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Abstract 

Schizophrenia is a strongly heritable multifactorial mental disorder that affects 

1% of any population, but disease etiology is not yet fully understood. The limitations of 

using animal models, post-mortem brain studies and difficulty to obtain human brain 

biopsies have impeded the understanding of this disease from the biological perspective. 

There is a consensus, based on epidemiology and post-mortem human brains that 

schizophrenia is a neurodevelopmental disorder, but cellular and molecular mechanisms 

for this hypothesis are lacking. We have developed a model to address this using human 

olfactory neurosphere-derived (hONS) ‘stem’ cells, which were obtained non-invasively 

from human participants, expressed neural stem cell markers and allows comparative 

analyses of age- and sex-matched cell lines from patients diagnosed with schizophrenia 

with cell lines from healthy participants. Patient cells from various sources have a 

common dysregulation to gene pathway networks involved in axonal guidance, cell 

adhesion, cytoskeletal remodeling, focal adhesion signaling and reelin signaling - all 

important pathways that regulate cell migration.  

A high throughput live cell tracking technique was developed to unbiasly quantify 

cell motility in vitro. At baseline on uncoated tissue culture plastic (TCP), patient cells 

moved longer distances than control cells. Patient cells were unable to respond to their 

microenvironment when increasing concentrations of well-defined ECM proteins were 

coated on TCP cell culture surfaces. This was despite patient cells expressing the 

necessary cell surface integrin receptors measured by flow cytometry, which meant they 

have the capacity to bind and recognize all tested ECM proteins. Patient cells have 

consistently lower levels of cytoskeletal proteins in filamentous actin (F-actin) and stable 

microtubules, which became more evident when cultured on ECM proteins. Despite being 

able to adjust their cell sizes and shapes, patient cells were consistently smaller than 

control cells. Focal adhesion kinase (FAK) levels were consistently lower in patient cells 

and they were unable to manufacture enough focal adhesions of the correct sizes upon 

contact with ECM proteins. These findings highlighted a global deficit to cell migration 

in schizophrenia that was not limited to just Fibronectin but also on all ECM proteins, 

which were caused by disease-dependent intracellular deficits in patient cell cytoskeleton 

and focal adhesions.  
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 Reelin is an important brain ECM protein that orchestrates neuronal migration 

during neurodevelopment and its expression is reduced in post-mortem brain tissues from 

patients with schizophrenia. In this study, reelin protein levels were also reduced in 

patient hONS cells compared to control cells. Despite having the capabilities to bind to 

reelin through expression of key reelin signaling pathway accessory protein Dab1 and 

reelin-binding receptors ApoER2 and VLDLR, patient cells were unable to respond to 

extracellular reelin. Patient cells were unable to adjust their movement track lengths when 

tracked on surfaces coated with full length reelin. Similar to our previous findings on 

other ECM proteins, patient cells had lower levels of F-actin and stable microtubules, and 

were consistently smaller in size compared to control cells. Our findings suggested that 

non-responsive cell migration deficits were caused by defective focal adhesion responses 

to extracellular reelin. Instead of producing more focal adhesions that were larger in 

response to reelin, patient cells reduced both the densities and sizes of their focal 

adhesions at the peripheral region of the cell where lamellipodia forms. This was the first 

study to demonstrate a biological link between reelin signaling and schizophrenia, with a 

focus on the effects of reelin on cell migration.     

 Published computer programs were used in silico to investigate the mechanistic 

components of cell migration and to further investigate reasons why patient cells were 

unable to respond to their ECM microenvironment. X-Y displacement coordinates for 

each individually tracked cell were analyzed by the DiPer and migration phase/cell 

turning analysis programs to compute cell movement variables in directionality, 

diffusivity, persistence and idling and turning. At baseline on TCP, patient cells did not 

move at the correct trajectories, failed to make directional changes, paused less and turned 

less when tracked for 24 h. When tracked on ECM proteins, it was difficult to pinpoint 

one explanation to explain our non-responsive cell migration findings as various 

mechanistic variables played a collective part to potentially give rise to the observed non-

responsive cell migration phenotype. One explanation was that patient cells spent more 

time in persistent movement and were unable to make necessary changes to their 

directions. Another explanation was the unchanged cell pausing tendencies on Type I 

Collagen as a plausible explanation for observed non-responsive changes to motility on 

that ECM protein. 
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The same in silico computational analyses showed that patient cells did not 

respond to extracellular reelin because they could not reduce the rate at which they 

changed the straightness of their movement trajectories. Patient cells were also unable to 

make well-timed changes to the direction of their movement trajectories by being more 

persistent in one direction for longer. Decreased densities and sizes of focal adhesions in 

patient cells upon contact with extracellular reelin resulted in patient cells not decreasing 

their turn angles, but instead made larger uncoordinated turns. The way that control cells 

responded negatively to extracellular reelin supported the hypothesis in the field that 

reelin acts as a “stop signal” for actively moving neuronal cells, which was disrupted in 

patient cells. 

