPCs. In 1g21.1 deletion differentiations there are two
possible explanations for the phenotype observed. Option A is there is increased proliferation of immature neurons with
efficient conversion into maturing neurons. On the other hand, option B is a retention of NPCs with highly efficient
conversion of NPCs into immature and then maturing neurons ultimately resulting in an increased proportion of both cell
types compared to controls.

These results are also particularly relevant to the microcephaly and microcephaly
associated with the duplication and deletion of the distal 1g21.1 locus respectively*. The
increase in neurons in 1g21.1 deletion cultures may be indicative of a premature
maturation therefore resulting in smaller brain due to the premature loss of highly
proliferative progenitors. In 1g21.1 duplication cultures the bottle neck in the conversion
of immature neurons to maturing neurons would suggest an inability to produce neurons.
However, if this results in the maintenance of a proliferative population past the point at
which these cells should have been lost this would result in a longer period of proliferation
and thereby result in a larger brain size. Work on 16p11.2 deletions and duplications which
show similar macro and microcephaly suggested changes in neuronal morphology to be the
cause of this phenotype?2. In this study examination of neuronal morphology showed clear
differences between controls and 1921.1 mutants however it failed to recapitulate the
clear reciprocal phenotypes associated with 16p11.2 mutations. Therefore, suggesting that
this phenotype may not be related to the micro and macrocephaly. There is also evidence
from studies into schizophrenia which do show decreased somal volume?’-2>9 [ike that
found in 1g21.1 deletion neurons. However, studies have also reported a decrease in the

length and number of dendrites?%%261 and a decrease in the expression of SYN mRNA262,263
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in contrast to the phenotypes observed in 1g21.1 deletion neurons. Therefore, while the
developmental phenotypes provide strong evidence explaining the microcephaly and
macrocephaly associated with these mutations the differences in neuronal morphology

may be more related to psychiatric risk than changes in brain size.

3.4.2 Abnormal calcium homeostasis and decreased neuronal activity associated with
1g21.1 duplication are phenotypes relevant to psychiatric disorders

As the primary association of 1g21.1 duplication is with ASD, it is critical to examine
the relevance of the altered calcium homeostasis identified in this study to this disorder.

264 and targeted SNP analysis?®® for an

There is a large body of evidence from GWAS studies
association between mutations in the CACNA gene family (encoding voltage gated calcium
channels) and ASD. Metanalysis of the signalling networks which underly the genetic
component of ASD?® also identifies calcium signalling particularly through the MAPK axis
as a significant contributor to ASD. Specifically examining ASD related mutation in subunits
of L-type calcium channels has shown that these mutation are linked with gain-of function
specifically causing the channel to remain open due to a loss of inactivation or abnormal
voltage gating?®”-268, This has been linked to increased cytosolic calcium concentration
which may have detrimental effects on cellular health?®®, Furthermore, a study into timothy

syndrome?!3¢

caused by mutations in CACNA1C have shown that this mutation can cause
developmental changes due to alterations in CREB signalling caused by increased calcium
concentrations. There is strong evidence that mutations in voltage gated calcium channels
are associated with ASD and these mutation may result in altered downstream signalling
causing developmental phenotypes.

Examining other mutations known to be linked to ASD lends further evidence that
altered calcium signalling is particularly relevant to this disorder. A study using patient
fibroblasts showed that there is a decreased release of calcium through IP3Rs in three
monogenic ASD syndromes therefore suggesting that deficits in calcium homeostasis are
associated with multiple forms of syndromic ASD?%, A loss of function mutation in ATP13A4
has also been linked to ASD and overexpression of this gene has been shown to cause an
increase in intracellular calcium?’®. In animal models haploinsufficiency of PTEN (mutations
in which have been linked to ASD) caused overexpression of a calcium activated potassium

channel?’!, This overexpression was shown to increase the sensitivity to incoming signals

and ultimately it was suggested to reduce the excitability of these cells. Finally, in human
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patient post-mortem tissue a study showed that increased calcium concentrations resulted
in the overactivation of the mitochondrial aspartate/glutamate carrier AGC12’? which may
result in increased oxidative stress. This evidence suggests that calcium homeostasis may
be a hub for disfunction in ASD having widespread effects on both neuronal health and
function.

Given this body of evidence it is unsurprising to see changes in the expression of
voltage gated calcium channels in association with duplication of the 1g21.1 locus.
Furthermore, the loss of active cells in calcium imaging experiments suggests fundamental
dysfunction in calcium homeostasis and signalling. However, this phenotype must also be
viewed in a developmental context. Therefore, it is possible the fundamental phenotype
may not be related to calcium transporters or signalling but may be one of altered
development resulting in the abnormal calcium homeostasis seen in this study. To better
understand the deficits associated with this mutation two drugs were applied to cultures
chronically for 10 days to assess what effect they would have on calcium kinetics in an
attempt to modulate the calcium kinetics in active cells or induce calcium activity in non-
active cells. Both drugs were selected as they could modulate the function of key calcium
channels. Calcitriol has been shown to have neuroprotective effects due to decreased

expression of L-type calcium channels?®?

and roscovitine causes p-type calcium channel to
remain open for longer?>? therefore allowing more calcium movement.

In both cases the drugs had a significant effect on control cells causing an increase
in the rate of calcium evens (as measured by calcium imaging). However, in 1921.1
duplication cultures only roscovitine had a positive effect on the rate of calcium events. But
roscovitine had no effect on the proportion of active cells therefore suggesting that the
inactive cells either do not express the P-type channel due to deficits in the neurons
produced or because the inactive cells are too immature to express functionally linked
proteins. However, the fact that this drug had an effect on the active cells suggests that
functional 1g21.1 duplication neurons express P-type calcium channels and that by
increasing the time these channels are open there is a corresponding increase in the
number of calcium events. These channels remaining open longer may allow cells to return
to base line faster therefore allowing further events to occur or may simply allow faster
Ca?* movement due to the channel being open more. Roscovitine also has similar effects

273

on potassium channels*’> which may also play a role in the increase of activity seen with

the addition of this drug. Finally, roscovitine also functions as a cyclin-dependent kinase
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(CDK) inhibitor (targeting cdk1, cdk2, cdk5, cdk7 and cdk92’4) which may also play a role in
effect of this drug.

In the case of calcitriol there was no effect on the rate of calcium events or the
proportion of active cells in 1921.1 duplication cultures. As calcitriol decreases the
expression of L-type calcium channels the increase of calcium events in control neurons
may be due to compensation from other calcium channels. Perhaps resulting in an increase
in the proportion of other calcium channels with properties more likely to cause increased
calcium movement. The increase of calcium events may also be linked to the
neuroprotective role of calcitriol. The lack of any significant change in 1g21.1 duplication
suggests the action of this drug is prevented by 1g21.1 duplication. This effect may be due
to the time the drug was used for, as the translational changes which are the likely result
of this drug may be delayed in 1921.1 duplication cells; or this may be due to the already
low expression of L-type calcium channels in 1g21.1 duplication cells. Therefore, suggesting
these channels may not be critical to the calcium kinetics in these cells. These effects may
be mediated by altered gene regulation caused by overexpression of CHD1L resulting in
altered epigenetic regulation or other gene expression changes linked to 1g21.1
duplication with unknown intermediates. It is also conceivable that 1g21.1 duplication
neurons are more functionally immature in general, resulting in a decreased production of
synapses and preventing high levels of expression of L-type calcium channels. Finally, the
lack of effect of either of these drugs on the proportion of active cells in these cultures
lends further evidence toward an argument that these cells are unable to become active
and therefore may either represent the population of DCX+ immature or a combination of
this population and a population of MAP2 expressing immature neurons incapable of
functioning.

While changes in calcium homeostasis may underly the functional deficits observed
in 1g21.1 duplication cultures it is ultimately the neuronal activity as measured by MEAs
which gives insight into the ability of these neurons to function as a neuronal network.
Synchronised neuronal networks as seen in control cultures are believed to underly key
functions of the cortex. Three ASD models have been specifically used to demonstrate the
association between altered neuronal electrical activity and this disorder. Mutations in
neuroligins have been linked to ASD and Gutierrez et al?’®> showed that overexpression of
neuroligin 3 increases synchronicity whereas a mutant form of this gene associated with

ASD has no such effect. Similarly, in a CNTNAP27- mouse model it has been shown there is
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a reduction in neuronal synchronisation and these animals also show behaviour deficits
commonly associated with models of ASD?’®. Finally using cultures of primary mouse
neurons with SHANK3 knocked out (mutations in which are associated with ASD) it has
been shown that there is a decrease in neuronal activity and a modulation of
synchronicity?”’.

Examining 1g21.1 duplication cultures on MEAs indicated a general lack of activity
in comparison to controls and an inability to form neuronal networks. This result indicates
an inability of 1921.1 duplication neurons to function as a neuronal network however this
may be due to flaws in the neurons themselves or may be due to changes in the population
of cells. The fact that 1921.1 duplication neurons which are active in calcium imaging
experiments show similar levels of activity to controls suggests that those cells which have
matured properly are able to function properly. Furthermore, examination of synapse
production by 1921.1 duplication neurons shows that these cells can produce the necessary
machinery to form synapses, however this production is decreased compared to controls.
Therefore, these results suggest some dysfunction in 1g21.1 duplication neurons but not a
complete inability to function as neurons should. Therefore, the inability of these cells to
produce functional neuronal networks may be due to the production of an inactive
subpopulation of cells as seen in calcium imaging experiments which prevents the
formation of large-scale functional networks.

Overall Evidence in this study shows that 1921.1 duplication results in altered
expression of CACNA genes and the development of a population of cells which show no
significant movement or sequestration of calcium. This results in the loss of neuronal
activity in 1921.1 duplication cultures during successive MEA recordings. These results are
consistent with other cellular models of ASD which also show reduced activity and/or
reduced synchronicity. However, in the case of this study due to the developmental
paradigm used the loss of activity may be compounded by the developmental phenotypes
which are not present in other models or are overcome by the later stages of development
when mouse cells are used. To better understand the role of 1g21.1 mutations on the
activity of neurons further work could be done using a directed differentiation approach to
generate neurons thereby bypassing the developmental phenotypes identified by this
work. This would also allow a better understanding of the relationship between

developmental insults and the resulting functional changes.
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3.4.3 Increased neuronal activity and abnormalities in synchronicity associated with 1g21.1
deletion models the imbalance of excitation and inhibition common in psychiatric disorders

Deletion of the 1g21.1 region is most highly associated with an increased risk of
developing schizophrenia and therefore it is essential that the phenotypes associated with
this mutation be viewed in the context of this disorder. One of the most common cellular
phenotypes which has been suggested as an underlying cause of schizophrenia and other
psychiatric disorders is an altered balance between excitation and inhibition therefore
causing aberrant network behavior. In this system there is a specific increase of excitatory
neurons caused by loss of the 1g21.1 distal region. This mutation is also associated with an
increase in neuronal activity therefore suggesting that the overall phenotype is an increase
in the number and function of excitatory neurons. Dysfunction in excitatory neurons
(specifically in glutamatergic neurotransmission) has long been established as a key driver
of schizophrenia. Early work examining the effects of NMDA antagonists (e.g. PCP8 and
ketamine?’®) indicated that administration of these drugs can induce schizophrenia like
symptoms. Furthermore, it is well established that NMDA receptor antagonists exacerbates
the symptoms of schizophrenics®2. As previously detailed, there is evidence from genetic
studies that mutations in both genes coding for glutamate receptors and downstream
signaling are associated with an increased risk for developing schizophrenia. Finally, a
metanalysis of magnetic resonance spectroscopy studies measuring glutamate indices
showed anincrease in the levels of glutamate in the medial prefrontal cortex of medication
free or naive patients?’®. This evidence suggests that the results of this study are consistent
with cellular dysfunction commonly associated with schizophrenia.

This study shows that while 1921.1 deletion cultures have a similar proportion of
active cells; there are differences in the activity of these cells in both calcium and MEA
analyses. Therefore, the increase in neuronal production and increase in the proportion of
CTIP2 neurons does not have a significant effect on the proportion of active cells. On the
other hand, the increase in activity seen in 1g21.1 deletion neurons is consistent with the
increase in synapse related proteins indicating that these changes in protein expression
may correlate with an increased connectivity in these cultures. In calcium imaging the
increase in the number of neuronal events per minute is indicative of an increase in
neuronal activity and the appearance of trains of events in which the fluorescence does not
return to baseline further suggest a level of hyperexcitability only seen in 1g21.1 deletion

neurons. This is also supported by the increased spike rate of 1921.1 deletion cultures on
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MEAs again indicating a level of hyperexcitability which also translates to an increase in
synchronized activity. These results confirm that deletion of the 1g21.1 locus is associated
with increased neuronal activity. However, while this work focused on glutamatergic
neurons and therefore suggests that this increase in activity may be specific to this subtype
further work is necessary to prove that this is the case and the impact this would have on
more complex systems.

There is also dysfunction in the production of cortical neurons in the 1g21.1
microdeletion mouse model, however the core deficit previously identified in this model is
dysregulation of dopamine. However, this model was also shown to be hypersensitive to
PCP in pre-pulse inhibition (PPI) testing’”> therefore indicating a role for glutamate
dysfunction in this model. While the dopamine and glutamate hypotheses are often
presented as separate rationales for the cellular dysfunction underlying schizophrenia
there are fundamental links between these two systems and dysfunction in one system is
likely to have an effect on the other®°. A recent study using RNA sequencing comparing
mouse models of multiple CNVs associated with increased risk for psychiatric disorders?2?
also suggests that the mouse model of 1g21.1 deletion shows changes in synapse related
GO terms. While the original work on this model appears to identify phenotypes, which are
separate from those identified in this work, more recent work begins to suggest that there
may be similar dysfunction present in the 1g21.1 mouse model as that identified in the
human iPSCs. Therefore, further investigations using this model are needed to ascertain if
the primary cellular dysfunction is similar to that seen in the iPSC model.

While increases in excitatory activity, as presented in this work would likely affect
the balance of excitation and inhibition in the cortex and wider brain, it is also important
to consider that this protocol may produce a small population of inhibitory (GABAergic)
neurons which may also effect the activity measured from these cultures. Work using the
neonatal ventral hippocampal lesion mice model?®? which is widely used to model
schizophrenia in a developmentally relevant paradigm indicates that deficits in interneuron
formation or function are particularly salient. Similar results have also been shown in
models based on perinatal insults including exposure to viral particles or bacterial

endotoxins?83

. Models using prenatal stress to induce schizophrenia like behavior have also
shown associated deficits in GABAergic neurons?®4. In cellular models of interneurons, it
has been shown that cells generated from schizophrenia patients have intrinsic defects in

signaling pathways?#>28¢ and functional systems?®’. Therefore, while there is only a small
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population of inhibitory neurons in these cultures, dysfunction in these cells may have an
impact on the network behavior of these systems. Further work is necessary to determine
if 1g21.1 mutations are associated with dysfunction in inhibitory neurons and the effect
this dysfunction may have on neuronal network behavior.

Irrespective of the cause, increased neuronal activity observed in 1g21.1 deletion
neurons would suggest an increase in neuronal network activity which was not observed in
this case. Therefore, suggesting that the increase in excitability is largely at the individual
neuronal level as demonstrated by the calcium imaging and this increased activity does not
translate to an increased network activity. This dichotomy between the increase in activity
and lack of increase in network activity also suggests that there is an impairment of network
activity in 1921.1 deletion cultures, as if all else is equal an increase in activity and
synchronized activity should result in an increase in network activity. While there is no
increase in network activity in 1g21.1 deletion cultures the periods of network activity are
longer with no commensurate increase in the number of spikes per period.

There is some evidence from previous studies on mouse cortical cultures using
MEAs which shows as cultures mature the length of active periods increases however there
is also a commensurate increase in the number of spikes within these periods?’” which is
not seen in this case. Therefore, there may be an abnormal maturation of these neuronal
networks associated with 1g21.1 deletion resultingin anincrease period of network activity
without the increase in neuronal activity. Equally, the increased length of these active
periods may be due to the hyperexcitability of these neurons resulting in a failure to
correctly regulate the period of high activity.

These results are of particular import given the large body of evidence suggesting a
that impaired neuronal synchronicity is a key feature of schizophrenia. Studies using
noninvasive imaging techniques have suggested schizophrenia as a syndrome of
dysconnectivity?®®28%. However, as yet there is a lack of evidence linking these complex
functional abnormalities with cellular dysfunction. The neuronal network dysfunction
observed in this study, suggests that the phenomenon of dysconnectivity may have a
cellular basis in increase activity. Furthermore, these results suggest that while simple
metrics measuring the activity of single cells are critical to understand the cellular
dysfunction in question these results may not translate into the expected dysfunction of
neuronal networks. With a view towards understand the interplay between genetic risk for

schizophrenia and the loss of synchronicity in neuronal networks associated with this
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disorder further work using 1921.1 and other CNVs must focus on high order functional
phenotypes.

Finally, similarly to 1921.1 duplication, both drugs used to modulate calcium
homeostasis had a significant effect on 1921.1 deletion neurons. The administration of
either clozapine or verapamil decrease the rate of calcium events while have no effect on
the percentage of active cells therefore suggesting that while the effect was significant it
did not prevent the activity of any of the cells. While the precise method of clozapine action
is unknown it has been shown to effect calcium homeostasis in the rat cerebral cortex?*®
and has also been shown to target T-type calcium channels?*® which are highly expressed
in these neurons. On the other hand, verapamil is an L-type calcium channel blocker with
antiepileptic effects linked to its effects on calcium homeostasis®*°. Therefore, both drugs
had the desired effect on calcium events in 1g21.1 deletion neurons causing a decrease in
the rate of calcium events. However, while clozapine had a similar effect on control neurons
application of verapamil caused an increase in the rate of calcium events in control
neurons. Similarly, to results seen using roscovitine (which also targets L-type calcium
channels) the reduction of the activity of these channels increased the rate of calcium
events in control cells. This may be due to a compensatory mechanism caused by the
prolonged use of these drugs coupled with the effect this may have on a continuously
developing system. Furthermore, this would suggest that targeting L-type calcium channels
to modulate the neuronal activity in these cultures may be confounded by unexpected
results in control cultures. Therefore, increased activity in 1g21.1 deletion neurons can be
modulated by manipulating the activity of calcium channels also suggesting a role for

calcium channel dysfunction in 1g21.1 deletion neurons.

3.4.4 Study limitations and future perspectives

While the use of a developmental paradigm for the generation of neurons in this
study has many advantages it also results in limitations. Protocols based on dual SMAD
inhibition are known to produce heterogenous cultures with some small-scale production
of both GABAergicinhibitory neurons and astrocytes and while these populations are small,
they may significantly contribute to the phenotypes presented in this study. Both the
differential production of and any dysfunction in these two cell types associated with
1921.1 mutations may compound, or mask phenotypes examined in this study. This is

especially relevant in functional assays as both astrocytes and GABAergic inhibitory
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neurons play critical roles in the development of neuronal networks. However, the
overwhelming production of excitatory glutamatergic neurons using this protocol means
that the phenotypes identified are likely significantly if not totally driven by this population
of neurons. Furthermore, any consistent differential production of astrocytes, inhibitory
neurons or altered function of these cell types would be due to the 1g21.1 mutations and
therefore while not examined in this study would not discredit the relevance of the
functional phenotypes identified. The specific phenotypes examining the production of
lower cortical layer neurons are specifically examining the production of excitatory neurons
and therefore, reconfirms that mutations of the distal 1921.1 locus does affect the
development of the cortex.