 In conclusion, this thesis has uncovered a novel non-responsive cell migration 

phenotype in schizophrenia, which was broadly relevant on different ECM proteins, to 

suggest consistent defects in how patient cells respond to their surrounding 

microenvironment. Findings from this thesis also showed that observed cell migration 

deficits were caused by differences to intracellular components such as cell cytoskeleton 

and focal adhesions, coupled to previously published findings that FAK, integrin and 

actin signaling pathways were all dysregulated in schizophrenia. Using an analogy of 

patient cells as a moving vehicle, our findings showed a global defect to many parts of 

this faulty “vehicle”, such as defective “ignition” in FAK signaling, uncoordinated 

“wheels” in the lamellipodia and consistent faults to the “clutch” mechanism in the focal 

adhesions. All working in concert to cause patient cells to move in a less coordinated 

fashion and unable to make controlled mechanistic changes to their movement, causing 

them to ultimately lose their way. 
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Chapter 1. General Introduction 

Schizophrenia is a mental disorder which manifests itself as a single disease entity 

with clinical symptoms that affects brain function, behavior and mental cognitive 

abilities. It is estimated that approximately 1% of the global adult population are 

diagnosed with schizophrenia (Jablensky et al., 1992; van Os & Kapur, 2009). The age 

of onset is typically during adolescence to early adulthood (21 – 31 years old; range based 

on meta-analysis from multiple centers by WHO) and progresses chronically throughout 

the patient’s lifetime (Piccinelli & Gomez Homen, 1997). The current standard method 

of disease diagnosis is based on a six-criterion guideline in the Diagnostic and Statistical 

Manual of Mental Disorders (DSM-5) which outlines (A) characteristic symptoms, (B) 

social/occupational dysfunction, (C) disease duration, (D) exclusion of 

schizoaffective/mood disorder, (E) exclusion of substance/general medication use and (F) 

relationship to pervasive developmental disorder (e.g. autism) (American Psychiatric 

Association, 2013). Two major changes were implemented in the updated DSM-5 

(American Psychiatric Association, 2013) to the previous edition DSM-IV-TR (American 

Psychiatric & American Psychiatric Association. Task Force on, 2000). The changes were 

that patients needed to exhibit two or more characteristic symptoms classified in Criterion 

A and must include at least one of the following positive symptoms: delusions, 

hallucinations and disorganized speech. 

Schizophrenia is not a typical mono-symptomatic disorder but instead consists of a 

collection of multi-faceted accessory symptoms which creates a broad spectrum covering 

positive symptoms to negative symptoms involving excessive presentation (positive) and 

deficits (negative) to normal human functioning (American Psychiatric Association, 

2013). Positive symptoms cause patients to display increased brain functioning that leads 

to development of delusional thoughts, hallucinations and disorganized speech. Negative 

symptoms from the opposite end of the spectrum leads to diminished human emotions 

and cognition. Studies have indicated the influence of environmental risk factors which 

would exacerbate disease progression. Because of the effects on the many aspects of brain 

function, schizophrenia poses a burden for families and society through cost and 

emotional strain (Knapp, 1997). A meta-analysis on schizophrenia morbidity based on 

data gathered from multiple cohorts concluded that there is a significant increase rates in 



 

 

 

2 

 

premature natural and unnatural deaths among schizophrenia sufferers with suicide 

among the reoccurring causes of death (Brown, 1997; Brown et al., 2000).   

Being a chronic life-long disease, schizophrenia is widely regarded to be costly to 

public healthcare from a disease burden perspective. Mental illness as a whole is the top 

global contributor to “years lived with disability” amongst all diseases, thus highlighting 

the effect of chronicity to burden of disease (Whiteford et al., 2010). In the Australian 

context, the high cost of psychosis-related disorders, with particular focus on 

schizophrenia, has remained the same during the period between two national surveys 

conducted 10 years apart between 2000 and 2010 (Neil et al., 2014). In 2010, psychosis-

related disorders costed $4.91 billion (society level) and $3.52 billion (governmental 

level) annually (Neil et al., 2014). Based on meta-analysis of mortality in schizophrenia, 

patients with schizophrenia have a 2- to 3-fold increased risk of mortality compared to 

the general population where suicide is implicated as the major contributing factor of 

mortality (Saha et al., 2007). Alarmingly, Saha et al. (2007) accentuated the fact that 

mortality risks have increased significantly over time when comparing pre-1995 and 

1995-2007 data.     