A second limitation is the use of gene expression as a marker for changes in the
proportion of neuronal populations. While changes in gene expression are a critical
methodology allowing the large-scale assessment of changes in complex systems induced
by mutations these changes can often be much larger than those seen at protein level. As
demonstrated in this study the changes in gene expression at the level of mRNA do not
always translate into changes in protein level. However, the directionality of these changes
remains consistent with the scale of these changes often reduced. These changes may be
explained by post-transcriptional controls on mRNA which can regulate the half-life of
these molecules or control the level of protein produced from mRNAs. The changesin gene
expression are also at a population level and therefore may mask changes in small
subpopulations of cells. Finally, large gene expression changes may be due to smaller
changes in alarge population of cells or large changes in a smaller population of cells. While
some of these limitations were addressed by examining protein expression and cell staining
there remains some ambiguity in gene expression changes which are not further
investigated by these methodologies. While single cell RNA sequencing and large-scale
proteomic analysis may address some of these concerns there will likely remain some
ambiguity. However, an essential focus on patient relevant functional phenotypes means
dissecting precise changes in gene expression is often secondary.

The use of large-scale omics analysis would also allow the investigation of the
molecular systems driving the changes in differentiation and function observed in this
study. While there is compelling evidence from previous studies that mutations in
NOTCH2NL genes likely play a role in the developmental phenotypes identified in this work.

The similar phenotype seen in the 1g21.1 microdeletion mouse model lacking NOTCH2NL
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genes suggests that the phenotypes associated with 1g21.1 distal mutations are more
complex than those caused by changes in NOTCH2NL gene dosage. Other genes such as
BCL9, CHD1L and PRKAB2 were shown to be expressed in 1g21.1 neurons in a manner
dependant on 1g21.1 mutations and therefore may play a role in the phenotypes seen in
this study. However, without a systematic gene expression or proteomic data set it remains
difficult to ascertain the precise molecular mechanism driving these phenotypes. An
alternative approach to this is the use of CRISPR lines with mutations in these 3 genes
individually or in combination which could be used to probe the effect of loss of each of
these genes to the phenotypes identified in this study.

In an effort to reduce the contamination of resurgent NPCs in later stage cultures
and to synchronize the transition of NPCs into neurons compounds which act as mitotic
inhibitors were applied. As previously discussed, these compounds are likely to have
significant effects on the phenotypes which have been identified in this study and therefore
while their use is critical to produce functional neuronal networks removal of these
compounds may alter the developmental phenotypes. Therefore, using a separate protocol
to examine the effect of 1g21.1 mutations on development may be of particular interest.
However, using a protocol with no cell sorting or purification step results in a
heterogeneous population of cells at different stage of development which would be
exacerbated by removal of the mitotic inhibitors from the process. Therefore, sorting cells
at early stages using markers such as CD133 and CD184 would allow the purification of a
more homogenous NPC population in which the rate of proliferation or conversion to
neurons may be measured. Therefore, allowing the dissection of which stage of
development is specifically affected by the 1g21.1 mutation without the confounds of the
mitotic inhibitors. This approach would need to be combined with a directed differentiation
approach to determine if the functional phenotypes are intrinsically linked to the changes
in development as removal of the mitotic inhibitors will prevent the use of MEAs to analyse
neuronal networks.

The final key limitation of this study is the lack of complex tools for the analysis of
MEA results. The result of MEAs is a complex readout of neuronal activity linked to both
time and space and therefore analysis can be carried out comparing the activity across both
time (bursting) and space (network activity) however these metric are currently limited and
do not examine the spatial component of this analysis fully. The use of MEAs for the analysis

of neuronal network behaviour is an emerging field and therefore there remains a lack of
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consensus on the critical metrics which properly define the features of these networks.
Further analysis may be carried out using the data already obtained in this study to examine
the community structures of the neuronal networks produced. Using MEA systems with a
higher number of electrodes per culture would also allow the further dissection of how
these networks form; the size and shape of them, and how these parameters are affected
by 1921.1 mutations. The functional phenotypes identified in this study are highly relevant
to psychiatric disorders associated with these mutations and therefore further
investigation into the link between these mutations and aberrant neuronal network
behaviour remains critical.

In conclusion the evidence presented in this study demonstrates the power of using
1921.1 mutations as models of developmental dysfunction associated with an increased
risk of developing psychiatric disorders. However, having identified both developmental
and functional deficits associated with these mutations further investigations are needed
to understand both these deficits individually and therefore to understand the contribution
of the former to the later. Consequently, alternative approaches for the generation of
neurons need to be employed to directly assess these questions and the use of genetically
altered iPSC lines is necessary to allow the investigation of the genetic drivers of these

phenotypes.
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4. Mutations of the Distal 1g21.1 Locus are Associated with
Decreased Oligodendrocyte Specification and Altered
Oligodendrocyte Differentiation

4.1 Introduction

4.1.1 Evidence for white matter dysfunction associated with psychiatric disorders from
human imaging studies

White matter is neuronal tissue primarily comprised of myelinated axons; the
maturation of this tissue throughout childhood and early adolescence is important for
cognitive?®, behavioral?®!, emotional?*?> and motor?®® development. The myelination of
axons is critical for the saltatory conduction of electrical currents allowing the propagation
of depolarization across nodes of Ranvier rather than entire axonal membranes.
Importantly while neurogenesis and gliogenesis are largely complete before birth the
process of myelination and thus the development of white matter continues after birth and
into early adulthood?®* (Figure 4.1). The persistence of oligodendrocyte progenitor cells
(OPCs) and the continued production of oligodendrocytes in adulthood?®> mark this cell
type as critically important to long term central nervous system (CNS) function. The
continued production of myelin throughout life is important for normal functioning,
combating injuries and diseases but also in plasticity and learning?®®. Loss of myelin can
have profound effects on health with multiple sclerosis as the prototypic example, caused
by an autoimmune mediated loss of myelin leading to wide range of symptoms including
pain, fatigue, muscle spasms and cognitive issues?®’. Therefore, the proper process of
myelination mediated by oligodendrocytes and maintenance of this phenomenon is critical

for the proper function of the central nervous system.
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Figure 4.1: Key processes in the course of neurodevelopment. Neurogenesis, gliogenesis and infiltration of microglia into
the CNS (immune system development) are largely complete before birth. However, the process of myelination and the
development of white matter continues into adulthood resulting in an increasing white matter volume observed during
early life. Image adapted from Semple et al.2%4
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The generation of oligodendrocytes in the CNS is complex when compared to other
cell types with the generation of multiple intermediary cells with some persisting until
adulthood. Like most cells in the CNS oligodendrocytes originate from a pool of neuronal
progenitor cells which are then specified to the glial lineage producing OPCs. OPCs are still
multipotent retaining the ability to produce both oligodendrocytes and astrocytes. These
cells also persist through adulthood and are thought to have functions beyond the
repopulation of lost oligodendrocytes?®®. The conversion of OPCs into pre-myelinating
oligodendrocytes is a critical stage in the development of this lineage involving the loss of
motility (a critical function of OPCs). The conversion of pre-myelinating oligodendrocytes
to mature myelinating oligodendrocytes is the final stage of development involving the
large-scale production of myelin and the ensheathment of axons.

There are three waves of oligoneogenesis in the forebrain, the first is driven by
ventral SHH signaling in the medial ganglionic eminence and is under the control of the
transcription factor NKX2.12%°. These oligodendrocyte progenitors move dorsally and
tangentially throughout the developing forebrain330 The second wave of
oligodendrocyte production originates in the lateral ganglionic eminence and are under the
transcriptional control of GS Homeobox 2 (GSH2)3%2, This second wave migrates dorsally to
invade the developing cortex3°%3%1, The final wave of oligodendrocyte production occurs
late in development and projects radially from the sub ventricular zone and are marked by
Empty Spiracles Homeobox 1 (EMX1)3%. This last wave of oligodendrocytes is mainly
involved in the myelination of the corpus callosum with some involvement in the
myelination of cortical neurons.

Unsurprisingly given the critical nature of glial cells and specifically the complex
development of oligodendrocytes in the developing CNS, increasing evidence is emerging
that glial and specifically oligodendrocyte dysfunction may play a role in the pathogenesis
of neurodevelopmental and psychiatric disorders. Early evidence that white matter
abnormalities were associated with psychiatric disorders came from magnetic resonance
imaging (MRI) studies. These studies indicated a decrease in white matter volume in
effected compared to healthy twins3°33%. With more modern techniques like diffusion
tensorimaging (DTI) it is now possible to look more closely at the changes indicated in these
early studies®®. DTl is a technique used in brain imaging which can give indications of
abnormalities in the white matter by measuring fractional anisotropy (FA). FA is a measure

of the diffusivity of water molecules in specific areas of the brain (Figure 4.2) with an
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increased FA denoting a system with more constrained diffusivity suggesting a more

organized system. Conversely a reduced FA is due to a less constrained system.
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Figure 4.2: Schematic representation of fractional anisotropy. Moving from a system with no constraints (isotropy) to a
system with some constraints on water movement cause by the introduction of axons resulting in low anisotropy and
then finally a system with large constraints on water movement caused by the introduction of myelinated axons resulting
in higher anisotropy.

The normal trajectory of FA in white matter tracts is increasing FA over time3% this
increase is thought to be largely due to the myelination of axons which increases the
constraints put on water molecules. The first study using this technique to demonstrate
white matter abnormalities in psychiatric disorders was published by Buchsbaum et al.3%’
which showed a decreased FA in schizophrenic patients. Since then many studies have
replicated this finding in other neuropsychiatric disorders (for a review see Whitford,
Kubicki and Shenton3%). Although there is no single explanation of reduced FA it is believed
to indicate abnormalities in axon integrity or myelination.

Several studies have been carried out, to understand the biological basis of the
reduced FA seen in the DTl studies. These studies have found that there is a significant loss
of oligodendrocyte number or density in certain areas of the brains of patients with
schizophrenia3%®310, There is also more specific evidence that oligodendrocyte and myelin
dysfunction are associated with neuropsychiatric disorders through gene expression
studies. Tkachev et al.?'! showed a significant reduction in the expression of key genes
(including SRY-Box Transcription Factor 10: SOX10, Myelin Basic Protein: MBP and Myelin
Associated Glycoprotein: MAG) associated with oligodendrocytes and myelin in patient
brain samples compared to controls. A number of groups have also now provided evidence
from GWAS studies of genetic association between the genes identified by Tkachev et a**!
and schizophrenia, including transcription factors (like Oligodendrocyte Transcription

Factor 2, OLIG2 and SOX10) involved in oligodendrocyte differentiation312-314,
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4.1.2 Evidence for the pathogenic role of oligodendrocyte dysfunction in psychiatric
disorders

While there is clear evidence from imaging, genetic and serological studies in
humans that there is an association between the loss of myelin and the development of
psychiatric disorders this link cannot be proven causative in these systems. Therefore,
investigations in animal models have been carried out to determine if the oligodendrocyte
and myelin pathology identified in humans plays a causative role in the development of
psychiatric disorders. Firstly, there is evidence that abnormalities in myelination in mouse
models such as the shiverer (shi/shi) mice (a model with severe hypomyelination) can cause
a reduced FA similar to that seen in humans3'>31¢, Recent work by Silva et al*'” on a rat
haploinsufficiency model of CYFIP1 (a model of 15q11.2 microdeletion) has shown clear
linkages between a reduction of FA similar to that seen in human studies and a loss of
oligodendrocytes. Furthermore, this work also showed that the oligodendrocytes present
have functional deficits associated with loss of CYFIP1 expression.

Demyelination/dysmyelination has also been shown to present with psychiatric
symptoms in rodent models adding further evidence to the argument that oligodendrocyte
dysfunction has a role in the pathogenesis of psychiatric disorders. A chemical lesion
(cuprizone) model of demyelination has been used in schizophrenia related behavioral
studies where it has shown a reduction in: anxiety-like behavior (using the open field maze
and elevated plus maze tests) and social interaction3®319, Application of lysolecithin
(another demyelinating agent) directly into the hippocampus appeared to have opposing
phenotypes inducing anxiety-like behavior in the same tests®?°. However, as Edgar and
Sibille32! point out, widespread demyelination has “severe locomotor, social and cognitive
consequences ... making it difficult to discern emotionality changes specific to myelin
disruption”.

An alternative method of generating rodent models of demyelination which
ameliorates some of these concerns are genetic models. An example of this are the CNP1¥°
and CNP1* mice which have been shown to have low fear expression during phases of the
fear conditioning protocol®?? and after aging show depression like symptoms323. A similar
result was also shown in schizophrenic patients, who were homozygous for a partial loss of
function CNP1 allele, indicating an elevated score in tests qualifying depression associated
symptoms324. Further work carried out by Lindahl et al.3*> has shown, using in utero

administration of phencyclidine (PCP) as a model of schizophrenia in rats, there is an
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associated delay in oligodendrocyte differentiation. Finally, there have been studies which
have demonstrated chronic stress (used to model depression in rodents) inhibits
oligodendrocyte proliferation and that this can be alleviated with antidepressant
(fluoxetine) treatment326:327, Therefore, providing evidence that events likely to occur
during early neurodevelopment may play a role in complex cellular functions of
oligodendrocytes occurring throughout early life.

Finally, the advent of methodologies for generating oligodendrocytes in vitro are
very new and therefore there is minimal work successfully using iPSC derived
oligodendrocytes to model dysfunction associated with psychiatric disorders. However,
using iPSC derived OPCs, Vrij et alP?® were able to show that Chondroitin Sulfate
Proteoglycan 4 (CSPG4) mutation linked to increased risk for schizophrenia has effects on
OPC morphology, viability and function (measured by myelination potential). However, one
of the most convincing studies using human iPSC derived oligodendrocytes used a mouse
chimera model replacing native murine oligodendrocytes with human iPSC derived
counterparts3?®. Comparing mice with oligodendrocytes from control iPSCs or
schizophrenia patient iPSCs showed a clear loss of myelination ability in cells derived from
schizophrenic patients. Furthermore, the gene expression and functional changes in the
oligodendrocytes from schizophrenic patients caused behavioral changes in the mice. Mice
with oligodendrocytes from schizophrenic patients showed increased anxiety (measured
using elevated plus maze), decrease sociability (measured using the 3-chamber sociability
test) and cognitive impairments (measured by novel object recognition). Finally, McPhie et
al.33% showed that there was a reduced production of OPCs from schizophrenic patient iPSC
lines compared to controls. These studies clearly demonstrate that functional defects in
oligodendrocytes can be linked to psychiatric disorders and these deficits may play a key
role in the development of these disorders. As Nave and Ehrenreich®3! suggest there are a
number of ways in which the loss of oligodendrocytes and resulting hypomyelination may
result in phenotypes relevant to psychiatric disorders. However, it is first important to
identify the precise nature of the oligodendrocyte dysfunction associated with these
disorders before attempting to understand the result this dysfunction may have on other

cell types and the wider system.
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4.1.3 Generation of oligodendrocytes from human induced pluripotent stem cells

While the generation of neurons from human IPSCs was relatively simple, given the
relative ease with which neural epithelia can be generated, the induction of glial lineages
and especially oligodendrocytes was significantly more challenging. Early protocols were
again developed using embryonic stem cells (ESCs) and induced glial cells by the addition
of BDNF, EGF, retinoic acid and triiodothyroidin332. While these cells did go through a SOX10
positive and 04 positive oligodendrocyte progenitor stage and could myelinate neurons
when transplanted into myelin deficient mice it was not shown that these cells could
produce myelin in monoculture. Similarly, to the production of protocols to generate
specific subtypes of neurons the protocols to generate oligodendrocytes needed to be
informed by the genesis of these cells in vivo and the specific signaling involved.

With the aim of the developmental patterning approaches to recapitulate early
human neural development the logic was to generate oligodendrocytes from neural
precursors with a ventral forebrain identity mirroring the early waves of oligodendrocyte
production. This was possible as the medial ganglionic eminence is a key source of
GABAergic interneurons and therefore protocols have been developed for generating
neuronal progenitors with this ventral forebrain lineage. These protocols use the same dual
SMAD inhibition to induce a neuronal fate with the addition of a Wnt inhibitor and the
activation of SHH signaling to ventralize the neuronal precurosors333334, A similar effect was
achieved by Douvaras et al**® using a low dose of retinoic acid and a smoothened agonist
to induce the activation of SHH signaling. This approach produced large amounts of OLIG2
expressing cells which could then be induced to form 04+ OPCs using the addition of
growth factors chiefly including PDGF, HGF, T3 and cAMP. While this protocol robustly
generated oligodendrocytes from an array of iPSC lines similarly to original protocols for
generating neurons, this protocol was very long requiring at least 95 days to produce
myelinating oligodendrocyte. Subsequent work has made minor modifications to this
protocol limiting the use of PDGF, HGF, IGF-1 and NT3 therefore reducing the time taken
to generate MBP+ cells to 75 days®°.

While developmental patterning approaches to generate cell types of interest have
proved to be invaluable tools to investigate the role of cellular dysfunction in complex
neurological disorders the draw backs of these techniques (namely long and complex
protocols) have prompted investigations into alternative approaches. One such approach
which has become increasingly popular are so called ‘Direct Reprogramming’ protocols.
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These protocols rely on the ability of a small number of genes to control the fate choices
and ultimately the differentiation of cells. These master regulators are genes (usually
transcription factors) which like the ‘Yamanaka factors’ can control the expression of a
large portfolio of cell type specific genes. The overexpression of these genes therefore
allows the conversion of either somatic cells (often fibroblasts) or already established iPSCs

into a cell type of interest.
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Figure 4.3: Graphical representation of differentiation paradigms currently used to generate glial cells from human
iPSC. Normal development (green) involves success restrictive steps of development where a pluripotent stem cell (black)
will go through multiple precursors before ending at a post mitotic somatic cell. Generating iPSCs (blue) is the opposite
of this involving the regression of a somatic cell into a pluripotent stem cell. Once generate iPSCs or the natural equivalent
(ESCs) can be differentiated using either a developmental patterning approach (yellow) which recapitulates normal
development or a direct reprogramming approach (orange) which bypass intermediates. Finally, true direct
reprogramming (purple) involves the generation of the cell type of interest directly from a somatic cell therefore
bypassing any return to pluripotency (image adapted from Reik and Dean249),

However, using Waddington’s epigenetic landscape3%°

as a model (Figure 4.3) one
can see that conversion of one somatic cell type into another involves large scale lateral
movement overcoming a large amount of already established features, while also
establishing the features of the new cell type. One protocol has been published which

336 however the

allows this type of conversion, from fibroblasts to oligodendrocytes
efficiency of OPC production as measured by 04 expression was relatively low (15-30%).
Therefore, an alternative approach is to use iPSC derived NPCs as the basis for this direct
reprogramming aiming to increase the speed at which the fate choice is made and to
achieve higher proportion of the cell type of interest. This approach bypasses the difficulty

110



of replacing established gene expression patterns with alternatives by starting from a naive
or regressed (in the case of iPSCs) starting point.

There have been two protocols published for the generation of human
oligodendrocytes using a direct reprogramming approach from iPSCs. Both protocols337:338
use a combination of developmental patterning and direct reprogramming to achieve this
conversion. Human iPSCs are first differentiated into neuronal precursors using protocols
developed under the banner of developmental patterning however when the cells would
normally be enriched for oligodendrocyte precursors using complex media conditions the
cells are instead induced to produce high levels of key transcription factors which convert
the NPCs into functional oligodendrocytes. While this technique does produce the desired
result significantly faster than the conventional developmental patterning approach the
efficiency is quite low with only around 50%-60% of viral induced cells expressing the
oligodendrocyte marker 04 and only % of these cells expressing MBP (the key functional
marker for oligodendrocytes). Therefore, both direct reprogramming and developmental
patterning protocols are available for the generation of oligodendrocytes from iPSCs.
However developmental patterning approaches remain a more advantageous choice due
to the high yield and recapitulation of key stages of development despite the long

protocols.

4.1.4 Limitation and challenges associated with in vitro generation of Oligodendrocytes
While both developmental patterning and direct differentiation protocols have
been developed for the generation of functional oligodendrocytes from human iPSCs these
protocols have key limitations. Developmental patterning approaches as previously stated
require very long complex protocols which are highly labour intensive. On the other hand,
the direct differentiation protocols are faster therefore significantly reducing associated
labour costs. However, the direct differentiation protocols remain inefficient therefore
ameliorating some of the benefit of a reduced cost. The critical distinction between these
two approaches is in their ability to recapitulate key stages of development. While the
direct differentiation protocol produces both O4+ and MBP+ cells by necessity it results in
the loss of earlier progenitors therefore this approach may result in a loss of phenotypes
specifically associated with the earlier developmental stages. Alternatively, developmental

patterning approaches are able to recapitulate all key developmental stages of

111



oligodendrocytes and therefore despite the large time investment may be a more viable
option for assessing developmentally associated oligodendrocyte dysfunction.

A further limitation of both approaches is the generation of non-oligodendrocytic
cells. As OPCs are multipotent retaining the ability to differentiate into both astrocytes and
oligodendrocytes the maintenance of OPC cultures without the production of astrocytes
remains challenging. Furthermore, developmental patterning approaches for the
generation of oligodendrocytes result in the generation of both neurons and astrocytes.
The production of astrocytes may be due to the multipotency of OPCs or due to the
maturation of persistent neuronal precursors which are also responsible for the creation of
neurons. The generation of astrocytes in these conditions is a particular challenge as these
cells remain proliferative whereas immature oligodendrocytes are post mitotic therefore
even small-scale production of astrocytes can result in a proportional loss of immature and
mature oligodendrocytes. While the isolation of OPCs from mixed cultures is common using
both FACS and MACS approaches the multipotency of OPCs means that this approach does
not prevent the reoccurrence of this phenomena.

Finally, while assessment of OPC morphology and gross oligodendrocyte function is
possible in simple 2D monoculture systems the true functional capacity of
oligodendrocytes cannot be measured in these systems. The critical function of
oligodendrocytes is to myelinate axons and this process is driven by interactions between
the oligodendrocytes and neurons therefore it is not possible to fully model dysfunction in
this system in classic 2D cultures. Some studies have used more complex artificial axons
which have been shown to induce myelination in oligodendrocytes. However, this system
is reliant on oligodendrocytes recognising axon like structures and myelinating based on
the morphological characteristics of these structures. Therefore, while these systems may
offer insight into the process, they fail to recapitulate the complex interactions between
oligodendrocytes and neurons which ultimately inform the myelination of axons.
Ultimately it is only co-culture or transplantation studies which allow the complete analysis
of this function. However, neuron and oligodendrocyte co-cultures remain highly
challenging and to allow for myelination requires more complex scenarios than simple 2D
culture-ware. Some progress has been made in developing a protocol for generating
organoids which also produce oligodendrocytes however similarly to direct differentiation
approach the number of oligodendrocytes produced is low3*. Finally, while studies have

shown that iPSC derived oligodendrocytes can be transplanted into rodent models these
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experiments require large scale production of OPCs and costly generation and maintenance
of mouse models. Therefore, while the assessment of oligodendrocyte function is possible
using multiple paradigms with varying levels of physiological accuracy this remains a
challenge to understanding the precise nature of any functional deficits associated with
patient derived oligodendrocytes. Overall the generation of oligodendrocytes from human
iPSC is possible however the methodology selected to do so must be assessed for its
relevance to the hypothesis being tested. Furthermore, the maintenance and functional
assessment of these cells present unique challenges which must be considered and

addressed.
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4.2 Chapter 2: Hypothesis and aims

My hypothesis is that deletions and duplications of the 1g21.1 locus detrimentally
effect the production and maturation of oligodendrocytes. Therefore, the aims of this
chapter are to investigate the role of 1g21.1 deletion and duplication on the course of
oligodendrocyte specification and function. Oligodendrocytes will be produced using a
developmental patterning approach and cells will be screened for critical lineage markers
and key functional readouts at developmentally important stages. Further investigations
will be carried out using functionally mature oligodendrocytes to ascertain how these
mutations may impact myelination. These results will then be combined with results from
both an animal model and small-scale human data to elucidate a more complete picture of

the effect of 1g21.1 mutation on oligodendrocytes and myelination.
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4.3 Results

4.3.1 Human brain imaging of 1g21.1 carriers show changes in DTl metrics in the corpus
callosum

Changes in DTl metrics have been widely associated with psychiatric disorders34°
which has formed the basis for the current interest in oligodendrocyte dysfunction
associated with these disorders. However, assessing the effect of 1g21.1 mutations on
changes in DTI metrics indicative of white matter dysfunction has yet to be carried out. To
this end Dr. Ana Silva carried out a preliminary analysis using UK biobank data to confirm
the key clinical finding of altered brain size and to examine the effect of 1g21.1 mutations
on DTl metrics in the corpus callosum.

Firstly, the intracranial volume of 1g21.1 deletion and duplication carriers was
assessed in this sample. The results show that 1921.1 deletion carriers had a decreased
intracranial volume compared to controls and 1g21.1 duplications carriers had an
increased intracranial volume compared to controls (Figure 4.4). Recapitulating the
association of microcephaly with 1g21.1 deletion and macrocephaly with 1g21.1

duplication.
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Figure 4.4: Intracranial volumes of individuals carrying 1g21.1 mutations. Intracranial volume as measure by MRI from
individuals carrying no known pathogenic CNV and individuals with either 1g21.1 deletions or duplications. Data is
presented as distributions with median (solid line) and quartiles (dotted lines) marked. Data was analyzed by unpaired t-
tests with Welch’s correction: **P<0.01; ***P<0.001; Deletion n=8, Control n=15159, Duplication n=10.

Having demonstrated the trend towards smaller brain sizes in 1g21.1 deletion
carriers and the inverse in 1921.1 duplications carriers it was then important to assess if
there were similar reciprocal changes in DTl metrics of the white matter taking into account
the changes in brain volume. To assess the effect of 1g21.1 mutations on the organization
of white matter four metrics were assessed; axial diffusivity (AD), fractional anisotropy (FA),
mode of anisotropy (MA) and radial diffusivity (RD) in the corpus callosum. The corpus
callosum was divided into three sperate white matter tracts (body, genu and splenium)

each of which was assessed individually for changes in each metric. This analysis showed
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that 1921.1 deletion was associated with a decrease in FA in the genu of the corpus
callosum as compared to controls (Figure 4.5). However, this result did not survive
corrections for multiple testing. There was also a decrease in the MA in 1g21.1 deletion
carriers compared to controls in the splenium which did survive correction for multiple
testing (Figure 4.5). To assess the magnitude of these effects Cohen’s d effect sizes were
calculated which showed that the effect size of the change in FA was medium to large
however the effect size of the change in MA was very large. Taken together these results
suggest that 1g21.1 mutations have effects on FA and MA in the corpus callosum pointing

towards effects on oligodendrocyte formation or function.
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Figure 4.5: DTl metrics in the corpus callosum of individuals with CNV at the 1g21.1 locus. A Axial diffusivity of 3 white
matter tracts (genu, body and splenium) in the corpus callosum. B Radial diffusivity of 3 white matter tracts (genu, body
and splenium) in the corpus callosum. C Fractional anisotropy of 3 white matter tracts (genu, body and splenium) in the
corpus callosum. D Mode of anisotropy of 3 white matter tracts (genu, body and splenium) in the corpus callosum. Data
is presented as distributions with median (solid line) and quartiles (dotted lines) marked. Data sets were analyzed by linear
regression comparing each white matter tract separately, regressing out age, sex and intracranial volume (ICV) as
covariates of no interest. Following this, post hoc pairwise comparisons were performed comparing 1g21.1 mutations to
controls. Stars represent either uncorrected P values (marked by unc) or FDR corrected P value. *P<0.05; ***P<0.001;
Deletion n=8, Control n=15159, Duplication n=10. E Cohen’s d effect sizes comparing fractional anisotropy of 3 white
matter tracts (genu, body and splenium) in the corpus callosum in 1g21.1 deletion vs controls and 1q21.1 duplication vs
controls. F Cohen’s d effect sizes comparing mode of anisotropy of 3 white matter tracts (genu, body and splenium) in the
corpus callosum in 1g21.1 deletion vs controls and 1g21.1 duplication vs controls. Cohen’s d effect sizes used adjusted
means of each group based on residuals from the linear regression models + SEM. Medium effect size (d>0.5) is marked
by black dotted line and large effect size (d>0.8) is marked by red dotted line.
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4.3.2 Amouse model of 1g21.1 microdeletion shows a loss of oligodendrocytes in the corpus
callosum

Significant changes in DTl metrics point towards dysfunction in oligodendrocyte
production or function. Therefore, to assess if 1g21.1 mutations influence the production
of oligodendrocytes in the corpus callosum the number of oligodendrocytes (marked by co-
localisation of Olig2 and anti-adenomatous polyposis coli: Ccl staining) was quantified in
the corpus callosum of the 1g21.1 microdeletion mouse model. This analysis showed that
in the 1921.1 microdeletion mouse model there was a significant decrease in the number
of oligodendrocytes in the corpus callosum (Figure 4.6). This metric was normalised to both
the total cell number and the area of the corpus callosum therefore suggesting that this
difference is due to a loss of oligodendrocytes in this area rather than gross structural

changes.
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Figure 4.6: Changes in the number of oligodendrocytes in the corpus callosum of the 1g21.1 microdeletion mouse
model. A Quantification of the number of oligodendrocytes (Olig2/Cc1+ cells) in a 0.045mm?2 area of the corpus callosum
of the 1g21.1 microdeletion mouse model (1g21.1) and litter mate controls (WT). Data is presented as mean + SEM and
data sets were analyzed by Students T-Test; **P<0.01; vs. WT, 6 animals were used per group and n=3 per animal. B
Example images of the corpus callosum of wild type mice stained with Olig2 and Ccl. C Example images of the corpus
callosum of 1g21.1 microdeletion mice stained with Olig2 and Cc1. Scale bar = 50 pm.
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4.3.3 Differentiation of iPSCs into oligodendrocytes

Given the results from both human imaging and the 1921.1 micro deletion mouse
model, iPSC cells were differentiated into oligodendrocytes with a view towards assessing
how this process is affected by 1g21.1 mutations in humans. The protocol used for
generating oligodendrocytes is complex involving both adherent and non-adherent stages
(Figure 4.7). At early stages iPSCs transition to NPCs in a similar fashion to during neuronal
differentiations marked by the expression of PAX6 (Figure 4.7). After 12 days of patterning
cell are dissociated and allowed to form spheres in non-adherent culture-ware. Spheres are
further patterned to enrich for oligodendrocyte precursor cells resulting in increasing

expression of OLIG2 and NK2 Homeobox 2 (NKX2.2) (Figure 4.7).
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Figure 4.7: Early oligodendrocyte differentiation from iPSC. A Protocol for the generation for oligodendrocytes from
iPSC. Key times are indicated and points at which passaging occurs are marked by red bars. Also indicated are types of
culture (blue), predominant cell population (green) and key markers expressed by that population (red). Image adapted
from Douvaras and Fossati®> B Example staining for PAX6 in control iPSC differentiated for 12 days. C Example image of
spheres produced in non-adherent cultures after 25 days of differentiation. Sale bar = 100 um. D Expression of OLIG2
mRNA from DO (iPSCs) to D20 (small spheres) and to D28 (large spheres). Relative mRNA abundance was calculated
compared to GAPDH expression. E Expression of NKX2.2 mRNA from DO (iPSCs) to D20 (small spheres) and to D28 (large
spheres). Relative mRNA abundance was calculated compared to GAPDH expression. Data is presented as mean + SEM
and data sets were analyzed by Students T-Test; ****P<0.0001; vs. DO, Control N=1 and n=3.
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Using this protocols the production of a large number of spheres was relatively easy
but maintaining the spheres as distinct entities was difficult with many spheres sticking to
each other and fusing into large conglomerations (Figure 4.8). These structures are not able
to be used in further work and therefore represent a considerable loss of material at this
stage in development. To address this issue after spheres were established (day 20 of
differentiation) plates were placed onto an oscillating table within an incubator (oscillating
at a rate of 50 rpm at an angle of 13°). Modifying the protocol in this way preventing the
spheres from sticking together. To determine if this modification had a negative effect on
the growth of the spheres the size of the spheres after 25 days of differentiation was
measured. Comparing spheres grown under normal conditions and those grown on the
oscillating table showed spheres grown on the oscillating table were significantly smaller
by an average of ~0.25mm? (Figure 4.8). This change may have been due to the loss of
spheres joining and fusing together or because the change in methodology slowed the
growth of the spheres. Critically the change in methodology had a beneficial effect on the
variability of sphere sizes with spheres grown on the oscillating table having a significantly
less variable size than those grown under the original protocol (F1,115=8.813, P<0.0001,
n=155 original, n=338 oscillating). Therefore, the adapted protocol was used for generating

OPC spheres.
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Figure 4.8: Modification to the non-adherent growth stages of oligodendrocyte generation. A Example image of spheres
gown under the original protocol highlighting a large sphere (red arrow) generated by the fusion of a number of smaller
spheres (green arrow). B Example image of spheres grown using the modified protocol with a oscillating table highlighting
the lack of large fused spheres and the relative uniformity of sphere size. C Comparison of sphere sizes using the original
and modified (oscillating) protocols. Data is presented as distributions with median (solid line) and quartiles (dotted lines)
marked. Data sets were compared using unpaired t-test with Welch’s correction: ****P<0.0001 vs original; n=115
original; n=338 oscillating.
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Having selected for OPC using suspension cultures spheres were plated and cells
were allowed to migrate out of these structures (Figure 4.9). First neuronal processes are
produced and then OPCs can move along these structures and spread away from the
spheres. After an extended period of time these OPCs can begin to produce myelin and
given enough time it is possible for the oligodendrocytes produced in this manner to begin
to interact with the surrounding neuronal processes (Figure 4.9). Therefore, using this

protocol, it is possible to generate mature MBP+ oligodendrocytes from iPSCs.

Figure 4.9: Oligodendrocyte differentiation and maturation. A Example image of OPC spheres plates and grown in
adherent culture for 10 days. B Example staining for MBP of control iPSC derived oligodendrocytes after 75 days of
differentiation. C Example staining for MAP2 and MBP of control iPSC derived oligodendrocytes after 110 days of
differentiation. Scale bar = 50 um.

4.3.4 Deletion and duplication of the 1g21.1 locus are associated with aberrant
oligodendrocyte differentiation and function

The development of oligodendrocytes is complex involving the formation of NPCs,
OPCs, pre-myelinating oligodendrocytes and finally myelinating oligodendrocytes. To
assess the effect of 1g21.1 mutations on the differentiation of oligodendrocytes three
stages of development were examined. This analysis was done with 1 control, 1 1q21.1
deletion and 1 1g21.1 duplication cell line to provide initial evidence for dysfunction in the
generation or maturation of oligodendrocytes. Firstly, the development of a ventralized
NPC population was examined by assessing the expression of PAX6 (marking
neuroectoderm specification) and OLIG2 (marking a ventralized NPC population) after 12
days of differentiation. This analysis showed that deletion or duplication of the 1q21.1 locus
was associated with decreased expression of PAX6 but no significant changes in the

expression of OLIG2 (Figure 4.10).
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Figure 4.10: Gene expression changes in 1gq21.1 cell lines after 12 days of oligodendrocyte differentiation. A Expression
of PAX6 in control 1g21.1 deletion and 1g21.1 duplication differentiations after 12 days of oligodendrocyte
differentiation. B Expression of OLIG2 in control 1g21.1 deletion and 1g21.1 duplication differentiation after 12 days of
oligodendrocyte differentiation. Relative mRNA abundance was calculated compared to GAPDH expression. Data is
represented as mean + SEM and data was analyzed by Students t-test: **P<0.01; ***P<0.001 vs control; Control N=1,
Deletion N=1, Duplication N=1 and n=3.

To assess if the changes in the production of NPCs went on to affect the production
of glial progenitors and OPCs the expression of 4 markers was assessed after 25 days of
differentiation. To examine the production of NPCs the expression of PAX6 was examined
and to assess the production of ventralized glial precursors the expression of OLIG2 and
NKX2.2 was examined. Finally, the expression of SOX10 was examined as a marker of early
oligodendrocyte specification. At this stage the expression of OLIG2 had increased while
the expression of PAX6 had decreased in control cells compared to day 12 (Figure 4.11).
Furthermore, markers of OPCs (NKX2.2 and SOX10) were expressed although at lower
levels (Figure 4.11). Examining the relative change in the expression of these markers in
1g21.1 deletion and duplication differentiations showed no significant changes in PAX6 or
OLIG2 expression. However, duplication of the 1g21.1 locus was associated with a
significant increase in NKX2.2 expression and a significant decrease in SOX10 expression
(Figure 4.11). This period of oligodendrocyte differentiation is marked by a high rate of
proliferation and therefore to assess if 1g21.1 mutations had any effect on proliferation
the expression of Marker Of Proliferation Ki-67 (KI67) was also assessed. As expected, the
expression of KI67 was high in control differentiations. However, unlike changes in the
expression of other markers the changes in the expression of KI67 were reciprocal based
on the deletion or duplication of the 1q21.1 locus. Specifically, deletion of 1g21.1 resulted
in a decreased expression of KI67 whereas duplication of this locus resulted in an increased

expression. To further confirm this result and assess any gross effect this had on the growth

of spheres the size of spheres was assessed. This analysis showed similar results to those
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seen with KI67 expression with 1g21.1 deletion associated with a decreased sphere size

and 1g21.1 duplication associated with an increased sphere size (Figure 4.11).
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Figure 4.11: Changes in proliferation during early stages of oligodendrocyte development. A Expression of 4
oligodendrocyte lineage markers and the proliferation marker KI67 in control differentiations after 25 days of
oligodendrocyte differentiation (Control N=1 and n=3). Relative mRNA abundance was calculated compared to GAPDH
expression. B Expression of 4 oligodendrocyte lineage markers and the proliferation marker KI67 in 1921.1 deletion and
duplications after 25 days of oligodendrocyte differentiation. Fold change was normalized to control differentiations.
Data is presented as mean + SEM and was analyzed by multiple t-test. Star represent Holm-Sidak corrected p-values:
**P<0.01; ***P<0.001 vs control; Control N=1, Deletion N=1, Duplication N=1 and n=3. C Sphere sizes measured after 25
days of oligodendrocyte differentiation. Data is presented as distributions with median (solid line) and quartiles (dotted
lines) marked. Data sets were compared using unpaired t-test with Welch’s correction: ****P<0.0001 vs control; n=193
control; n=153 deletion, n=109 duplication. D Example images of spheres produced from control, 1g21.1 deletion and
1921.1 duplication cell lines. Scale bar = 100 pm.