So far, there is no cure for schizophrenia, but it is considered to be treatable using 

appropriate anti-psychotic medications. Despite a sizable plethora of drugs that are 

available in the market, questions remain with regards to the suitability, effectiveness and 

undesirable adverse side effects of anti-psychotic medications, such as weight gain and 

interfering with patient metabolism (Lieberman et al., 2005; Leucht et al., 2009).  

Genetics of schizophrenia 

Hereditary studies that looked at familial inheritance, twin correlation and 

adoption studies have reported strong genetic influences to the development of 

schizophrenia in an individual. Family association studies showed significant disease 

clustering within families who have members with schizophrenia (Kendler et al., 1993; 

Varma et al., 1997; Maier et al., 2002; Somnath et al., 2002). Twin studies further 

strengthened the case for the influence of genetic predisposition in the development of 

schizophrenia (Kendler & Robinette, 1983; Cannon et al., 1998; Cardno et al., 1999; 

Dempster et al., 2011; Ettinger et al., 2012). Adoption studies correlated environmental 

influences on genetic predisposition of an adoptee in families with or without 
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schizophrenia.  (Kendler & Gruenberg, 1984; Kendler et al., 1994; Kety et al., 1994; 

Tienari et al., 2004). More recently, Lichtenstein et al. (2009) showed increased 

schizophrenia risk in adopted offspring whose biological parents and siblings have been 

diagnosed with schizophrenia. These studies conducted on multiple cohorts of dizygotic 

(DZ) and monozygotic (MZ) probands demonstrated the heritability of schizophrenia at 

approximately 80 to 90% or H-value of 0.8 to 0.9 (McGuffin et al., 1984; Farmer et al., 

1987; Cardno et al., 1999).  Two more recent studies estimated the heritability to be 

around 64% (Lichtenstein et al., 2009) and 74% (Savage et al., 2012) respectively. In 

summary, the confounding heritability of schizophrenia concluded from all inheritance 

studies points to the likely contribution of genetics in schizophrenia.   

In addition to demonstrated familiality and heritability, meta-analyses on 

schizophrenia twin studies further emphasized the complexities of the disorder where 

multiple genetic and environmental factors were suggested to propagate the onset of 

schizophrenia (Sullivan et al., 2003; Fosse et al., 2015; Blokland et al., 2017). A recent 

review listed the following environmental risk factors in association to increased 

propensity of developing schizophrenia: obstetric complications, prenatal immune 

challenge, prenatal stress and prenatal nutrition (Clarke et al., 2012). 

Besides the many inferred environmentally inducible risk factors, ongoing search 

for the “schizophrenia gene” has led to an ever-expanding list of genes which confer 

susceptibility or risk towards the onset of schizophrenia. With the knowledge that 

schizophrenia is heritable and has a putative genetic contribution, genome linkage studies 

were carried out to identify susceptibility genes based on chromosome proximity and 

recombination frequency. The exact number of chromosomal loci harboring 

schizophrenia susceptibility is yet to be elucidated, with an ever-expanding list including 

those identified through two in-depth meta-analyses: (1) 5q, 3p, 11q, 2q, 1q, 22q, 8p, 6p, 

20p and 14q (Lewis et al., 2003) and (2) 8p, 13q and 22q (Badner & Gershon, 2002) 

[Reviewed by Harrison & Weinberger (2005)]. Since the publication of those two meta-

analyses, more susceptibility loci have been implicated: 15q (Kranz et al., 2012; Stephens 

et al., 2012), 3q (Mulle et al., 2010), 10p (Thiselton et al., 2010), 1q (Holliday et al., 

2009). Advancement of genomic screening technologies coupled to accessibility to large 

human genome datasets have further confirmed the complexities and enormity of genetic 

susceptibility in schizophrenia. A recent GWAS study has identified 128 ‘risk’ 
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associations in 108 different loci positions within the schizophrenia patient genome 

(Schizophrenia Working Group of the Psychiatric Genomics, 2014). The use of 

microarray technology, positional cloning, bioinformatics and genome wide association 

studies (GWAS) has revealed 281 candidate genes that were significantly associated with 

schizophrenia (Jia et al., 2010). In a recent GWAS study, the authors utilized convergent 

functional genomics (CFG) to screen 3322 schizophrenia patients versus 3587 control 

single nucleotide polymorphism (SNP) (Ayalew et al., 2012). The result of this study was 

a shortlist of 3194 unique genes implicated in schizophrenia, followed by prioritization 

based on the CFG score >4 to generate a final list of 42 top candidate genes. These 

candidate genes, most of which have already been implicated to be a “risk” gene in 

schizophrenia, have been grouped into five major types based on their functional 

properties – (1) connectivity/cell adhesion/myelination, (2) neurotransmitters/signaling, 

(3) metabolism/proliferation/apoptosis, (4) transcriptional factors and (5) growth factors. 

With increasing numbers of ‘risk’ and ‘susceptibility’ markers being added to an 

ever-expanding library, the schizophrenia research field is posed with an interesting 

conundrum regarding the exact relevance of the many genetic markers in terms of disease 

etiology and what do these findings actually mean in our broader understanding of the 

neurobiology of schizophrenia. 

Neurodevelopmental hypothesis of schizophrenia 

Structural development of the brain is initiated days before formation of the 

embryo starting with the inward curvature collapse of the neural plate to form the 

primitive neural tube followed by rapid proliferation and specialization of neurites 

(Watson et al., 2010). Throughout pre- and peri-natal brain development, immature 

neural progenitors at the subventricular zone (SVZ)/ventricular zone (VZ) either undergo 

static maturation and proliferation or are induced to migrate away from the SVZ/VZ to 

other regions of the brain as far as the olfactory bulb (Lois & Alvarez-Buylla, 1994; Sanai 

et al., 2011). Another key feature in neurodevelopment is changes in synaptic density in 

the cortical region throughout life. The number of synapses increases with time from the 

peri-natal period to approximately 5 to 7 years of age when a turn of events drastically 

reduces synapse densities until stabilization at adolescence (Huttenlocher, 1979; Paus et 

al., 1999). These two events coincide with the initiation and onset of schizophrenia, and 
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because of which many have proposed the colloquially termed ‘neurodevelopmental 

hypothesis’ or ‘neurodevelopmental model’ (Lewis & Levitt, 2002; Rapoport et al., 2005; 

Fatemi & Folsom, 2009).   

The neurodevelopmental hypothesis is based on correlative observations on post-

mortem brain lesions, psychiatric monitoring of patient behavior, and more recently 

neuroimaging to detect brain changes (McGrath et al., 2003; Fatemi & Folsom, 2009; 

Owen et al., 2011; Murray et al., 2017). Although this ‘neurodevelopmental hypothesis’ 

concept is constantly being updated and refined, the core idea remains congruent in that 

affective events which occur during a patient’s developmental process provides trigger 

points in the lead up to different trajectories that determine onset of disease manifestations 

at adolescence (Reviewed in Lewis & Levitt, 2002).   

Animal models 

The use of animal models in scientific research have improved our understanding 

of key pathological diseases and better treatments for disorders such as Alzheimer’s 

disease, multiple sclerosis and a range of immune-related diseases. Similarly, there have 

been extensive research to identity viable animal-based models which could help in the 

understanding and potential therapy for schizophrenia. Thus far, animal models for 

schizophrenia can be divided into four broad categories – genetic models, 

pharmacological models, lesion models and developmental models.   

Most of the existing schizophrenia animal model research revolved around the 

susceptibility or predisposition genes that have been consistently reported in GWAS 

studies. Among the more commonly studied schizophrenia susceptibility genes which 

have been knocked down or knocked out in mice were: DISC1 (Koike et al., 2006; Kvajo 

et al., 2008), COMT (Gogos et al., 1998), NRG1 (Gerlai et al., 2000), RGS4 (Grillet et 

al., 2005), DTNBP1 (Jentsch et al., 2009), PRODH (Gogos et al., 1999) and RELN 

(D'Arcangelo et al., 1995). These genetic mutants were only a few examples of an ever 

expanding library of animal-based models that have been used to mimic schizophrenia in 

mice. All of these models were either characterized by morphological changes using 

immunohistochemical brain staining or physiological behavior tests. These genetic 

models showed observable characteristic changes to brain morphology such as reduced 

brain volume in the DISC1 mice (Hikida et al., 2007), altered lamination in the cortical 
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plate of the reeler RELN gene knockout mice (D'Arcangelo et al., 1995) and enlarged 

lateral ventricles in the NRG1 mutants (Chen et al., 2008). Most genetic models have 

described “schizophrenia-like” observations in mutant mice based on experiments such 

as memory tests (e.g. mazes), spatial learning, mating deficits, pleasure tests and open-

field hyperactivity [reviewed by Jones et al. (2011)]. Due to the polygenic nature of 

schizophrenia, the use of genetic models would therefore only highlight a single specific 

signaling pathway, thereby, most probably missing possible interactions between 

multiple genes or gene networks and possibly the environmental factor as previously 

described.    