After plating spheres, it was observed that both 1g21.1 deletion and duplication
spheres failed to produce the same number of cells migrating away from the spheres as
controls. Therefore, to assess if the changes in proliferation and observations of migratory
deficits were indicative of a loss of oligodendrocyte production the number of cells
expressing MBP was assessed at two stages of development. After 75 days of
differentiation control spheres had produced a large number of MBP+ oligodendrocytes.
However, both 1921.1 deletion and duplication were associated with a decreased number
of MBP+ cells (Figure 4.12). Furthermore, while MBP+ cells had migrated away from the
spheres producing them in control and 1g21.1 deletion differentiations MBP+ cells were
only found in close proximity to spheres in 1g21.1 duplication differentiations (Figure 4.12).
After 110 days of differentiation 1g21.1 deletion spheres were able to increase the

production of MBP+ oligodendrocytes, however there remained significantly fewer of
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these cells than in control differentiations (Figure 4.12). Furthermore, by this time point
there were no MBP+ cells in 1g21.1 duplication differentiations. Due to the production of
neuronal processes in these differentiations it is possible to observe MBP+ control
oligodendrocytes interacting with neuronal processes. However, none of the MBP+ cells in
1g21.1 deletion differentiations could be observed interacting with neuronal process
(Figure 4.12). Moreover, MBP+ cells in 1g21.1 deletion differentiations appeared smaller
than those in control differentiations. Therefore, taken together these results suggest that
mutations at the 1g21.1 locus are associated with dysfunction in the development and

function of oligodendrocytes.
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Figure 4.12: Production of mature MBP+ oligodendrocytes in control and 1q.21.1 mutant oligodendrocyte
differentiations. A Example brightfield images of spheres 10 days after plating. B Number of MBP+ oligodendrocytes
produced from control, 1q21.1 deletion and 1g21.1 duplication spheres after 75 days of differentiation. C Number of
MBP+ oligodendrocytes produced from control, 1921.1 deletion and 1g21.1 duplication spheres after 110 days of
differentiation. All data is presented as mean + SEM and was analyzed by Students t-test: *P<0.05; ****P<0.0001 vs
control; Control N=1, Deletion N=1, Duplication N=1 and n=48. D Example images of MBP+ cells in control, 1q21.1 deletion
and 1g21.1 duplication differentiations after 75 days. E Example images of MBP+ cells in control and 1g21.1 deletion

differentiations after 110 days.
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4.3.6 Deletion of the 1g21.1 locus is associated with decreased production of myelinating
oligodendrocytes

To better understand the cellular dysfunction which underlies the loss of MBP+
oligodendrocytes in 1g21.1 deletions; oligodendrocyte differentiations were repeated
using 2 control and 3 1g21.1 deletion iPSC lines. As results from the initial study showed
clear evidence of decreased proliferation during the non-adherent stage of differentiation
the same quantification was performed using the larger complement of cell lines. The result
was replicated with 1921.1 deletion cultures producing significantly smaller spheres than
control cultures (Figure 4.13). To establish if this mutations also effected the ability to form
spheres the number of spheres larger than 100 um in diameter was also assessed after 25
days of differentiation. The results indicated that 1g21.1 deletion was not associated with
a change in the number of spheres produced (Figure 4.13) but was associated with a
decrease in sphere size therefore suggesting that the proliferation deficit was occurring

after sphere formation.
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Figure 4.13: Gene expression and proliferation changes associated with 1q21.1 deletion during early oligodendrocyte
development. A Number of spheres (produced from 3x10° cells at day 12 of differentiation) with a diameter larger than
100 um after 25 days of oligodendrocyte differentiation (Control N=2, Deletion N=3 and n=3). Data is presented as mean
+ SEM and was analyzed by Students t-test. B Sphere sizes measured after 25 days of oligodendrocyte differentiation.
Data is presented as distributions with median (solid line) and quartiles (dotted lines) marked. Data sets were compared
using unpaired t-test with Welch’s correction: ****P<0.0001 vs control; n=339 control; n=625 deletion. C Expression of
3 key oligodendrocyte lineage markers and the proliferative marker KI67 after 30 days of oligodendrocyte differentiation
(Control N=2, Deletion N=3 and n=3). Data is presented as mean + SEM and was analyzed by Students t-test:
*#%*%P<0.0001 vs control.

There were no significant changes in the expression of key oligodendrocyte lineage
markers after 25 days of differentiation in the initial study. Therefore, to establish if the
changes in proliferation occurring at this stage influence gene expression at a later stage
the expression of 3 key oligodendrocyte lineage markers was assessed after 30 days of
differentiation. At this stage of development, the expression of both NKX2.2 and SOX10
was increased compared to day 25 of differentiation (Figure 4.13). Furthermore, deletion

of the 1921.1 locus resulted in a small but significant increase in NKX2.2 expression and a
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large decrease in the expression of SOX10 (Figure 4.13). Finally, at this stage of
development there was no significant changes in the expression of KI67. With the
expression of KI67 having dropped considerably from day 25 of differentiation. Therefore,
the results further indicate that the changes in proliferation occur during large scale sphere
expansion.

The next stage of oligodendrocyte development is the production of OPCs marked
by the expression of the 04 antigen. However, the methodology used in the previous study
(i.e. comparing the number of MBP+ cells per sphere) may introduce bias based on the
formation and size of the spheres. Therefore, to begin to eliminate this confound the size
of the area in which cells had migrated away from the spheres was measured relative to
the sphere size. This metric showed that control spheres produced a larger area of cells
even when accounting for the larger sphere size (Figure 4.14). However, to examine if this
result was due to altered production of 04+ OPCs, spheres were dissociated and were
sorted using MACS for A2B5 (which is expressed by glial progenitors and newly formed
OPCs). Cells were maintained for 25 days and then the number of 04+ OPCs was quantified.
In control cultures the majority of cells expressed 04 with a significant loss of O4+ cells in
1g21.1 deletion cultures (Figure 4.14). However, to prove that the selection process had
enriched for O4+ cells or precursors of this cells type in both control and 1g21.1 deletion
cultures, cells which were negative for A2B5 were also maintained for 25 days. Most cells
which were negative for A2B5 expression stained positive for GFAP after 25 days of growth
with no cells staining positive for O4 (Figure 4.14). There was also a smaller population of
OLIG2+ cells in the A2B5- cultures suggesting some cells may have been A2B5- glial or
neuronal precursors (Figure 4.14). There was also no significant differences in the number
of GFAP+ or OLIG2+ cells in the A2B5 negative cultures (Figure 4.14) or in the proportion of
A2B5+ cells from either control of 1g21.1 deletion differentiations. Taken together these
results indicate that any differences in the A2B5+ cultures are due to the differentiation of

these cells and not the process of selection.
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Figure 4.14: The effect of 1g21.1 deletion on the production of OPCs. A Example images of cells migrating away from
spheres after 50 days of differentiation. Spheres are marked by black circles and the distance cells migrated from the
spheres is marked by the dotted red lines. B Quantification of cell migration measured by the furthest distance cells
migrated from the sphere relative to the size of the spheres (Control N=2, Deletion N=3 and n=24). C Example images of
04+ cells after 55 days of differentiation and sorting for A2B5 in control and 1g21.1 deletion cultures. D Number of 04+
cells after 55 days of differentiation and sorting for A2B5 relative to the total number of nuclei (Control N=2, Deletion
N=3 and n=3). E Representative images of A2B5 negative cells stained for GFAP and OLIG2 after 55 days of differentiation.
F Quantification of the percentage of nuclei which co-localized with GFAP or OLIG1 expression in A2B5 negative cultures
after 55 days of differentiation (Control N=2, Deletion N=3 and n=3). G Percentage of cells which sorted positive for A2B5
using MACS (Control N=2, Deletion N=3 and n=3). All data is presented as mean + SEM and was analyzed using Student’s
t-test; ****P<0.0001 vs control. Scale bars = 100 um.
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Finally, to assess the effect of 1g21.1 deletion on the production of functional
oligodendrocytes the expression of key genes involved in the production of myelin and
function of oligodendrocytes was assessed after 75 days of differentiation. The expression
of both PLP1 and MBP was high in control differentiations (Figure 4.15). In 1g21.1 deletion
differentiations there was a loss in the expression of both Proteolipid Protein 1 (PLP1) and
MBP (Figure 4.15). To demonstrate if this loss of gene expression was associated with a loss
of MBP+ oligodendrocytes; cultures were stained after 75 days of differentiation for MBP.
In control cultures ~30% of cells were MBP+ whereas in 1g21.1 deletion cultures only ~5%
of cells were MBP+ (Figure 4.15). These results confirm that 1g21.1 deletion is associated

with a loss of functional oligodendrocytes.
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Figure 4.15: The production of mature oligodendrocytes from control and 1g21.1 deletion iPSCs. A Expression of two
myelin related proteins (MBP and PLP1) in day 75 A2B5+ cultures. B Number of nuclei which co-localized with significant
MBP staining after 75 days of differentiation. All data is represented as mean + SEM and data was analyzed by Students
t-test: ***P<0.001 vs control; Control N=2, Deletion N=3 and n=3. Relative mRNA abundance was calculated compared
to GAPDH expression. C Representative images of MBP+ cells in control and deletion day 75 cultures. Scale bar = 100 pum.
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4 .4 Discussion

4.4.1 Duplication of the 1g21.1 locus is associated with changes in early oligodendrocyte
differentiation

This is the first study to examine the effect of 1g21.1 mutations on the
differentiation and function of oligodendrocytes. Duplication of this locus was associated
with changes in proliferation during early stages of development resulting in a loss of
mature oligodendrocytes. However, the DTI metrics for 1g21.1 duplication patients show
no significant association between changes in any measure and 1g21.1 duplication.
However, the loss of mature oligodendrocytes seen in association with 1g21.1 duplication
is consistent with some studies done on ASD and intellectual disability (both of which are
associated with 1g21.1 duplication). Most similarly, work done on PAK3 (which is
associated with non-sydromic intellectual disability) showed loss of this gene was
associated with a loss of oligodendrocytes in a mouse model**!. However, this loss was only
found at early stages of development and the changes in cell number and myelin thickness
recovered during adulthood. Therefore, it is conceivable that the divergence of evidence
from in vivo (DTI) and in vitro (iPSC derived oligodendrocyte) studies is due to
compensatory mechanism which occur during adolescence and adulthood as the human
data in this study is from older individuals.

The loss of myelin reported in the PAK3 mouse model is also seen in the mouse
model of down syndrome which also shows a loss of oligodendrocytes in white matter
tracts3*2. Finally, in contrast to the results from animal studies a study of gene expression
in the cerebellum of autistic patients showed an up regulation of oligodendrocyte lineage
markers3* including genes involved in both development and function of
oligodendrocytes. However overall there are very few studies of oligodendrocyte
dysfunction in ASD and intellectual disability and based on this study, and other studies
using animal models it is clear that, while there may be dysfunction in this cell type
associated with these disorders it may be temporally specific. Therefore, the study of this
association must focus on early developmental time points.

The increased proliferation during early stages of development is also consistent
with the reports of the effect of NOTCH2NL over expression. The over expression of
NOTCH2NL was reported to prevent the maturation of NPCs into neurons®>2>>, Therefore,
the increased proliferation reported in association with 1g21.1 duplication may be a result

of a restriction of cells to an NPC or glial progenitor fate in which they are highly
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proliferative. Furthermore, recent work by Nagarajan et al** suggests that NOTCH
expression is linked to conversion of OPCs into oligodendrocytes and therefore decreased
NOTCH signaling may have a similar effect on OPC to oligodendrocyte transition as seen
with NPC to neuron transition. This would then result in the loss of functional
oligodendrocytes seen in the 1g21.1 duplication differentiations. Ultimately, the lack of
research on oligodendrocyte dysfunction associated with childhood and adolescent
psychiatric disorders makes the study of the duplication of 1q21.1 particularly interesting
and further examination of this association may provide further insight into these

disorders.

4.4.2 Loss of oligodendrocytes in 1g21.1 deletion is both physiologically relevant and
indicative of psychiatric pathology

The use of three separate techniques and two model systems provides strong
evidence that deletion of the 1g21.1 locus is associated with a decreased production and
function of oligodendrocytes. Modelling oligodendrocyte development using iPSCs carrying
1921.1 deletion has shown that this mutation is associated with a loss of mature
oligodendrocytes similar to the 1g21.1 microdeletion mouse model which would also
explain the changes in DTl metric reported in patients. These results are consistent with
early work using post mortem samples34>34 which clearly showed a loss of myelin
associated with severe schizophrenia with similar results presented for bipolar disorder3!%,
However the advent of DTl metrics used in this study to examine the white matter in live
patients has further confirmed this associated with the most prevalent finding being a loss
of FA340.347,348 gimilar to that seen in this study. However, the use of a mouse and human
iPSC model allows dissection of this finding at a cellular level.

Work by Windrem et al.3* showed clear evidence that oligodendrocytes derived
from schizophrenic patients were unable to produce the same level of myelination as
healthy controls when transplanted into a myelin deficient mouse. In a similar fashion
deletion of the 1g21.1 locus is associated with a loss of myelin production in the iPSC model
and a loss of oligodendrocytes in the mouse model. However, isolating the development of
this cells type using the iPSC model allows the determination that this phenotype is at least
partially developmental. This result is similar to work done by McPhie et al.?*° who showed
a loss of OPC production in iPSC differentiations from schizophrenic patients. Furthermore,
two studies examining the effect of individual genes associated with risk for schizophrenia

have also shown developmental deficits. Studying mutations in CSPG4 Vrij et al.3?® showed
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that the mutant form of this gene, associated with schizophrenia, had negative effects on
cellular morphology and viability resulting in a loss of myelination potential. Similarly
examining loss of NEAT1 expression (another risk gene for schizophrenia) Katsel et al.3#
showed loss of NEAT1 expression was associated with a reduced expression of genes
involved in oligodendrocyte differentiation in a mouse model.

Inthe present study 1g21.1 deletion was associated with a loss of 04+ cells; changes
in proliferation, and gene expression at early (<30 days) developmental time points. The
changes in proliferation at the earlier time points may suggest an influence from loss of
NOTCH2NL expression. This phenotype is also particularly relevant given the association of
1g21.1 deletion with microcephaly®?. As previously discussed, loss of NOTCH2NL
expression has been shown to cause premature differentiation resulting in a loss of
neuronal progenitors®®. Therefore, while this system is driving the differentiation of
oligodendrocytes rather than neurons it is conceivable that loss of NOTCH2NL expression
results in premature exit from early proliferative stages in development. However, if this is
the case the lack of an increase in 04+ or GFAP+ cells during the later stage of development
would suggest that cells which have prematurely differentiated are not forming either
astrocytes or OPCs. Therefore, these results may suggest a role for other 1g21.1 genes in
the origin of this phenotype. The loss of cells which migrated away from the OPC spheres
also suggests the deficits in differentiation and proliferation may be confounded by deficits
in migration. In a similar fashion a cell migration deficit has been presented in association
with CNTNAP2 deletion®°, While this study did not focus solely on oligodendrocytes the
migration of cells away from neutrospheres was significantly hampered in the
schizophrenic individual studied compared to control and a healthy carrier. Therefore,
while the lack of migration may be at least partially due to the decreased production of
O4+ migratory OPCs this phenotype may also be partially due to a loss of motility in these
cells.

The gene expression changes associated with 1g21.1 deletion at early stage of
oligodendrocyte development also point towards developmental deficits. Increased
expression of NKX2.2 without similar increase in OLIG2 suggests a dysregulation in
oligodendrocyte differentiation as both transcription factors are known to function in
collaboration to drive the differentiation of oligodendrocytes®*122, The expression of
SOX10 is also of critical importance for oligodendrocyte development3>33>4 and along with

SOX8 is important for the expression of myelin related genes such as MOG?3>>. Therefore,
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while the loss of SOX10 expression observed in this study may be indicative of a loss of
OPCs and or oligodendrocytes if there is a reduction of SOX10 expression within the 1921.1
deletion OPCs and oligodendrocytes at later stages of development this may impact the
differentiation and function of these cells.

While deletion of the 1g21.1 locus is associated with a loss of both O4+ and MBP+
cells (after 55 and 75 days of differentiation respectively) the loss of MBP+ cells is more
profound than the loss of O4+ cells. Therefore, this result suggests that beyond the deficits
in differentiation there are key deficits in functional maturation associated with deletion of
the 1921.1 locus. Similarly, Chen et al.>*® examining the schizophrenia risk factor FEZ1
showed that loss of FEZ1 expression is associated with a loss of oligodendrocyte complexity
in murine cells. Suggesting that specific deficits during the functional maturation of
oligodendrocytes may be particularly relevant to risk for schizophrenia. Furthermore,
reductions in PLP1 and SOX10 expression have been associated with bipolar disorder and

schizophrenia3!!

suggesting that the gene expression changes observed in this study may
link to more fundamental changes associated with psychiatric pathology. Finally work done
by Silva et al.3'” has shown that changes in DTI metrics (in a CYFIP1 mouse model) similar
to those seen in this study are associated with a loss of functional oligodendrocytes which
is also linked with behavioral deficits. While further work is needed this study clearly
demonstrates that deletion of the 1q.21 locus is associated with a loss of functional

oligodendrocytes due to deficits in early development and functional maturation.

4.4.3 Study limitations and future perspective

While the phenotypes identified in iPSC derived oligodendrocytes are supported by
results from both human imaging and the 1921.1 microdeletion mouse model; there is a
lack of support for oligodendrocyte dysfunction associated with duplication of the 1g21.1
locus in the human imaging data. Furthermore, the initial study only used one 1g21.1
duplication cell line. However, given the consistency of control and 1g21.1 deletion cell
lines across multiple differentiations and an increased number of cell lines it is reasonable
to suggest these results constituent evidence that duplication of the 1g21.1 locus is
associated with oligodendrocyte dysfunction. Further work using a large compliment of
1921.1 duplication cell lines and closer examination of early developmental stages may

further elucidate the precise deficits associated with this mutation in this cell type.
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The limitations of a small sample size are also shared by the human imaging data
which used only few 1g21.1 carriers and therefore this impacts the significance of the
results. In particular the reduction in FA associated with 1g21.1 deletion is not significant
after statistical correction using the Bonferroni method however due to the low sample
size and high effect size observed in this case the result was included. However, increasing
the number of participants in this study is critical to ascertain if this is a genuine effect. The
low number of 1g21.1 participants in this study also means there is a risk of missing smaller
changes in effect sizes. The data on DTI metrics of 1g21.1 carriers is also limited to the
corpus callosum and therefore these results may not be indicative of changes across all
white matter tracts. Many studies using DTI metrics similar to those presented in this study
show different effects in different white matter tracts!!?® therefore suggesting that the
changes seen in the corpus callosum in this study may not be reflective of the entire brain.
Further examination of this data for other white matter tracts and recruitment of a larger
sample size of 1921.1 carriers would allow further dissection of the effect of this mutation
of white matter structure. However, recruitment of large cohorts of 1g21.1 carriers may
introduce bias into future studies as healthy individuals carrying 1921.1 mutations are
unlikely to be screened for CNVs and therefore would be difficult to find and include.
Ultimately given the clear associations between altered FA and schizophrenial®? further
work on larger cohorts must eliminate schizophrenia diagnosis as the only driver of the
alterations seen in DTI metrics.

The use of the 1g21.1 microdeletion mouse model provides critical supporting
evidence for a link between this mutation and dysfunction in oligodendrocyte production
however this study was limited to examining the tissue after fixation and sectioning.
Therefore, while the examination of oligodendrocyte number is possible the assessment of
myelination was not possible in this study. Further work using this animal model may focus
on imaging to determine the effect of this mutation on the structure of white matter and
compare this to the human data or closer examination of myelin production using
techniques such as electron microscopy. Examination of myelination in the 1g21.1
microdeletion mouse model in a similar fashion to that done be Silva et al.>'” would provide
clear evidence that the loss of myelin seen in iPSC derived oligodendrocytes carrying
1g.21.1 deletions resulted in functional deficits.

The use of a developmental patterning approach to generate oligodendrocytes was

selected for this study mainly due to the desire to examine the effect of 1g21.1 mutations

133



in a developmental context. However, to examine the effect of 1q21.1 mutations on the
function of oligodendrocytes a direct differentiation approach may be more relevant. Using
such an approach would negate the effects of 1g21.1 mutations on development and focus
on the effects this mutation may have on oligodendrocyte function. However, while direct
differentiation approaches for generating oligodendrocyte have been published337338, the
relatively low production of MBP+ cells remains concerning using this approach. Therefore,
further development of a direction differentiation approach may be necessary before this
can be successfully used to examine functional deficits of oligodendrocytes.