Published pharmacological animal models studied two key neurotransmission 

pathways involving glutamate and dopamine, both of which play important roles in 

human behavior and cognitive functions. Administration of the recreational drug 

phencyclidine (PCP) has been shown to induce positive symptoms in humans including 

signs of hallucination and delusions by inhibiting N-Methyl-D-aspartate (NMDA) 

receptors in the glutamate pathway (Javitt & Zukin, 1991). Similar to the genetic models, 

investigators reported “schizophrenia-like positive and negative symptoms” based on 

changes to memory, social affinity, arousal and locomotor activity (Rujescu et al., 2006).   

Another common use of animals in schizophrenia research was to model 

alterations in brain regions, such as the hippocampus, which is functionally important in 

spatial memory and navigation.  (Morris et al., 1982; Bliss & Collingridge, 1993). 

Chemically induced hippocampal lesions in neonates resulted in post-pubertal 

dysfunction in the areas of cognition, behavior and locomotion (Chambers et al., 1996; 

Sams-Dodd et al., 1997). The lesion model added insights to our understanding of the 

‘neurodevelopmental hypothesis’ of schizophrenia by implicating risks of altered 

development of key regions involved in cognition and behavior such as the hippocampus 

at the post-natal, pre-adolescent time points. These findings speculated that schizophrenia 

may be caused by progressive changes to brain dynamics even after birth, contrary to the 

traditional pre- and peri-natal risk factors.    

In line with the neurodevelopmental hypothesis of schizophrenia, extensive 

research has been conducted to investigate the role of pre-/peri-natal epidemiological 

stress or factors during pregnancy that might lead to development of schizophrenia in 
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progeny later in life. This field of research utilizes environmentally driven risk factors in 

rodent models to mimic or model stress by restraint stress, foot shock and corticosterone 

administration to pregnant rats (Shalev & Weiner, 2001). In addition, another 

hypothesized developmental stressor involved compromised immune system during 

pregnancy. To model the risk from immune stress, pregnant developmental models were 

introduced to influenza virus (Shi et al., 2003), viral mimic poly I:C administration 

(Ozawa et al., 2006) and bacterial infection via lipopolysaccharide treatment (Borrell et 

al., 2002). In these approaches, laboratory-administered infection was expected to 

activate innate and adaptive immune systems, which was speculated to affect pup brain 

development. The majority of the progeny birthed from immunity developmental models 

developed what the authors described as “schizophrenia-like” manifestations in the area 

of behavioral deficits (e.g. reduced social and exploratory behavior), cognitive deficits 

(e.g. prepulse inhibition and memory tests) and neurotransmitter drug sensitivity 

(dopamine and glutamate inhibitors).   

Besides stressors during pregnancy, nutritional deficiency has also been 

speculated to be a risk factor in schizophrenia disease onset. This was well represented in 

developmental animal models where pregnant rats were deprived of vitamin D3 in their 

diet and through a filtered light environment. Studies showed that significant changes to 

progeny brain morphology particularly in the ventricular region (Feron et al., 2005), 

coupled to dysfunctional behavior and cognition based on latent inhibition and 

neurotransmitter drug sensitivity  (Becker et al., 2005; Kesby et al., 2006). These findings 

further strengthened the hypotheses that suggests a role of non-genetic risk factors during 

pregnancy, and offered very useful proof-of-concept models regarding non-genetic 

‘environmental’ triggers of schizophrenia. 

Because of the psychiatric nature of schizophrenia, many uniquely human 

manifestations observed in schizophrenia patients, such as hallucinations, disorganized 

speech, affective flattening and alogia, were not accurately represented in animal models. 

Most studies could only correlate “schizophrenia-like” changes to cognition and behavior 

as indirect representations of the positive and negative schizophrenia symptoms. On the 

other hand, changes to brain morphology post-stress during pregnancy or induced lesions 

could provide unprecedented insights into structural brain changes but the main question 

remains as to how representative were the animal models to mimic actual schizophrenia 
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manifestations that are exclusive to humans. Nevertheless, it is important to recognize the 

use of animal model research as viable representative ‘proof-of-concept’ models into 

different yet disparate areas of the neurodevelopmental hypothesis.   