In a similar fashion to the development of protocols to generate neurons the
inclusion of mitotic inhibitors may allow the synchronization of developmentally patterned
differentiations resulting in a more homogenous and faster production of 04+ cells. While
the use of cytarabine in this study would constitute mitotic inhibition3>’, this compound
was applied during the later stages of differentiation after 04+ cells had exited the cell cycle
to prevent any unwanted astrocyte growth. To this end further examination of the
developmental patterning approach to oligodendrocyte differentiation may focus on
reducing the production of astrocytes and other unwanted cell types produced by current
methodologies.

Finally, while MBP+ oligodendrocytes were produced in this study the true function
of these cells was not examined. There are two techniques which can be used to examine
the myelination potential of oligodendrocytes. Oligodendrocytes can be plated only a
substrate which mimics the diameter and organization of axons. Work has been done using
electrospun fibres3>® however novel materials based on this concept have been and
continue to be developed3>9-3¢2, There is also limited evidence that 3D culture systems aid
in the production of pre-myelinating oligodendrocytes3®3. Secondly human iPSC derived
oligodendrocyte precursors can be transplanted in mouse models®?® which allows the
closest approximation of human oligodendrocyte maturation. The use of either technique
would allow further determination of the precise cellular deficits associated with 1g21.1
mutations. Overall this study provides clear evidence for an association between 1q.21.1
mutations and oligodendrocyte dysfunction however future work must focus on how these
mutations effect the function of these cells and if it will impact the generation of myelin

during development and disease.
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5. Alginate Based Bio-inks modified with Key Extra-Cellular Matrix
Proteins Provide a Substrate for Maintenance of Neuronal Cell
Lineages in Defined 3D Cell Cultures

5.1 Introduction

5.1.1 The lessons learnt from 2D cell culture and the emerging world of 3D cell culture

Simplistic 2D co-culture systems have already shown the importance of glia to the
proper development of neurons for example simple experiments such as those done by
Jones et aP% clearly show the effect of astrocytes on neuronal complexity and further
evidence has shown that astrocytes mediate the function of neuronal networks3®.
Furthermore, using a similar paradigm with microglia, Haenseler et a/**? have shown that
the expression profile and functional response of microglia is altered in the presence of
neurons. More advanced co-culture systems have been developed3®® which highlight the
morphological differences observed between astrocytes cultured in 2D and those cultured
in a 3D system. While these models are simplistic when compared to in vivo systems the
profound effect that the combination of neurons and glia have on both cell types suggest
that to understand the interplay between these two cell types more complex model
systems are necessary.

One system which has been recently devised are organoids, this model offers a
more complex view of neuronal development by allowing the system to develop in 3D. The
development of cerebral organoids was first published in 20133%7 and highlighted the
complex nature of the tissue which was developed. However, while the system produced
structures similar to those seen in vivo due to the lack of patterning factors the products
were highly heterogenous and could produce non-neuronal tissues3®®. Further protocols
have been developed using some of the advances made in developmental patterning
approaches for the generation of 2D neuronal systems resulting in the production of region
specific brain organoids3®37°, Recent advances in this field have shown that it is possible
to generate both astrocytes and oligodendrocytes in these systems3’! however due to the
non-neuronal origin of microglia, the introduction of patterning factors to drive more
homogenous neuronal differentiation would preclude the induction of this cell type. While
these approaches provide a critical insight into the development and maturation of
neurons and glia, they are largely hampered by the heterogeneity introduced when

systems can self-organize and pattern. Therefore, while these systems provide a much
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more complex view of neuronal development, they remain highly heterogenous and very
costly therefore sharing some of the limitation of using animal models and remain unable
to recapitulate the complete cellular environment of the developing brain.

An alternative approach to producing 3D models of neuronal systems which
addresses the issues of heterogeneity and cost is to leverage 3D printing systems to allow
greater control of the model produced. Bioprinting has been long established as a possible
route for producing in vivo like tissue with a greater reproducibility than that seen in
current iPSC-based cell models. This technique leverages advancements in technology,
biochemical engineering and cell generation to generate complex models of specific tissues
within the human body. The possible uses of these models are thought to be very broad
including drug screening and cell replacement therapies. The major advantage of these
systems over the organoid based paradigm is the control that can be exerted over the
entire system. The ability to directly control the cell population in use and to control the
relative proportions of these populations is a critical advantage of this technique.
Furthermore, using a bioprinting system allows for the control of the acellular component
of the model, allowing the introduction of complex neuronal specific compounds which aid
in the recapitulation of in vivo like tissue. However, while these advantages are significant
there is still a large amount of development needed before this technology can supersede

other current approached to complex 3D cell models.

5.1.2 Current technology and techniques available for bioprinting

There are many methodologies used for bioprinting each with advantages and
disadvantages. The use of technologies for bioprinting is largely limited by the negative
effect the technique may have on cell viability and function. Therefore, bioprinting
techniques must accommodate key aspects of cellular maintenance including; pH,
temperature and pressure while also not introducing any inherently cytotoxic compounds.
There are three main technologies used for bioprinting (Table 4.1) each of which has key

372

advantages and disadvantages>’“ which must be examined before a selection is made.
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Table 4.1: The three main techniques currently employed for 3D bioprinting. Table adapted from Murphy and Atala*°s,
and Mandrycky et al.372

Bioprinting Technology

Inkjet Extrusion Laser assisted
Bioink Viscosity 3.5-12mPa/s 30->6x10” mPa/s 1-300mPa/s
Crosslinking Chemical or Chemical, Light, Chemical or Light
methods Light Temperature or Sheer
Preparation time Low Low-Medium Medium to High
Printing speed Fast Slow Medium to Fast
Resolution High Moderate High
Cell viability >85% 40-80% >95%
Cell Density Low High Medium
Quality of Vertical Poor Good Fair
Printing
Printer Cost Low Medium High

The original bioprinting technology was based on conventional inkjet printing373-37>

using either thermal or acoustic forces to eject drops of liquid from the printer head.

376

Thermal inkjet printers use heat generated pressure to eject droplets®’® whereas acoustic

374 which have

inkjet printers use piezoelectric crystals to generate acoustic radiation forces
a similar effect. However, using thermal inkjet printing there is likely to be an effect on the
cells based on the temperature and mechanical stress induced by the printing process.
Similarly, using acoustic inkjet printing, the frequencies generated may damage or lyse
cells. Therefore while the reported cell viability using these technologies is high (from 80-
90%377:378) this technique may not be appropriate for all cell types.

While these bioprinters have been in use for many years they are limited by a
number of factors the first being that they suffer from issues with clogging especially when

379 which are more physiologically relevant; also this

trying to print high densities of cells
can be effected by the settling effect caused by the low density of the bioinks389381,
Furthermore, the viscosity of the bioink is severely limited by this technology3®? limiting the
compounds which can be used to generate these bioinks. To print using these systems the
bioink must also be liquid which then requires the use of a crosslinker to solidify the bioink
after bioprinting. Crosslinking can be done using chemicals, pH or ultraviolent light however
many of these compounds or conditions are cytotoxic®®3 and can be negatively affected by

increasing cell density. Therefore, crosslinkers may have effects on cell viability beyond that

of just the printing process and may limit the cell density which can be used.
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This technology does however have several advantages perhaps chief among them
the low cost and high printing speed achievable. These systems also allow a large amount
of control over droplet size and ejection directionality allowing the printing of complex

384 can also

constructs with high resolution. Using open-pool nozzle-less ejection systems
reduce the amount of sheer stress produced using these systems however the limitations
on viscosity still remain3®>, This technology also allows the construction of more complex
graduated structures by varying the densities and size of the drops used3®®. While

advancements in this technique are still being made it has already been used to generate

387 377

functional skin®®*’ and cartilage®’’ in situ and layered cartilage using a combination of
electrospinning and inkjet bioprinting3.

While inkjet bioprinting is a popular form of this technique perhaps the most
popular and affordable method of bioprinting is extrusion based bioprinting. This technique
uses robotically controlled extrusion most commonly through a standard needle which
results in a continuous flow of bioink. This technique can be used to print small beads of
material however due to the limitations in flow rate the resolution is significantly lower
than alternative techniques. Due to the simplicity of this technique it is compatible with a
large range of materials with a wide variety of mechanical properties3. Extrusion of the
bioink can be driven by pressure exerted by either pneumatic or mechanical methods.
Mechanical extrusion has thus far proved the most popular perhaps due to the relative
simplicity of these mechanisms and the control that can be achieved over, flow rate. Using
a screw based mechanical system also allows the printing of materials with significantly
higher viscosities than other techniques and thus allows the deposition of much higher cell
densities which are relevant to cell dense tissues.

In a similar fashion to inkjet bioprinting, extrusion based bioprinting also required
the use of a crosslinker. Extrusion based bioprinting is often paired with thermally
crosslinked bioinks which allow the layering of complex 3D constructs and this technique
has been used in the development of scaffold less tissue spheroid bioprinting3%°. However,
the major drawback with this technique is the effect on cell viability, most studies report a
cell viability of 40-85% which is significantly lower than that reported using other
bioprinting techniques39!. Furthermore, the improvements in cell viability often come at

the expense of printing speed and resolution therefore limiting the complexity of the

construct which can be printed. While these limitations are significant this technique is still
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widely used and has been successfully employed in the generation of aortic valves3®?,

393 and branched vasculature3°*.

tumor models

Extrusion and inkjet bioprinting are based on simple techniques and are thus highly
accessible whereas laser assisted bioprinting is significantly less common owing to the
complex nature of these systems and the expense this incurs. These systems are based on

laser-induced forward transfer3®>

created by shining a laser onto an energy absorbing
material which in turn creates a shockwave which can be used to transfer material from a
donor material onto a second material. While the resolution of these systems is affected
by many factors it is usually very high3%¢ and there are no issues with clogging as the system
is nozzle free. While this system is not as versatile when it comes to bioink viscosity as
extrusion-based systems it does allow a wider range than inkjet systems. However, similarly
to inkjet systems, laser assisted systems have been shown to have a relatively small effect
on cell viability3¥. Furthermore, laser assisted bioprinting can be done with high cell
densities while maintaining high resolution printing3°® however the low overall flow rate
does mean that printing using this technique is relatively slow3%°. While the high cell density
is a powerful advantage of this system the fact that so-called aim and shoot systems can be
used where each drop has a single cell in it make this system singularly powerful in terms
of printing specific cell densities3%,

Laser assisted bioprinting addresses many of the limitations of using extrusion or
inkjet based bioprinting systems however it does introduce some limitations which are
highly specific to this technique. The first is that the ribbon (which is the name given to the
absorbing layer) is time consuming to create and may need to be specific to each cell type
being printed therefore rendering the process less applicable to complex multi-cell tissues.
Even though the resolution of constructs generated using this technique is high the ability
to accurately position each individual drop/cell is limited. Additionally, the energy
absorbing layer used to generate the force required for this type of bioprinting is
transferred into the final construct, these materials are usually metallic and therefore may
have significant effects on cell viability and cellular function. While avenues to eliminate
this metallic transfer are being investigated, they further complicate the system and may
introduce a further level of cost and specificity*®401, Despite key limitations, this
technology has been used to print cellularized skin?®? however there remain concerns

about the scalability of this approach for this application.
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There are also several novel or alternative methods which can be used to bioprint
or achieve a similar result. One of the more popular alternatives to the three classic
approaches is the use of stereolithography. This technique is largely similar to laser assisted
bioprinting however this technique uses light rather than a laser to solidify the bioink#93:404,
This has several advantages over the conventional bioprinting methodologies, as each layer
of the construct is cured in one step by the projection of the construct onto the bioink
therefore requiring movement in only one axis. Ultimately, this technique results in fast
high-resolution printing with a high cell viability. However, this technique requires
expensive equipment and compared to the majority of other techniques is procedurally
complex and therefore is not as amenable to high throughput iterative techniques. In the
end, choosing a bioprinting technology to use, is a balance between practical concerns and
the capacities of the technology and while more complex technologies may have
advantages for the majority of application the more readily available alternatives remain

the obvious choices.

5.1.3 The role and importance of bioink

While the technique used for bioprinting may ultimately affect the ability to effectively
print the desired construct, the bioink used will have an equally significant effect on the
cell viability and ultimately the success of the bioprinting procedure. While the availability
of bioinks is partially dictated by the bioprinting technique being used there remains vast
array of compounds which can be used. There are 5 main features®® of the bioinks which
must be considered when selecting the appropriate compound to be used. These features
are printability, biocompatibility, degradation, structure and biomimicry. The importance
of each of these features also varies dependant on the desired final application and in the
end different bioinks can be used to achieve the same result despite clearly different
features.

Printability is simply the ability of the bioink to be printed effectively by the
bioprinting technology being used and is largely dictated by the technique in use and the
limitations associated with this. Biocompatibility is also a more complex feature referring
to the effect the bioink has on the system and cells it is in contact with. This feature is
particularly relevant when the construct is designed to be transplanted into a host. In this
case the bioink must be able to facilitate the integration of the construct into the host
system while not enlisting a large-scale immune response. While this feature is less relevant
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to in vitro work it must not be discounted especially when using immune cells which may
have a negative reaction to the bioink.

While biocompatibility is the effect of the bioink on systems beyond the bioprinted
construct itself, biomimicry is the feature describing the effect of the bioink on the cells
within the construct. For a large number of applications this is the most critical feature of
the bioink selected, effective bioinks must allow the cells to interact within the matrix and
with the matrix. Therefore, the bioink may have an effect on the properties of the cells
including the differentiation, proliferation, size and shape. Furthermore, most cells are
unable to grow free floating and therefore require some interaction with the bioink. Many
currently available bioinks focus on this feature heavily, introducing specific ligands which
cells can interact with allowing a more complex system to form and thus recapitulating part
of the extra cellular matric (ECM) which is naturally formed by cells in vivo. The interaction
of the cells with the bioink may also effect the function of these cells as while the major
constitutive components of the ECM are shared across many tissues, the ECM remains a
highly tissue specific system and therefore the ability of cells to move and function within
the bioink is likely to be intrinsically linked with the cells ability to interact with the ECM.

The final two features of bioinks, degradation and structure relate more to the
physical properties of the bioink rather than the biology underlying its interaction with the
cells. Degradation of the bioink is largely function dependant and is more critical if the
construct is being used as an implant where the bioink may be designed to degrade into
non-toxic components and be replaced by naturally secreted ECM. For most in vitro work
bioinks are designed to be non-degradable over the relatively short periods of time needed
for the work. The final feature is the structure of the bioink, which is particularly relevant
in complex tissues where cells must communicate and migrate. The mechanical properties
including stiffness and pore size are of particular relevance and many bioinks are developed
which allow the modification of these factors while maintaining the biochemical properties
of the bioink. Ultimately all these features must be considered to some extent when
selecting an appropriate bioink.

Cell-laden hydrogels are currently the most popular family of bioinks, these
compounds can be used in droplet, extrusion and laser based bioprinting systems.
Hydrogels can be formed from a wide variety of natural compounds such as agarose,
alginate, chitosan, collagen, gelatin, fibrin and hyaluronic acid. While more limited there
are also hydrogels formed from synthetic compounds namely pluronic and polyethylene
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glycol. Natural hydrogels (except agarose and alginate) have inherent bioreactivity with
hydrogels formed using collagen and fibrin able to mimic the non-linear elasticity of human
soft tissues??®497 While synthetic and some natural hydrogels do not have the inherent
bioreactivity of their natural counterparts it is possible to functionalize these compounds
by combining them with specific ligands which can interact with cells in the bioink*,
Hydrogel based bioinks are printed as a polymer solution and then this solution is cross-
linked to form a structurally stable construct. Cross-linking can be mechanical or chemical
in nature, mechanical cross-linking may involve hydrophobic or ionic interactions and
chemical cross-linking usually requires the formation of covalent bonds. Chemically cross-
linked hydrogels are mechanically more stable than physically cross-linked hydrogels and
evidence suggests?%410 that this mechanical stability is particularly important to stem cells
and their ability to differentiate. Current work is focussed on developing bioinks which are,
more tissue specific and allow for fully functional long-term cell maintenance and growth

which involves adapting complex ECM structures into bioprintable alternatives.

5.1.4 Bioprinting as it relates to neuronal systems

While the technique and technology of bioprinting is not novel development of
neuronal based bioinks has been limited when compared to bioinks for other tissues*!%.
This may be due to the inherent complexity of the neuronal system, with a mix of motile
and stationary cells both of which require complex interactions with the ECM. Early work
on bioprinting neuronal systems used murine primary tissue as the cell source and a
number of groups had success in bioprinting using this tissue. One of the first groups to
report success in this field was Lee et al*?? who used a pH-sensitive collagen based bioink
and then went on to develop a similar system which allowed growth factors (like VEGF) to
be integrated into the bioink*!3. This work demonstrated the relevance of a more complex
bioink and how this can affect cellular morphology and function. Other groups such as
Lozano et al*** have shown that high viability can be achieved using a functionalized form
of a natural but non bio-reactive polymer. However again the cell type used for this work
was primary murine cortical neurons which are significantly hardier than their human iPSC
derived counterparts.

The development of hydrogels and bioprinting using neural stem cells and human
derived cell types has largely focussed on the applications in cell replacement therapy. It

has long been established that suitable hydrogels are of critical importance when
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developing cell replacement therapies. As such groups have developed complex hydrogels
which can be used in combination with NSCs as the basis for cell replacement therapies.
Hsieh et al**> used a biodegradable hydrogel in combination with murine NSCs to improve
the recovery of zebrafish with CNS injuries. Whereas Chen et a/*!® used a collagen based
bioink crosslinked using heparin sulphate to improve recovery in a rat model of spinal cord
injury. Work has also been carried out using similar 3D printed constructs as the basis to
study nerve regeneration in vitro using human tissue. For example the system developed
by Gu et al*?” used agarose and alginate based bioink functionalised by the addition of
chitosan which allowed the differentiation of human cortical NSCs into both functional
neurons and glia.

Despite the promise of this technology there has been limited advancement
towards bioprinting systems which are capable of printing complex multi cell type neuronal
constructs derived from human ESCs or iPSC. Proof of concept experiments carried out by
Gu et al*® demonstrated that human iPSC are capable of surviving bioprinting and
maintaining their pluripotency however this work did not maintain the cells as bioprinted
constructs but rather used this as a transient step to achieve the desired cell aggregate size.
Similarly Lindborg et al*!? used a modified hydrogel to generate cerebral organoids, again
demonstrating the viability of an aspect of the technique. Early work by Bouyer et al*?°
using a highly complex bioprinting system has shown some success in bioprinting human
ESC derived neurons and glia, however this technique is complex therefore negating many
of the proposed advantages of 3D bioprinting. Furthermore, while cells are shown to
survive and express some markers of neurons the morphology of these cells is
questionable, and the functionality has not been assessed. In the end, when developing a
bioprinting system for generating neuronal and glial 3D cultures it is critical to assess the
success on multiple levels.

As this work is largely multidisciplinary most focus on one aspect of this process
either developing a novel bioprinting system or use of the system with a focus on the
cellular output. A large body of work has focused on developing complex bioink/bioprinting
procedures which allow cells to survive with very little focus on the cellular health or
function beyond simple live dead metrics. This has resulted in a large number of different
bioinks and bioprinting technologies using simplified cell systems (like HEK cells) which are
not the obvious goal of this technology. Therefore, to successful demonstrate the viability

of this approach and technology, development must be carried out using the desired final
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cell types namely iPSC derived neurons and glia with a greater focus on the cellular

component of this system.