Human models for schizophrenia 

Despite the importance of animal models in schizophrenia research, there is a 

pressing need to translate genetic risks and hypotheses formulated from animal models, 

into biological explanations of relevance in patients with schizophrenia. Hence, the use 

of human-based models could provide vital insights into understanding of a uniquely 

human psychiatric disorder such as schizophrenia. Due to the complications in developing 

a truly representative “schizophrenia mouse”, many animal researches have only 

managed to speculate that observed mouse behavior were “schizophrenia-like” and were 

notionally similar to symptoms manifested by a patient with schizophrenia. If 

schizophrenia is being progressively recognized as a disorder of the human brain, the 

search to further understand schizophrenia would provide greater relevance when 

centered on human-related studies and more importantly, suitable human-based models. 

Neuroimaging and post-mortem brain biopsy 

Although there have been substantial progress made in the area of neurosurgery, 

there are still risks and complications in removal of brain biopsies for diagnostic and 

research purposes (Jackson et al., 2001). The majority of these risks arose from the 

complications in brain structure and important human cognitive processes that the many 

brain regions potentially regulate, e.g. memory, speech, emotions etc. So far, human 

studies conducted on patients with schizophrenia have mainly revolved around 

histopathological investigations on post-mortem tissue autopsy and use of neuroimaging 

technology such as magnetic resonance imaging (MRI) and computer assisted 

tomography (CT) to compare differences between participants with schizophrenia and 

healthy subjects. Meta-analysis and scientific review of the many published work on 

examinations of structural changes to the brain have emphasized the detail and extent of 

the research into a myriad of brain regions – whole brain size, ventricles, lobes, 

cerebellum, thalamus, basal ganglia, corpus callosum (Ward et al., 1996; Wright et al., 

2000; Shenton et al., 2001; Boos et al., 2007).   
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The use of dynamic MRI mapping demonstrated the ability to monitor and record 

cortical changes in the developing brain from 4- to 21-year old volunteers to show 

progressive volumetric changes to specific regions in the brain as well as grey matter 

maturation in healthy subjects (Gogtay et al., 2004). The same method was used to 

visualize progressive changes in schizophrenia patient brains compared to the same 

cohort of controls in Gogtay et al. (2004). Results indicated increased rates of grey matter 

loss in the cortices from ages between childhood and adolescence led to significant 

structural changes that preceded the onset of schizophrenia (Thompson et al., 2001). 

Reduction in gray matter volume was also observed in several other studies (Zipursky et 

al., 1992; Wright et al., 1995).   

There have been a large number of brain MRI morphological studies investigating 

possible changes to a range of brain structures in patient with schizophrenia. Due to 

variations in sample sizes and quantification techniques used by different research groups, 

the use of broad meta-analysis studies would help normalize all previously published 

studies in hope to produce more statistically meaningful comparisons between all 

previously published cohorts to generate an overall consolidation of the hundreds of 

research done in this area. Meta-analyses of similar research into various brain regions 

have been published – thalamus (Konick & Friedman, 2001), corpus callosum (Arnone 

et al., 2008), hippocampus (Adriano et al., 2012). From a more general scope, there were 

also published meta-analyses that compiled studies related to changes in post-mortem 

brain weight (Harrison et al., 2003) and brain volume (Steen et al., 2006).   

Estimated brain weight was significantly reduced, by 24 g, in patients with 

schizophrenia (540 schizophrenia vs. 794 control; P=0.04) when statistically analyzed 

with the best-fitting multivariate model (Harrison et al., 2003). This was correlated to an 

average 2.7% decrease in total brain volume (524 schizophrenia vs. 650 control; 

P<0.0001) (Steen et al., 2006). Patients with schizophrenia had smaller thalamic size 

(Analysis 1: 485 schizophrenia vs. 500 control; Analysis 2: 313 schizophrenia vs. 434 

control; both P<0.001) (Konick & Friedman, 2001), reduced hippocampus size (1669 

schizophrenia vs. 2130 control; P<0.00001) (Adriano et al., 2012) and decreased corpus 

callosum area (894 schizophrenia vs. 809 control) (Arnone et al., 2008).  Of these 

analyses, only Konick and Friedman (2001) reported normalizing thalamus size to 

relative brain size. The question remains on whether reported brain weight and volume 
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changes would also affect regional changes proportionally to some extent. The counter 

argument for this is that despite not being normalized to brain size, other meta-analyses 

reported no significant differences in the sizes, volumes and area of other regions in the 

schizophrenia brain, for example, the frontal and temporal lobe (Davidson & Heinrichs, 

2003), and amygdala (Chance et al., 2002). 