5.1.5 Current paradigms for the use of bioprinted 3D neuronal constructs

While it is obvious that 3D culture systems offer a more realistic view of neuronal
development and neuronal systems, there are certain paradigms where current 3D models
(i.e. organoids) are not appropriate. Perhaps the most obvious of these is as drug discovery
platforms where 3D bioprinting is lauded as a paradigm shift in the process of drug
development. Successful drug discovery platforms are highly scalable and must be highly
replicable. Whereas organoids are highly variable and 2D culture systems do not have the
complexity necessary 3D bioprinted constructs would allow for large scale drug screening.
Bioprinting by design can print large numbers of identical constructs with known cell
contributions, density and distribution therefore lending itself to this type of process. This
would not only allow the assessment of multiple cell types responses to the drugs of
interest but would also start to recapitulate some of the issues associated with drug
delivery as the constructs would have a natural density and therefore some lack of
permeability.

Bioprinting also allows the combination of multiple cell types which can be derived
from separate lineages which is particularly important when developing models of the
blood brain barrier and neuroinflammation. While all cells in the brain react and play a role
in neuroinflammation it is microglia which are the largest mediators of this response®?!.
While there has been some suggestion that microglia can be generated in un-patterned
organoids3®® the fact that this cell type is naturally derived from outside the brain*?2
necessitates the development of a more complex system. The ability of bioprinting to allow
combination of disparate cell types while maintaining control over distribution and density
is highly advantageous. Recent work from Park et al.#?* used a microfluidic platform to
generate a human triculture system combining astrocytes, neurons and microglia. This
system recapitulated the critical effect microglia have in the pathogenesis of Alzheimer’s
disease and critically allows the dissection of neuronal-glial interaction within this
pathological setting. However, this system was limited as it relied on the recruitment of
microglia from outside the construct and therefore was unable to regulate the density of

these cells. Bioprinting offers an attractive paradigm for investigating the role of
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neuroinflammation in complex pathologies and as this system can be highly controlled and
regulated it may allow elucidation of more subtle interactions.

The second model where bioprinting is of particular interest is in modelling the
blood brain barrier. Degradation of the BBB is known to be particularly relevant in injury
and due to the complex nature of this structure most research in this field focusses on the
more complex and costly animal models. As Potjewyd et al.*?* examine in their review
development of a bioprinting platform used to generate neurovascular units would allow
the examination of how cells interact within these complex structures and how these
interactions are altered in conditions associated with neurovascular dysfunction. Unlike the
neuroinflammation model this system would not only benefit from the ability of combining
cells for disparate lineages but would also benefit from the ability to modify the mechanical
properties of the construct. If successful, this paradigm would allow investigation of a
complex neuronal structure which is not highly amenable to in vitro analysis. Whether it be
modelling the BBB, recapitulating neuroinflammation or drug screening bioprinting offers
new possibilities for understanding the complexities of neural systems while still

maintaining the necessarily reductionist approach needed for biological research.
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5.2 Chapter 3: Hypothesis and aims

My hypothesis is that alginate based bioink can be modified to allow the survival of
neurons and astrocytes in co-culture. To this end the aims of this chapter are to
demonstrate the feasibility of using bioprinting as an alternative for generating complex 3D
neuronal cultures. Alginate based bioinks will be used as a basis for bioprinting and will be
modified and combined with various extra cellular matrix components to develop a
neuronal bioink which can be using with iPSC derived neurons and glia. Neurons generated
by developmental patterning will be combined with human iPSC derived astrocytes to
generated 3D co-cultures which provide a proof of principle for the use of 3D bioprinting

neuronal systems.
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5.3 Methods

Contained in this section are methods specific to the bioprinting of neurons and
astrocytes using alginate based bioinks.

5.3.1 Neuronal differentiation
The protocol for generation of cortical excitatory neurons is based on the dual
SMAD inhibition protocol published by Chambers et al.1%> and is a minor modification of

neuronal differentiation presented in section 2.2.

Media formations

N2B27 media: was comprised of 2/3 DMEM/F12 and 1/3 Neurobasal supplemented
with N2 supplement (1:150) and B27 supplement (1:150) either with (denoted by
+) or without vitamin A (denoted by -) depending on the stage of differentiation.
This media was further supplemented with B-mercaptoethanol (50 uM) and a

cocktail of antibiotics and antimycotics (1:100).

Generation of immature neurons

The generation of immature neurons followed the same protocol as the generation
of NPCs detailed in section 2.2.2. After 20 days of differentiation cells were incubated with
Y-27632 at 10 uM in N2B27- for 1 hour and the media was collected. Cells were then
passaged using versene solution onto poly-D-lysine (10 pg/mL) and laminin (20 pg/mL)
coated plates at a 1:3 ration in conditioned media. The media was replaced with N2B27+
after 2 days and then half the media was replaced every 2 days until day 30 of

differentiation at which point cells were used for bioprinting
5.3.2 Astrocyte differentiation
All astrocytes were generated by Tanya Singh. The protocol for generation of

astrocytes is based on work by Tcw et al.#?> with minor modifications.

Media formations

N2B27 media: was comprised of 2/3 DMEM/F12 and 1/3 Neurobasal
supplemented with N2 supplement (1:150) and B27 supplement without vitamin A
(1:150). This media was further supplemented with B-mercaptoethanol (50 uM) and
a cocktail of antibiotics and antimycotics (1:100).
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Astrocyte Media: was comprised of DMEM/F12 supplemented with N2 supplement
(1:100) and B27 supplement without vitamin A (1:50), NEAA (1x), alanyl-glutamine
(2 mM), FBS (2%) and Astrocyte Growth Supplement (1:100, Caltag Medsystems).
This media was further supplemented with B-mercaptoethanol (50 uM) and a

cocktail of antibiotics and antimycotics (1x).

Generation of astrocytes

Neuronal precursors were generated as detailed in section 2.2.2. Cells were
passaged using Accutase™ as detailed previously (see section 2.2.3) at a ratio of (1:4) onto
fibronectin (10 pg/mL). The media was then changed to Astrocyte differentiation media
(ADM) and cells were left to adhere and recover for 48 hours. Half the media was replaced
every 48 hours with fresh ADM until day 30 of differentiation. Cells where then maintained
at between 30-90% confluency. To passage astrocytes were washed and then treated with
TrypLE™ Express (Gibco™) for 5 minutes. TrypLE™ Express was inactivated by diluting 1:5
in DMEM/F12 and cells were collected by centrifugation (200r.c.f. for 5 minutes) cells were

then re-plated on untreated TC culture ware at a ratio greater than 1:3.

5.3.3 Glutamate Assay

The glutamate assay was performed by Tanya Singh using a kit from Abcam
according to the manufacturer recommended protocol. Briefly 2x10° astrocytes were
dissociated using TrypLE™ Express for 5 minutes and then collected by centrifugation
(200r.c.f. for 5 minutes). Cells were resuspended in 100 pL assay buffer and then incubated
on ice for 15-30 minutes. Debris was removed by centrifugation at top speed in a
microcentrifuge for 2-5 minutes at 4°C. The assay was performed with 10 pL of samples
diluted in 50 uL of assay buffer. Reaction mix comprised of assay buffer, developer and
enzyme mix was added and then incubated at 37°C in the dark for 30 minutes. Colour
change was measure at a wavelength of 450 nm on a microplate reader. Samples were

compared to standards ranging from 0 to 10 nM Glutamate.
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5.3.4 Viral generation

Production of plasmids for viral production

Plasmids were all commercially available and were grown on LB agar plates
supplemented with the required antibiotics and then small-scale cultures before being
using to generate glycerol stocks by combining turbid cultures with 50% glycerol (Sigma-
aldrich) at a 1:1 ratio.

To recover bacteria from glycerol stocks the stocks were removed from the -80°C
freezers and maintained on dry ice. The surface of the stocks was scratched, and the
resulting small volume of culture was used to streak onto a new LB agar plate containing
the required antibiotic. The plates were incubated at 37°C overnight and a single colony
was picked and used to seed a small-scale (5mL) culture which was incubated in a shaking
incubator (shaking at >180rpm) at 37°C for a minimum of 4 hours.

This small culture was then used to seed a large (250mL) culture which was grown
under identical conditions overnight. The large culture was then aliquoted into 50mL tubes
and centrifuged (at 1,800r.c.f.) for 40 minutes. The supernatant was removed, and the
plasmid was isolated from the pellets using a PureYield™ maxiprep kit (Promega) with
minor modifications. The pellets were re-suspended in a total of 4mL resuspension solution
and after washing the membrane was dried for a maximum of 2 minutes. Once purified
plasmids were sized using gel electrophoresis to confirm against manufacturers

information and were stored at -20°C.

Production of lentivirus

Lentivirus was produced using human embryonic kidney cells (HEK293) in
accordance with genetically modified organism project number GM130/699. HEK293 cells
were maintained in advanced DMEM/F12 (Gibco™) supplemented with 7% FBS and 2mM
Alanyl-glutamine. For passaging cells were washed once with DPBS; then dissociated using
TrypLE™ Express (incubated for 3-5 minutes) which was inactivated by diluting 1:5 in
DMEM/12 and removed by centrifugation (at 200r.c.f.) for 5 minutes. Cells were plated at
a density of 15,000 to 20,000 cells per cm? and were used to generate virus when the
confluency reached between 80% and 90%.

Cells were transfected with the three plasmids necessary to make 2" generation
lentivirus (Pax2, VsVg and transfer plasmid) using TransIT Virusgen (Mirus); the mixture of
plasmids was a 2:3:5 ratio of each plasmid respectively (Pax2, VsVg and transfer plasmid)
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with 3 pL of TransIT virusgen used per 1 pg of plasmids. The transfection complexes were
made in Opti-MEM media (Gibco™) and incubated for 10-20 minutes before adding directly
onto the HEK293 cells distributing the mixture across multiple sites to prevent unwanted
cell death. Cells were then left for 24 hours before the media was discarded and replaced
with fresh media and then cells were left for a further 24 hours. Media was then collected
from cells and filtered through a 0.22 um PES membrane (Star Lab) and was cooled to 4°C
before it was combined with lenti-X concentrator (Takara) at a ratio of 1:3 (concentrator:
viral supernatant).

The solution was mixed thoroughly by inversion and was incubated at 4°C for
between 1 and 24 hours. The solution was centrifuged at 1,500r.c.f. at 4°C for 45 minutes
and the supernatant was removed. The pellet was resuspended in 1/100%" of the original
media used to produce the virus using Opti-MEM media. Virus was then aliquot into PCR
tubes with 20 pL of virus added to each tube and then tubes were double bagged and

stored at -80°C.

Testing virus

Viral supernatant was tested for the presence of lentiviral particles using the lenti-
X GoStix system (Takara) which shows a positive result in the presence of large amounts of
lentiviral p24. If the test appeared negative, then the viral supernatant was discarded and
fresh HEK293 cells were transfected. Where appropriate HEK293 cells used to produce
lentivirus were maintained after viral supernatant was removed and tested for the
presence of the transfer plasmid using either presence of fluorescence or an antibiotic
selection when transfer plasmid had such markers. Again, if the fluorescent marker was not
observable or the cells were not resistant to the antibiotic then the supernatant was

discarded, and the process repeated.

5.3.5 Plasmids

pCW57-GFP-2A-MCS (Plasmid #71783) — 3™ generation lentiviral vector with a
multi-clonal site combined with turbo GFP using a P2A self-cleaving linker and all
under the control of a tetracycline responsive promotor. Also contains
constitutively expressed puromycin resistance and tetracycline response element.
pCW57-GFP-2A-MCS was a gift from Adam Karpf (Addgene plasmid # 71783;
http://n2t.net/addgene:71783; RRID: Addgene_71783)
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pCW57-RFP-P2A-MCS (Plasmid #78933) — 3™ generation lentiviral vector with a
multi-clonal site combined with turbo RFP using a P2A self-cleaving linker and all
under the control of a tetracycline responsive promotor. Also contains
constitutively expressed puromycin resistance and tetracycline response element.
pCWS57-RFP-P2A-MCS was a gift from Adam Karpf (Addgene plasmid # 78933;
http://n2t.net/addgene:78933; RRID: Addgene_78933)

psPAX2 (Plasmid #12260) — 2" generation lentiviral packaging plasmid for use
with both 2"4 and 3" generation lentiviral vectors. psPAX2 was a gift from Didier
Trono (Addgene plasmid # 12260; http://n2t.net/addgene:12260; RRID:
Addgene_12260)

pMD2.g (Plasmid #12259) — plasmid expressing the VSV-G envelope protein for
production of 2" or 3" generation lentivirus. pMD2.G was a gift from Didier Trono

(Addgene plasmid # 12259; http://n2t.net/addgene:12259; RRID: Addgene_12259)

5.3.6 Bioprinting

Cell preparation and dissociation

Bioprinting was carried out using neurons at day 30 of differentiation and astrocytes
which had been passaged as astrocytes a minimum of 3 times. Where appropriate these
cells were generated from stable GFP or RFP expressing lines. Neurons were pre-incubated
with RevitaCell™ supplement for 1 hour before dissociation with Accutase™ as previously
described (see section 2.2.3). Astrocytes were dissociated using TrypLE™ Express in a
similar fashion to Accutase™ dissociation using a 2-4-minute incubation. Cells were
resuspended in the relevant media and the number of cells was quantified. Cells were again
centrifuged and resuspended at a density of 10° immature neurons and 2.5x10° astrocytes

per 1 mL of media.

Preparing bioink

A 26% w/w solution of pluronic® F-127 (Sigma-Aldrich) in PBS was prepared and
then autoclaved. After autoclaving the pluronic solution was mixed in sterile conditions
using a pipet tip until the solution appeared homogeneous. Once prepared the Pluronic®

F-127 solution was maintained at 4°C before use. Sodium alginate (Sigma) was sterilised by

151



suspending in a large volume of 99.9% ethanol (VWR) and spreading on 15cm petri dishes
and left for the ethanol to evaporate under UV light in sterile conditions. To make the final
bioink sodium alginate (Sigma) was added to the Pluronic® F-127 solution under sterile
conditions finishing with a 6% w/w alginate and a 13% w/w Pluronic® F-127 solution with
the remaining liquid made up from DMEM/F12.

When available the bioink was then mixed in a dual asymmetric centrifuge to
incorporate the alginate into the Pluronic® F-127 solution. When a dual asymmetric
centrifuge was unavailable the solution was mixed by hand using a pipet tip. However due
to the large amount of air this incorporates into the solution the bioink was decanted into
a 50mL centrifuge tube and was centrifuged in a fixed angle rotor at top speed for 10
minutes. When testing the addition of extra cellular matrix components into the bioink
powdered components (Chitosan, Collagen IV and Hyaluronic acid all from Sigma-Aldrich)
and Matrigel (Corning) were added at the same point as alginate at a 2% w/w with
functionalised alginate (GRGDSP-Alginate, Dupont™) the lone exception which was used
at the same concentration but was used to replace the same amount of conventional
alginate. Liquid ECM components were also added prior to mixing using 500 ng/mL laminin,

15 pg/mL fibronectin, 100 ng/mL Tenascin R (R&D Systems) and 20 ng/mL FGF.

Bioprinting

Cells were added to the bioink (100 uL of cell suspension per 1mL bioink) and mixed
in using a dual asymmetric centrifuge when available and if unavailable using a pipet tip.
Bioink was loaded into a 1.5 mL syringe (VWR) using a small spatula and the bioink was
printed by extrusion using a 1.5 mL syringe with a 16-gauge needle (VWR) on a
MendelMax3 printing system (Maker’s tool works) adapted for 3D bioprinting or by hand.
Constructs were 1.5cm? squares with a thickness of around 5mm. The printing surface was
heated to 37°C and the constructs were cross linked by the addition of either calcium or
magnesium chloride. Once the calcium or magnesium chloride was removed the constructs

were resuspended in N2B27+ and were maintained at 37°C and 5% CO2.

5.3.7 Live/dead Imaging
To assess viability live constructs or cells were stained with Calcein-AM (Sigma-
Aldrich) at a final concentration of 0.1 uM and dead cells were stained with propidium

iodide (Sigma-Aldrich) at a final concentration of 1 pug/mL. Live and dead stains were
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removed after a minimum of 20 minutes and constructs or cells were resuspended in
appropriate media. Constructs or cells were then imaged on a Leica DMI600B inverted
microscope using z-stacks with a maximum of 50 images per stack spanning a maximum of
2 mm. For each construct 3 random fields were imaged and for each condition a minimum
of 3 and a maximum of 6 constructs were imaged. The z-stacks were then compressed using
the maximum intensity method in Imagel?®3. The quantification of live and dead cells was

carried out using CellProfiler'®2,

5.3.8 Statistical analysis
Statistical analysis was carried out using GraphPad prism version 7.00 and 8.00 for

Windows (GraphPad Software; La Jolla, CA, USA, Available from www.graphpad.com). All

technical replicates were averaged before statistical analysis and specific statistical tests
used for each data analysis are detailed in figure legends. In all cases analysis was carried
out using only 1 control iPSC cell line from the same differentiation therefore n numbers
listed in figure legends are the number of separate constructs or wells used for each

analysis.
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5.4 Results
5.4.1 Functional neurons and astrocytes can be generated from iPSC

As previously demonstrated (see section 3) neurons can be generated from iPSC
using a developmental patterning protocol which produced neurons with characteristic
morphology. These cultures transition from predominantly NPCs to predominantly neurons
from day 20 to day 50 of differentiation and are capable of forming functional neuronal
networks as measured using MEAs (Figure 5.1). For the purposes of this study neurons were
bioprinted after 30 days of differentiation when the population expresses high levels of
DCX and therefore most cells are committed to a neuronal fate but remain migratory and

therefore, likely to survive the stress of bioprinting better than more mature neurons.
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Figure 5.1: Generation and assessment of neurons generated from control iPSCs. A MAP2 staining of day 50 neuronal
cultures, scale bar = 100 um. B The expression of DCX, NCAM and MAP2 mRNA at day 20 and 50 of neuronal
differentiation. The time point samples were taken had a significant effect on expression of the three markers (F1,30=98.4;
P<0.0001; Control N=2 and n=3) with all three markers showing an increase in expression from day 20 to day 50. Relative
mRNA abundance was calculated compared to GAPDH expression. Data sets were analyzed by two-way ANOVA with post
hoc comparisons comparing to day 20 samples. Stars above points represent Sidak-corrected post hoc tests. All data
presented as means +SEM **P<0.01; ****P<0.0001 vs. day 20. C Representations of synchronicity within day 100
neuronal cultures, purple boxes denote synchronized network activity (when 3 or more electrode are active within the
same time frame) and high of peaks in the above histogram represents this synchronized network activity as a function
of total activity.
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Astrocytes were produced using a similar developmental patterning approach
beginning with NPCs generated using dual SMAD inhibition and then were converted to
astrocytes using a simplified media containing FBS. The astrocytes produced from this
protocol show characteristic morphology with large flat cell bodies in 2D culture.
Furthermore, these cells express astrocytic markers such as S100B and VIMENTIN (Figure
5.2). Finally, these cells are capable of performing key astrocytic functions such as removing
glutamate from the media which is a critical function of astrocytes specifically relevant to
the neurons produced under this protocol. Astrocytes were used for bioprinting after 40
days of differentiation to prevent any contamination from remaining NPCs and as

astrocytes are a hardier cell type than neurons these cells are more likely to survive the

stress of bioprinting.
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Figure 5.2: Generation and assessment of astrocytes generated from control iPSCs. A GFAP and F-actin staining of
astrocytes after 30 days of differentiation. Scale bar = 100 um. B, C Gene expression of VIMENTIN and S100B in NPCs
compared to astrocytes. Relative mRNA abundance was calculated compared to GAPDH expression. D Levels of
extracellular glutamate after incubation with either iPSC or astrocytes. Data sets were analyzed by students T-Test, all
data presented as means + SEM **P<0.01; ****P<0.0001, Control N=2 and n>3.

155



5.4.2 Key components of the bioprinting process show no inherent cytotoxicity

Alginate based bioink was selected for its simplicity and low-cost lending itself to
high throughput systems. However, using this bioink also had the advantage of offering a
stable and inert platform which could be adapted towards the cells which were being
printed. The bioink used in this study was originally developed by Armstrong et al.*? using
Pluronic F-127 to stabilize the structure of alginate at 37°C therefore allowing efficient
crosslinking. The bioink could be crosslinked using either CaCl, or MgCl, at 50mM or 25mM
respectively. To assess the effect of bioink, day 30 neuronal differentiations were
dissociated and re-plated on to fibronectin coated culture ware suspended in bioink. Media
was added to the bioink after 10 minutes however the bioink was not crosslinked, and cells
were allowed to settle and adhere to the plasticware. After 24 hours the media and bioink
was removed and the cultures were washed before the cell viability was assessed. There
was a significant increase in cell viability in cultures when cells were plated in bioink
compared to those when cells were simple re-plated after passaging with no contact with
bioink (Figure 5.3). This confirms that the presence of bioink is not cytotoxic and may
protect cells from the stress of passaging.

Given that constructs must be crosslinked after bioprinting the effect of either CaCl,
or MgCl, on 2D day 30 neuronal cultures was also assessed. In this case both salts were
added at a low concentration and the desired concentration for crosslinking to assess if the
effects on cell viability were concentration dependant. Salts were added in water for 10
minutes (the minimum time needed for crosslinking alginate based bioinks) and then
removed, cultures were washed using DMEM/F12; fresh media was added, and cultures
were allowed to recover for 24 hours. A low concentration of MgCl, had no significant
effect on cell viability however the higher concentration necessary for crosslinking had a
negative effect on cell viability reducing cell viability by around 30% (Figure 5.3). In the case
of CaCl, a low concentration had a negative effect on cell viability, however the higher
concentration of CaCl necessary for cross linking had no significant effect on cell viability.
Therefore, these results indicate that the bioink proposed for this work is not inherently
cytotoxic and that crosslinking should be carried out using CaCl, as this had no significant

effect on cell viability.
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Figure 5.3: Testing the cytotoxicity of alginate based bioink and crosslinking salts. A cell viability measured by exposing
day 30 neuronal cultures to indicated compounds and then allowing 24 hours recovery. Crosslinking salts were applied at
a low (light blue) and a high (dark blue) concentration in each case the high concentration is necessary for crosslinking
which is 50nM or 25nM for CaCl, or MgCl, respectively. Lower concentrations are 1/10t the high concentrations. Data
sets were analyzed by one way ANOVA, all data presented as means + SEM stars represent significance compared to
control (with Dunnett’s multiple comparisons testing applied) *P<0.05; **P<0.01; ***P<0.001, n>3. B Example image of
day 30 neuronal cultures exposed to alginate based bioink during passaging after 24 hours recovery. Live cells are marked
in green (by Calcein-AM) and dead cells are marked red (by propidium iodide). Scale bar = 100 um.

5.4.2 Bioprinting neurons using un-modified alginate based bioink results in low cell viability

Bioprinting was carried out using an extrusion based bioprinter; this methodology
was selected due to its wide accessibility and low cost therefore lending itself to use as a
high throughput methodology. To test the effect of bioprinting on day 30 neuronal cultures,
unmodified cultures were dissociated and added to the bioink at a 1x10° cell/mL density.
Constructs were then printed using a 16-gauge needle and crosslinking was performed
using 50mM CaCl,. Constructs remained stable in neuronal media for 24 hours after which
cell viability was assessed. Bioprinting in this manner resulting in a very low cell viability
with an average viability of around 5.5% (Figure 5.4). Given the lack of effect of bioink on
cell viability the first consideration for the cause of this loss of viability was the procedure
involved in bioprinting.

There are four key areas of bioprinting procedure which are most likely to affect cell
viability. The first is mixing the cells into the bioink, originally this was carried out using a
dual asymmetric centrifuge as this results in a homogeneous mix of cells and bioink.
However, this type of centrifugation results in complex forces being applied to the cells
which may have negative effects on cell viability. Therefore, cells were manually mixed into
the bioink avoiding any stress which may be conferred by the centrifugation; however, this
may result in an uneven mixture of cells and does incorporate more air into the bioink.

The second consideration is the speed of transition from dissociation to bioprinting

as both activities constitute significant stress on the cells. Therefore, to prevent a long
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period of constant stress and to allow cells to recover from the stress of dissociation and
introduction to the bioink a delay of 10 minutes was introduced between mixing cells into
the bioink and bioprinting. As previous experiments showed an increase of cell viability
when cells were incubated in bioink for 10 minutes this was unlikely to have negative
effects on cell viability.

The third consideration of procedural effects from bioprinting on cell viability is the
process of bioprinting itself. As previously discussed, extrusion based bioprinting
methodology are likely to have a negative effect on cell viability however viabilities of >60%
are regularly reported. The cause of this loss of cell viability is likely the sheer forces applied
when cell pass through the needle. To ameliorate this effect bioink was distributed in cell
culture ware using a spatula rather than bioprinting through a needle to remove any sheer
force introduced by the needle.

Finally, the automation of the bioprinting process required bioink to be under
constant pressure to allow for the smooth stream of bioink to be generated. However, this
may also have negative effects on cell viability. To address this concern bioprinting was
carried out manually simply by extruding ink through a needle using manual force allowing
pressure to only be applied during printing and released when not actively printing. While
this change may have a positive effect on cell viability it may have an inverse effect resulting
in uneven or excess pressure on the bioink resulting in increased sheer force therefore the
effect of this change was assessed separately from all other changes (which would likely
have a positive effect if any).

The combination of manually mixing cells into the bioink, delaying bioprinting and
not bioprinting through a needle was assessed for effects on cell viability after cross linking
and a 24-hour recovery period. This combination resulted in a minor but not significant
increase in cell viability (Figure 5.4) therefore suggesting that the low cell viability is not
due to the stress of combining cells and bioink or the bioprinting procedure itself. Finally,
manually bioprinting through a needle also had no significant effect on cell viability (Figure
5.4) therefore further confirming that the bioprinting procedure had minimal effect on cell

viability.
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Figure 5.4: Testing the effect of bioprinting and procedural modifications on cell viability. A Quantification of cell
viability after 24 hours. Manual refers to bioprinting manually and delayed refers to a combination of manually mixing
cells into the bioink; delaying bioprionting and not printing through a needle. All bioprinting was performed using day 30
neuronal cultures. Data sets were analyzed by Students T-Test, all data presented as means + SEM, n>3. B Representative
image of cells after bioprinting with no procedural modifications. Live cells are marked in green (by Calcein-AM) and dead
cells are marked red (by propidium iodide). Scale bar = 100 pum.

5.4.3 Addition of neuronal extra cellular matrix compounds significantly increases neuronal
viability

The lack of positive effects from procedural modification to the bioprinting process
suggested that the low cell viability may be related more to the interactions between cells
and the bioink; as when cells were able to adhere to a basement membrane the cell viability
was high. Under this paradigm the low cell viability was a likely result of the lack of
interaction between the bioink and the cells due to the inert and unreactive nature of the
alginate structure. On the other hand, the extra cellular matrix of neuronal tissues is highly
complex with many compounds functioning as both mechanical and biochemical support
systems. Both laminin and fibronectin are used as basement membranes to grow NPCs and
early immature neurons and both compounds are known to support neuronal survival.
Therefore, fibronectin and laminin were added individually and in combination to the cells
before they were added to the bioink, this resulted in these compounds having effect like
media supplements as neither compound is known to directly interact with the alginate
bioink structure. Therefore, while these compounds are present in the bioink they provide
no structural support to the cells. The addition of either laminin alone or a combination of
laminin and fibronectin but not fibronectin alone had minor but significant positive effects
on neuronal cell viability. These results indicate that addition of ECM components to the
bioink may result in significantly improved cell viabilities.

While laminin and fibronectin are present and important in the ECM of neuronal
nests these compounds do not form the majority of this ECM and therefore may not be the

ideal compounds to recapitulate these interactions in culture. Therefore 5 other ECM

159



components were selected each of which is either found in high abundance in the ECM of
neuronal nests or is known to have neurotrophic effects and therefore may offer both
structural support and increase neuronal survival. These compounds were tested against
the addition of Matrigel to the bioink over the course of 48 hours to allow for complete
recovery from the bioprinting procedure. Matrigel is a complex mixture of proteins which
is known to provide structural support to a large number of cell types in both 2D and 3D
cultures systems. However due to the variation in Matrigel composition it is not ideal as a
bioink component but provides a control for which the effect of addition of other
compounds may be judged.

The addition of chitosan, collagen IV or tenascin R resulted in a significant increase
in cell viability. Introduction of any of these compounds into the bioink resulted in a similar
increase in cell viability to that seen with addition of Matrigel therefore suggesting that the
addition of these compounds is providing some level of structural support. However, the
addition of hyaluronic acid produced a much larger increase in cell viability resulting in a
cell viability around 40%. Hyaluronic acid has been used in other bioprinting systems and is
known to polymerise and therefore may form a larger structure within the bioink allowing
greater interaction with and between cells. Furthermore, the addition of hyaluronic acid
increased the viscosity of the bioink which may also have beneficial effects on cell viability.

These results strongly suggest that increasing the interaction between the cells and
the bioink is likely to increase cell viability; as cells are unable to interact with the alginate
bioink and therefore are in a facsimile of suspension culture rather than in a true 3D culture
system. Therefore, replacing some of the alginate used in these bioinks with an alginate
functionalised with an Arginylglycylaspartic acid (RGD) peptide was also tested for effects
on cell viability along with the other ECM compounds. The functionalised alginate had a
similar effect to the hyaluronic acid resulting in a large increase in cell viability. These
results further confirm that adding a structural component to the bioink which allows for
cell adhesion results in significant increases in cell viability.

Finally, the addition of the general growth factor FGF2 was tested for an effect on
cell viability. This compound is widely used in 2D and 3D culture to promote cell survival
and proliferation. Addition of FGF alone had significant but minor beneficial effects on cell
viability. Therefore, as addition of FGF is unlikely to interfere with the action of either
hyaluronic acid or RGD-alginate this compound was also added to both bioinks. Testing

either alginate/hyaluronic acid or alginate/RGD-alginate bioinks combined with cells
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suspended in laminin, fibronectin and FGF2 resulted in significantly higher cell viabilities
than controls (alginate bioink alone), after both 24 and 72 hours. However, the hyaluronic
acid bioink preserved a similar level of cell viability to that seen in similar experiments at
24 and 48 hours suggesting that this combination of ECM components and growth factors

is the most beneficial for neuronal cell survival.
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Figure 5.5: The effect of adding neuronal ECM components into bioinks. A Quantification of cell viability 24 hours after
bioprinting with the addition of ECM components (laminin, fibronectin or a combination of both laminin and fibronectin).
B Quantification of cell viability 48 hours after bioprinting with the addition of ECM components. All condition
incorporated both fibronectin and laminin. C Quantification of cell viability 24 hours after bioprinting with the addition
of ECM components. All condition incorporated fibronectin, FGF and laminin. D Quantification of cell viability 72 hours
after bioprinting with the addition of ECM components. All condition incorporated fibronectin, FGF and laminin. All
bioprinting was performed using day 30 neuronal cultures. Chit = Chitosan, Col IV = Collagen IV, Ten R = Tenascin R, Mat
= Matrigel, RGD = Alginate functionalized with an RGD peptide and HA = Hyaluronic acid. Data sets were analyzed by
students T-Test, all data presented as means + SEM *P<0.05; **P<0.01; ***P<0.001, ****P<0.0001 vs control, n>3.

5.4.5 Astrocytes show higher initial cell viability after bioprinting which is maintained by
complex neuronal specific bioink

Having established a bioink which can support neuronal cell viability and survival
the effect of this bioink on astrocytes was assessed. To begin astrocytes were bioprinted
using a simple neuronal bioink containing only laminin and fibronectin to assess basal
survival. This was done using day 40 astrocyte cultures which were dissociated and added
to the bioink at a 2x10° cell/mL density. Constructs were then printed using a 16-gauge
needle and crosslinking was performed using 50mM CaCl,. Whereas neurons in this type of
bioink show a very low cell viability (~10%), astrocytes showed a high cell viability (~80%).
However, when cultures were maintained for 72 hours in this system the cell viability

significantly decreased indicating that while astrocytes are able to better survive the initial
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transition from 2D culture into bioprinted 3D culture they eventually succumb in a similar
manner to neurons. Therefore, astrocytes were printed using the more complex neuronal
bioinks (containing fibronectin, laminin, FGF and either RGD and HA) which had shown
beneficial effects on neuronal cell viability. This showed that while the initial astrocyte cell
viability was lower in these more complex bioinks this viability was maintained after 72
hours in contrast to the simpler bioinks. These results suggest that astrocytes are more able
to survive the transition from 2D culture to 3D culture however in a similar manner to
neurons without the structural support and interaction with the matrix the long-term

survival of the cells is negatively impacted.
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Figure 5.6: Testing the effect of bioprinting using complex neuronal bioinks on astrocyte cell viability. A Quantification
of cell viability after 1 hour (black) 24 hours (yellow) and 72 hours (grey) using basic and complex neuronal bioinks. All
bioprinting was performed using day 30 astrocyte cultures. The time point samples were taken or the type of bioink used
had no significant effect on cell viability, however there was a significant interaction between the time point and bioink
used (Fs66=2.564; P=0.0463; n>3/group). Data sets were analyzed by two-way ANOVA with post hoc comparisons
comparing to cell viability in control bioink after 1 hour. Stars above points represent Sidak-corrected post hoc tests. All
data presented as means + SEM *P<0.05; vs. Control 1 hour. B Representative image of cells 72 hours after bioprinting
with no procedural modifications. Live cells are marked in green (by Calcein-AM) and dead cells are marked red (by
propidium iodide). Scale bar = 100 um.

5.4.6. Bioprinting co-cultures of neurons and astrocytes results in viable 3D constructs
Astrocytes and neurons can survive over the course of 72 hours in the modified
neuronal bioink (containing hyaluronic acid). Therefore, to establish if the combination of
these two cell types into a single construct has any effect on cell viability both cell types
were combined in the same bioink and printed in a similar manner to the single cell
suspensions. In this case the overall cell viability was ~60% however the cell viability assay
is not cell specific and therefore this cell viability is a combination of the very high astrocyte
cell viability and the lower neuronal cell viability resulting in a value in between the two.
To assess the morphology of astrocytes in the bioprinted constructs; astrocytes were
labelled with a doxycycline inducible GFP lentivirus which was induced by the addition of
doxycycline 48 hours before bioprinting and induction was maintained throughout the
process. Imaging astrocytes after 72 hours in the bioprinted constructs showed some star

like morphology with short processes emerging from the body of the astrocytes. These
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results indicate that the combination of astrocyte and neurons into a single bioink does not
have a negative effect on overall cell survival and that astrocytes in this scenario begin to

show some indications of astrocytic morphology.
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Figure 5.7: The effect of neuron and astrocyte co-culture on cell viability and morphology. A Quantification of cell
viability 72 hours after bioprinting using day 30 cultures of neurons, astrocytes or a combination of both. All condition
used neuronal bionk with hyaluronic acid and FGF. Data sets were analyzed by students T-Test, all data presented as
means + SEM *P<0.05; vs Co-culture, n>3. B Representative image of bioprinted co-culture after 72 hours. Live cells are
marked in green (by Calcein,AM) and dead cells are marked red (by propidium iodide). C Representative image of
astrocytes labelled with GFP 72 hours after bioprinting. Scale bars = 100 um.
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5.5 Discussion

5.5.1 The inclusion of ECM compounds into 3D cell culture is critical for the survival of
neuronal cells

The key finding of this study is the criticality of ECM proteins to the survival of both
neurons and astrocytes. This finding suggests that both cell types are unable to survive
without a surface to hold on to and while these cells may be capable of producing a complex
ECM, they are unable to form this matrix in a suspension-like culture. While there has long
been an understanding of the complexity of ECM across tissues this has largely been
unimportant in the development of cellular models to date. Adherent monoculture
required simple basement membranes and while in the extreme cases (i.e. Matrigel) these
compounds can be complex mixtures of multiple proteins they are mostly simple single
proteins which allow the adherence of cells to the culture ware in use. Indeed, astrocytes
require no ECM for growth in 2D and therefore this may explain the increased initial survival
when cultured in 3D. Ultimately, the transition from simple 2D cultures into more complex
multicellular 3D cultures requires examination of the complex nature of the ECM and its
role in the maintenance and function of cell types*?’.

This limitation has been identified by numerous groups and currently two
overarching strategies have been employed to address this dilemma. Many groups have
started to use decellularized extracellular matrices*?®433, This system involves removing the
cells from a tissue of interest but preserving the proteins within the extracellular space.
These proteins can then be combined with an existing bioink or can be modified in such a
way to create a bioink. This therefore allows bioprinting in a system which very closely
mimics the in vitro tissue. This substrate has also been shown to improve the generation
and maturation of iPSC derived oligodendrocytes*** further confirming the necessity of
ECM to the function of neuronal cells. Recent work by Sood et al*** has also shown that
foetal brain ECM has a greater effect than adult brain ECM. Further analysis showed
changes in many ECM components from foetal to adult ECM among which chondroitin
sulfates and hyaluronic acid were thought to be critical. Therefore, while limited work using
this methodology points towards key components of the brain ECM being particularly
important for 3D neuronal cultures.

However, this methodology is severely limited as the production of the bioink is
directly tied to the availability of animal tissue which introduces the constraints associated

with production and acquisition of this material, particularly in the case of foetal brain ECM.
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Furthermore, this system will be heterogeneous based on the individual animal used to
generate the decellularized tissue and as, yet it remains unclear how much the ECM
changes between individuals. Therefore, while the use of decellularized tissue has shown
promise it is critical that a simplified system can be developed which is not beholden to this
material.

The second approach which many groups have adopted is to use functionalized
bioinks like those used in this study. Inert bioinks can be functionalized by the addition of
key amino acids and bioinks can also be modified by the addition of ECM protein which
form a structural component in the bioink*3®. These approaches negate many of the
limitations posed by the use of decellularized animal tissue however due to the complexity
of ECMs it remains difficult to determine the exact composition of proteins or peptides
needed to recapitulate the functions of the ECM. This is especially difficult in neuronal
systems due to the high level of complexity in the neuronal ECM. As outlined by Lau et a/*3”
there are three main types of neuronal ECM each made up of largely similar constituents
but with varying quantities. The basement membrane is mainly made of a combination of
laminin and fibronectin whereas the ECM of perineuronal nests (ECM directly surrounding
neurons) and the neuronal interstitial matrix (the ECM between cells) are both mainly
made of hyaluronic acid and chondroitin sulphate proteoglycans (Neurocan being the most
common). Therefore, it is unsurprising that laminin and fibronectin are effective basement
membrane for 2D culture but have minimal effect on 3D culture as the ECM is transitioning
from a basement membrane to a neuronal interstitial matrix or perineuronal nest ECM.
This transition also explains the large benefit seen using hyaluronic acid as this forms a large
part of these matrices and therefore the incorporation of this into the bioink creates an
ECM more similar to that seen in vitro.

However, the similar benefit of the RGD coupled alginate suggests that this benefit
is at least in part due to the stability of the hyaluronic acid within the bioink. The RGD
peptide is most closely associated with fibronectin and therefore if the only benefit was
from the addition of a compound which cells can bind to, we would expect the effect to be
similar between RGD-alginate and fibronectin. Furthermore, some groups**® have used
hyaluronic acid as a major component in bioinks and have shown clear benefits from the
inclusion of this compound. Therefore, this study clearly indicates that examination of the
neuronal ECM is critical to the production of effective bioinks and that incorporation of

compounds such as hyaluronic acid which are abundant in the tissue ECM being modelled
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but also for a structural component of the bioink are critical to the success of this

endeavour.