Despite these observations that collectively suggested important changes to 

regions of the schizophrenia brain important in human cognition and behavior, there are 

ongoing limitations in the use of post-mortem brain analyses and brain imaging. Both 

areas of research involved datasets collected from different samples and cohorts that have 

intra- and inter-cohort technical variations such as head size, structural discrepancies, 

signal-to-noise ratio, data interpretation, human observer bias in brain imaging studies 

(Kay et al., 2008; Logothetis, 2008). Normalizing tissue sample pH, collection time, and 

sample fixation were common limiting factors between different research work in post-

mortem brain studies (Lewis, 2002; Ferrer et al., 2008).   

Cell-based models 

Although extensive research has focused on post-mortem brain tissue and brain 

imaging techniques, unanswered questions still remain in the understanding of 

schizophrenia disease pathophysiology. Post-mortem autopsy of patient brain tissue does 

not fully address the dynamic neurodevelopment hypothesis which is characterized by 

dynamic and progressive changes in both developing and adult brain. Despite the recent 

advances in patient brain imaging, many unanswered questions persist, especially when 

comparing imaging studies conducted on different cohorts at different data output sites. 

More importantly, the core cellular and molecular bases of schizophrenia have not been 

concretely explained based on changes observed in post-mortem and patient brain scans. 

Moreover, the human-specific nature of schizophrenia has impeded the generation of 

appropriate animal models that fully represented the etiology of disease-dependent 

changes to a schizophrenia brain. 

Therefore, more definitive approaches needed to be developed to further our 

understanding of disease pathophysiology from a cellular and molecular viewpoint. There 

is increasing interest in the use of in vitro cell-based models to study cellular phenotypes 
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and molecular pathways that are of relevance to schizophrenia. The main impetus for the 

use of cell models is the opportunity to model patient-specific dysfunctions in dynamic 

molecular and cellular processes in vitro that could not be done with post-mortem brain 

tissue. This offers the field with an alternative perspective into etiology of schizophrenia, 

especially in pathways that are relevant to neurodevelopment and neural processes.  

Blood lymphocytes 

Blood is an easily accessible source of lymphocytes to obtain genetic and 

immunological information to investigate disease pathophysiology. Lymphocytes from 

schizophrenia patients were used to investigate the autoimmune hypothesis in 

schizophrenia due to the role of blood in the immune system, resulting in findings that 

postulated that increased pan-T and T-helper cells in patients (Henneberg et al., 1990; 

Craddock et al., 2007) and increased levels of cytokines IL-2 & IL-6 (Ganguli et al., 

1994; Maes et al., 1995), ultimately is an indicator of an inflamed brain. Patient serum 

screening technologies are an interesting platform to investigate blood-based biomarkers 

in schizophrenia (Schwarz et al., 2012), which was useful in extracting patient differences 

in biomarkers of the immune system such as inflammation-related molecules (Jaros et al., 

2012). Although the autoimmune hypothesis and subsequent use of immune cell-based 

models in schizophrenia poses itself as a useful diagnostic tool, these studies placed more 

emphasis on secondary downstream observations in potential immune dysregulation in 

patients with schizophrenia, and hence lacking in both neurological and developmental 

relevance towards the biological etiology of schizophrenia. 

Despite that, the unlimited availability of blood lymphocytes also provided 

opportunity to screen for genetic susceptibility markers in schizophrenia patients. These 

studies have screened for widely known schizophrenia susceptibility or risk genes in 

patients to find differences between neuregulin-1 and dysbindin-1 genes between mRNA 

extracted from post-mortem biopsies versus blood lymphocytes (Yamamori et al., 2011); 

However, another study reported closer correlations between the NRG-1 gene profiles 

between patient lymphocytes and post-mortem tissue (Chagnon et al., 2008). It is 

understandable that there will be large variations due to the technical differences in 

measurement used to obtain genetic material as well as large datasets used in different 

cohorts. Many studies concluded distinct or interesting gene maps derived from 
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comparative studies but could not clearly show disease-dependent changes (Ilani et al., 

2001; Bowden et al., 2006; Young et al., 2007). Further investigations were conducted 

into the level and power of information generated from using lymphocyte-derived cell 

lines in its relevance to schizophrenia research by Matigian et al. (2008). Lymphoblastoid 

cell lines were generated from lymphocytes of either schizophrenia patients or healthy 

controls, where the authors concluded no significant patient-specific differences in gene 

expression (Matigian et al., 2008).   