5.5.2 Study limitations and future perspectives

This study clearly illustrates the viability of bioprinting as a technique for developing
complex multicellular 3D neuronal models. However, the technology associated with
bioprinting is still progressing very quickly and therefore with the advent of newer
bioprinters it is now possible to have much greater control over the printing itself which
may allow further optimizations resulting in higher cell viability. Furthermore, this
approach is limited by the use of extrusion based bioprinting because as explained
previously this technique is known to have significant negative effects on cell viability due
to the stress cells are put under. While there are many studies using this technique a large
number of them used hardier cells or cells which are able to proliferate therefore negating
the issue of low initial cell viability. Other bioprinting techniques discussed previously do
not share this limitation however they largely remain inaccessible due to cost or expertise.
To gain a better understanding of the influence of this technique on initial cell viability a
cell type which is able to survive in suspension culture may be employed which would then
give a clearer picture as to the highest cell viability one would expect from this system.

A second key limitation is the lack of imaging modalities due to the relatively large
thickness of the constructs. While imaging the live and dead dyes used in this study was
relatively easy using a standard fluorescence microscope due to the brightness of these
dyes. Imaging fine cellular processes remains very difficult, this is due to a combination of
the lower fluorescent intensity seen in these areas and the 3D nature of the constructs. The
inducible expression of GFP used to image astrocytes in this study is a powerful technique
due to the lack of fine processes and the high expression of GFP. However, imaging neurons
in a similar manner is difficult as the processes are much finer and the high expression of
GFP necessary to attempt imaging has negative effects on cell health which may be
compounded by the stress of bioprinting. Furthermore, due to the inherent 3D nature of
these constructs the growth of cells should also be 3D and therefore imaging cells in their
entirety requires very large Z-stacks which further compounds the difficulty in imaging
these constructs. Finally, again due to the thickness of the constructs created, fixation and
downstream imaging using classical antibody-based modalities remains difficult. Therefore,

further examination is needed to determine the best system for imaging cells within these
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constructs and methodological modification may be necessary to allow for alternative
staining approaches.

While novel limitations associated with bioprinting as a cell culture system are
critical there remain limitations which are shared between both 2D and 3D culture systems.
These limitations largely center around the generation of the cell types needed for
bioprinting. In the case of astrocytes, the generation of these cells using developmental
patterning approaches is robust and can generate large numbers of functionally active cells.
However, in the case of neurons while developmental patterning approaches can produce
large number of functional neurons and as discussed previously this approach is particularly
effective at modelling neuronal development this system may be limited when used for
bioprinting. To prevent very low cell viability neuronal cells were bioprinted after 30 days
of differentiation at which stage the cells are predominantly immature neurons. However,
at this stage of differentiation cells will likely not become functional neurons for 10-20 days,
furthermore developmental patterning neuronal differentiations produce astrocytes at a
low level in 2D cultures. This phenomenon has been accepted in 2D developmentally
patterned differentiations and therefore while confounding some results, is unlikely to
critically change outcomes. However, due to the stress of bioprinting this may result in an
enrichment for hardier cells (i.e. astrocytes), furthermore, as shown by this study
astrocytes are more able to survive bioprinting therefore this phenomenon may result in a
loss of neuronal cells in favor of astrocytes.

To address these concerns adopting a direct differentiation approach may be of
interest for future work. As previously discussed, direct differentiation strategies have been
developed for many cell types including neurons and while their use to examine
neurodevelopment is compromised, they can be used in place of functionally mature cells.
This strategy would allow large scale production of neurons which can be functional in
under 15 days assuming bioprinting was carried out using iPSC. Given that biopinting would
be done on an intermediate cell type it is likely that cells would become functional neurons
in under 10 days therefore negating the concern of protracted protocols associated with
developmental patterning approaches. Moreover, this approach would prevent any
production of astrocytes from the neuronal population used during bioprinting. In future
studies it may be advantageous to use a direct differentiation approach for generating

neurons to be used in bioprinting however this work must determine if cells generated in
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this manner survive after bioprinting to a similar degree as their developmentally patterned
counterparts.

This study also focused on the use of astrocytes and neurons and therefore in future
the focus must be on developing this system further to include all cell types found in the
CNS. This would introduce further concerns especially with the addition of
oligodendrocytes which remain difficult to generate as discussed previously and are known
to be less hardy than other neuronal cells. Therefore, the next step would be to introduce
microglia into this system, as these cells are highly mobile and have been shown to infiltrate
3D cellular constructs in the past*?3. With this in mind it would also be critical to assess the
movement of microglia through the constructs. With the addition of microglia, it is then
critical to begin to examine the readouts which are possible using this system. Examining
the morphology of cells may be possible using specialized imaging modalities however
delving deeper into the interactions between these cell types and the role that mutations
or other cellular insults may play requires re-examining the current paradigms used for
assessing cell health and function. Finally, further work may consider the interaction
between 3D bioprinting and development in an effort to understand how a 3D environment
effects cellular development. Therefore, while this work clearly demonstrates the
feasibility of 3D bioprinting as a system for modelling iPSC derived neuronal systems the
focus must be on how to adapt current assays and techniques to this and other emerging

3D culture systems.
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6. General Discussion

6.1 Duplication of the 1g21.1 distal locus is associated with altered early neuronal
development

The main finding of this work are deficits in early neuronal and oligodendrocyte
differentiation associated with 1g21.1 duplication which can be logically linked to the
macrocephaly observed in patients. The convergence of phenotypes at early
developmental time points, despite the differential precursor population points towards a
fundamental deficit in early neuronal development. Specifically, in both the neuronal and
oligodendrocyte differentiations there is a retention of a proliferative precursor population
at the expense of producing a large functionally mature population.

In a similar fashion to work presented by Keeney et al.**® the increased proliferation
of neuronal stem cells can drive an increase in brain and specifically cortical volume.
Furthermore, phenotypes such as macrocephaly are often observed late in gestation?*©
after most neurons are produced; during stages when there is a large production of glia.
Therefore, it is conceivable that the same deficit resulting in retention of proliferative
precursors results in changes in both the neuronal and glial populations combining to
produce the macrocephaly observed in 1g21.1 duplication patients. Many genetic
disorders have been linked to macrocephaly including psychiatric disorders (specifically
non-syndromic ASD**') and as Ernst*? discusses there is a link between
neurodevelopmental disorders and altered cell proliferation.

While the precise cause of the deficits in differentiation and proliferation associated
with 1g21.1 duplication remain unclear as previously discussed recent work on NOTCH2NL
suggests that this gene may at least partially underly this phenotype®2>>, However, despite
this link other genes within the 1921.1 locus may also play a role in the developmental
deficits associated with this mutation. Further work remains necessary to understand the
individual contribution of genes within the 1g21.1 distal locus and their effects on the
phenotypes seen in both neuronal and oligodendrocyte development.

Ultimately the consequences of the changes in proliferation at early stages of
development appear to be a loss of functionally mature cells in both neuronal and
oligodendrocyte differentiations. However, the DTl data from human 1g21.1 duplication
carriers suggests that at least in the corpus callosum there are no changes in the function
of oligodendrocytes. This discrepancy may be due to the small sample size of this study in

respect to both the brain area examined and the number of individuals used. However,
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since individuals examined using the DTl metric were adults this may suggest that
compensatory mechanisms during early life and adolescence are able to recover functional
deficits associated with loss of oligodendrocytes. This may also suggest that the loss of
functional neurons seen in 1g21.1 duplication differentiations may not have such a
profound effect on neuronal network behavior in vivo as that seen in vitro. Therefore, while
the loss of neurons associated with 1g21.1 duplication in this study has profound effects
on neuronal network formation and function the effect seen in patients is unlikely to be as
profound as the effects seen in this study. Further examination of imaging data from
individuals with 1g21.1 duplications may shed light on the link between the phenotypes
identified in this study and the clinical phenotypes seen in patients. However, given the

phenotypes identified in this study the examination of younger patients may be of interest.

6.2 Deletion of the 1g21.1 distal locus is associated with deficits in cellular function distinct
from deficits in early differentiation

The main phenotypes associated with 1g21.1 deletion identified in this work are an
increased neuronal activity resulting in aberrant network activity and a loss of functional
oligodendrocytes. Both phenotypes can be linked to the clinical presentation of 1q21.1
deletion patients and present further evidence for associations between aberrant neuronal
network activity and a loss of oligodendrocytes with schizophrenia. Compared to
phenotypes associated with 1g21.1 duplication most phenotypes associated with deletion
of the distal 1g21.1 locus occur later in development in both neuronal and oligodendrocyte
differentiations. Specifically, in neuronal differentiations 1g21.1 deletion is associated with
an increased production of neurons whereas in oligodendrocyte differentiations 1g21.1
deletion is associated with a loss of proliferation at early developmental stages. In a similar
fashion to 1g21.1 duplication these changes may play a role in the functional changes seen
in these differentiations. However, as discussed previously the results from functional
characterization of the 1g21.1 deletion neurons and quantification of MBP+ cells in
oligodendrocyte differentiations points towards a separate origin for these phenotypes.
Therefore, while the development of neurons and oligodendrocytes may be altered in
association with 1g21.1 deletion this CNV also influences cellular function beyond

development.
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The deficits in differentiation and proliferation associated with 1g21.1 deletion
again point to a role for NOTCH2NL in the development of this phenotype®>2>>, However,
while the increased expression of NOTCH2NL would explain the increased production of
neurons and the decreased proliferation at early stages of oligodendrocyte development it
does not explain the functional changes observed in these two cell types. In neurons the
increase activity of individual cells and changes in neuronal network behavior speak to
further cellular dysfunction. Furthermore, the loss of both O4+ and MBP+ cells in
oligodendrocyte differentiations does not fit with the increased pace of maturation
indicated by the work on loss of NOTCH2NL expression. Finally, the correlation of results
from both the mouse and human studies indicate a conserved mechanism underlying these
phenotypes which again points away from NOTCH2NL as this is a human specific paralog.
Therefore, in the case of 1g21.1 deletion it is especially critical to examine the role of other
genes in the 1g21.1 locus; to determine what is driving the functional deficits which may
ultimately be particularly relevant to the association with psychiatric disorders.

The dichotomy between the phenotypes identified in neuronal and
oligodendrocyte differentiations also points towards a divergent functional outcome from
these two systems. Imagining these two phenotypes present in a single individual, the
increased activity of neurons would be at odds with the decreased myelination resulting
from the loss of oligodendrocytes. The loss of myelination would result in a slowing of the
propagation of action potentials therefore likely resulting in a decrease in neuronal activity.
It also must be pointed out that while oligodendrocytes originating in the medial ganglionic
eminence (like those modelled in this study) are critical to the myelination of the cortex,
cells originating from dorsal progenitors also play a critical role in cortical myelination**3.
As neuronal differentiations are based on the production of dorsal progenitors and are
marked by increased production of maturing cells, this may suggest that the loss of
oligodendrocytes seen when modelling ventrally produced precursors would not occur in
their dorsally produced counterparts. Therefore, the loss of functional oligodendrocytes in
association with 1921.1 deletion presented in this study may be less likely to effect cortical
grey matter due to compensation from dorsally produced oligodendrocytes. Instead the
loss of oligodendrocytes is likely to effect white matter tracts producing similar effects to
those seen in the DTl and mouse studies.

It is also important to consider that myelination is a dynamic process occurring

throughout early life and is informed by many factors including the activity of neurons. It
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has long been established that the myelination of neurons in the CNS can be driven by
neuronal activity***445, With studies suggesting the activity dependent release of growth

factors such as neuregulinl from neurons?*4®

can increase production of NMDA receptors
in oligodendrocytes therefore inducing activity-dependent myelination?*’. This suggests
there are complex interactions between neurons and oligodendrocytes ultimately resulting
in myelination. Therefore, the altered neuronal behavior seen in 1g21.1 deletion neurons
is likely to effect the function of oligodendrocytes. It is also possible the increased activity
seenin 1g21.1 neurons may drive abnormal myelination, which coupled with the apparent
loss of oligodendrocytes resulting from this mutation would result in a complex cellular
phenotype. Ultimately while the identification of isolated cellular phenotypes associated
with CNV at the 1g21.1 locus is critical to understand the impact of this mutation; viewing

these phenotypes in isolation cannot give a complete picture of the complex cellular

dysfunction resulting from the combination of these cells.

6.3 Mutations of the 1g21.1 locus model key aspects of cellular pathology associated with
psychiatric disorders

As previously discussed, the individual phenotypes identified in neurons and
oligodendrocytes separately are highly relevant to the development of psychiatric
disorders. The integration of phenotypes from both neuronal and oligodendrocyte studies
provides more evidence for an important role of these phenotypes in the development of
psychiatric disorders. As discussed by Takahashi et al.**® the loss of oligodendrocytes and
resulting hypomyelination may lead to changes in synapse formation and function which
may compound the dysfunction already seen in 1g21.1 deletion neurons. Furthermore, as
Cassoli et al.** suggest neuronal dysconnectivity may result from hypomyelination in white
matter tracts connecting key brain regions with small changes in myelination resulting in
large effects on neuronal synchrony**°. This concept has been further investigated with a
recent study finding that there are fundamental links between white matter structure and
neuronal synchronization?®°. Furthermore, alterations in white matter structure and
neuronal synchronization were shown to significantly effect cognitive processing.

Therefore, this study suggests that deletion of the 1g21.1 region results in altered neuronal
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synchronicity at a micro-scale, which is compounded by deficits in oligodendrocyte
production and function; resulting in alterations in neuronal synchrony at a macro-scale.
The deficits associated with 1g21.1 duplication occur earlier in development with
little evidence of deficits in later development which are not connected to early
developmental alterations. However, these deficits in early development are highly
relevant to the development of ASD. There is a large body of evidence (see review by
Courchesne et al.**?) linking early brain overgrowth followed by a slow or arrested growth
with the development of ASD. More recent work has also suggested that early overgrowth

can also be predictive of ASD diagnosis**?

indicating the fundamental nature of this
phenotype to ASD. This early brain overgrowth is also seen in both grey and white
matter'®7453 further indicating the relevance of the retention of neuronal precursors seen
in both neuronal and oligodendrocyte elements of this study. This is also in-line with the
scheme presented by Priven et al.*** proposing a cascade of developmental changes in ASD.
There is also evidence from genetic studies which show an enrichment for genes related to
neuronal induction and early maturation**® in association with ASD diagnosis. Furthermore,
analysis of two ASD risk genes (AUTS24°® and MET#*?) show they are expressed in neuronal
progenitors and in the case of MET is involved in key early developmental processes.
Altering the developmental trajectories of cortical cells has also been shown to lead to
behavioral changes in a mouse model consistent with clinical features of ASD**%. Finally,
similar to schizophrenia developmental deficits in ASD have been suggested to result in
altered neuronal connectivity with increased local and decreased long-distance
connectivity*°. Therefore, cementing the need for further examination of functional
phenotypes in the 1921.1 models presented in this study.

Ultimately this study provides further evidence for the role of glia in the
development of neurodevelopmental and psychiatric disorders. This phenomena is

460 microglia®?! and

increasingly becoming clear with evidence from studies into astrocytes
oligodendrocytes!>*42 all suggesting dysfunction associated with psychiatric disorders. A
recent publication from Dietz et al*6® suggests that the interaction between neurons and
glia throughout development play a critical role in the development of schizophrenia. This
work also suggests that the individual deficits in each cell type additively produce the
neuronal dysfunction which leads to the symptoms associated with schizophrenia.

Therefore, it is becoming increasingly critical to establish models which can be used

to examine the combined effect of dysfunction in these separate cell types. While
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organoids remain an important area of study the difficulty, time and expense of producing
organoids limits the utility of this system to understanding complex functional multicellular
phenotypes. Hence, systems such as bioprinting which can allow the investigation of how
previously characterized cells types interact together and the phenotypes resulting from
this interaction are particularly important. While advancements in this technology are
constant?%4%5 the lack of studies using iPSC derived neuronal cells presents a clear gap in
the advancement of this technology which has begun to be filled by this study. This study
demonstrates that bioprinting using alginate based bioinks can allow for astrocytic and
neuronal survival. While further development of this technique is needed establishing a
complete bioprinted 3D model using iPSC derived neurons and glia would provide an

invaluable tool to investigate the effects glia on neuronal health and function.

6.4 Conclusions and future perspectives

The studies presented in this work demonstrate that iPSC models of 1g21.1
deletions and duplications can be used to identify cellular dysfunction associated with
these mutations. With the identification of phenotypes associated with 1g21.1 mutations
in both neuronal and oligodendrocyte development speaking to the complexity of
psychiatric risk. While some of the phenotypes are mirrored between 1g21.1 deletion and
duplication there are also several shared phenotypes speaking to the convergence of cell-
based risk for neurodevelopmental and psychiatric disorders. Functional deficits in 1g21.1
deletion neurons provide an interesting window into the interplay between neuronal
dysfunction and abnormalities in neuronal network behavior. However, deficits in early
neuronal differentiation in 1g21.1 duplication cultures present a challenge to
understanding the effect of this mutation on neuronal function. Therefore, assessing the
functional phenotypes in a direct differentiation model may allow differentiation between
the developmental phenotypes and those that emerge purely in a mature neuronal
population.

Modulating the calcium movement by targeting calcium channel activity begins to
suggest that the phenotypes identified in this study can be pharmacologically targeted.
However further examination of neuronal functionality after pharmacological intervention

is necessary to establish if this manipulation can restore neuronal activity and neuronal
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network behavior. Therefore, future work may focus on targeting the neuronal activity and
network behavior phenotypes identified using the MEAs, as rescuing these phenotypes is
likely to be more relevant to patients’ clinical presentations.

Deficits in the production of oligodendrocytes associated with both 1g21.1 deletion
and duplication point again to a level of commonality in phenotypes despite the opposing
mutations. However, the core phenotype driving the loss of oligodendrocytes appears to
be different depending on the type of 1921.1 mutation. Again, duplication of the 1g21.1
locus is associated with early developmental deficits which resultin a decreased production
of oligodendrocytes. On the other hand, deletion of the 1921.1 locus is associated with a
loss of OPCs and reduced differentiation of OPCs into oligodendrocytes. Critically future
work must focus on examining how these mutations effect the ability of oligodendrocytes
to myelinate to establish if the deficits are specific to differentiation. Based on the effect
of interventions during neuronal differentiation it would also be important to determine
the effect of drugs on oligodendrocyte differentiation and function to establish if the same
pharmacological intervention can rescue both cell types.

While these studies have provided insight into the cellular deficits associated with
1921.1 deletion and duplication the precise underlying mechanisms are yet to be
understood. The complexity of the genes within the 1g21.1 locus and the diversity of the
phenotypes identified suggests that these effects may be driven by changes in multiple
genes. Therefore, to elucidate the molecular underpinnings of these phenotypes large scale
transcriptomics and a program of genetic manipulation targeting genes within the 1921.1
locus is necessary.

Finally, further examination of the effect of 1q21.1 mutations on remaining glia may
provide additional insight into the pathologies associated with 1921.1 mutations. However
further development of bioprinting technologies and other similar techniques which can
encompass the complexity of the human CNS are likely to prove critical in providing a
holistic understand of cellular dysfunction associated with psychiatric risk. Work presented
in this study suggests that modifying simple bioinks using neuronal ECM components is a
potentially strategy for developing complex multicellular bioprinted neuronal constructs
which would provide a viable alternative to organoids. However, expanding this work using
other neuronal cells and cell generated using other methods is critical to establishing this

as a robust model for future study.
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