Skin Fibroblasts 

Skin fibroblasts derived from schizophrenia patients have been used as a 

comparative model to elucidate patient versus healthy control differences in cellular 

pathways in vitro. Various studies have reported changes to cellular morphology and 

functions and abnormal growth in patient fibroblasts (Mahadik et al., 1991; Mukherjee et 

al., 1994; Wang et al., 2010), defective cell cycle (Wang et al., 2010), and decreased 

adhesion in patient fibroblasts (Mahadik et al., 1994). However, the findings were 

conflicting to each other, where similar cellular functions investigated by different groups 

showed different results in assays that quantified cell adhesiveness and fibronectin 

secretion. Disease difference between patient and control fibroblasts was significant in 

one study (Mahadik et al., 1994) but not significant in another study (Miyamae et al., 

1998). Miyamae et al. (1998) also highlighted compounding factors that may explain the 

high variability, such as cell population heterogeneity, variations in patient age, gender 

and disease onset. There was also significant alterations in cell cycle related gene 

ontology, proteomics and expression of proteins related to cell death, development, 

growth and proliferation (Wang et al., 2010). Other fibroblast-based studies have failed 

to conclude any significant differences in patient-versus-control experiments, for 

example, quantitative two-dimensional electrophoresis used to measure protein 

expression changes from fibroblast whole cell lysates (Cohen et al., 1990) and another 

pilot study that investigated apoptotic tendencies in schizophrenia patient-derived 

fibroblasts (Catts et al., 2006).   

Induced pluripotent stem cells  

Despite being technically straightforward to isolate and the ability to generate 

numerous biological replicates, lymphocytes and fibroblasts have a non-neural origin. 
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Hence, ongoing question marks remains surrounding the use of these cell models to study 

the neurodevelopmental aspects of schizophrenia. The discovery of chemically induced 

cellular reprogramming in vitro by Yamanaka et al. (Takahashi et al., 2007) and Thomson 

et al. (Yu et al., 2007) led to more patient-specific sources of induced pluripotent stem 

cells (iPSCs) derived from living human skin biopsies. This technology has been used to 

initiate differentiation of iPSCs into neural-like cells which express neuronal markers 

(Chambers et al., 2009; Swistowski et al., 2010; Vierbuchen et al., 2010). It is also not 

possible to utilize similar technologies to reprogram skin fibroblasts directly into neurons 

(Vierbuchen et al., 2010), which would speed up the generation of neurons in a dish to 

replicate certain neural functions such as producing action potential (Swistowski et al., 

2010).  

Researchers have reprogrammed fibroblasts biopsied from schizophrenia patients 

into iPSCs.  The first of these papers demonstrated derivation of iPSCs from two patients 

with one of the widely regarded schizophrenia susceptibility gene DISC-1 in a brief 

communication as a proof-of-concept that iPSCs could potentially be used to study the 

disorder (Chiang et al., 2011). Consequently, researchers have differentiated these 

patient-derived iPSCs into neurons (Brennand et al., 2011; Pedrosa et al., 2011) and 

neural progenitors (Brennand et al., 2015) aimed at modeling brain functions in vitro. 

Patient-derived cells were morphologically different (Brennand et al., 2011) and showed 

defects to neural functions such as synaptic trafficking (Wen et al., 2014), neurite 

outgrowth and connectivity (Brennand et al., 2011). However, there were no functional 

differences in the electrophysiological activity and spontaneous calcium gradients in 

patient-derived neurons (Brennand et al., 2011). From a neurodevelopmental point of 

view, there were indications of altered gene expression for key genes that are known 

regulators of developmental pathways such as RELN, NLGN1 and NRXN3 (Pedrosa et al., 

2011; Brennand et al., 2015).  

However, there remains to be a few persisting limitations surrounding the 

technicality and reproducibility of using iPSCs in disease modeling.  The “Yamanaka” 4-

factor (Oct4, Sox2, Nanog & Klf4) have a low reprogramming efficiency (0.01 to 0.04%) 

with approximately one human embryonic stem (hES) cell-like colony produced from 

5000 skin fibroblasts (Takahashi et al., 2007; Nakagawa et al., 2008; Zhao et al., 2008; 

Warren et al., 2010). Low efficiencies were also reported with the “Thomson” 4-factor 
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method (Oct4, Sox2, Nanog & Lin28) (Yu et al., 2007). In addition, iPSC technology is 

also technically laborious, consists of multi-step processes, compounded by large 

variabilities between different lines and clones. Another study showed reduced 

pluripotency in schizophrenia-derived iPSCs after being reprogrammed from patient 

fibroblasts (Vitale et al., 2012). There is also an ongoing caveat in the heterogeneity of 

generated “neural-like” cells from schizophrenia patient iPSCs (Brennand et al., 2014; 

Topol et al., 2015), which means there could potentially be different neuronal 

subpopulations as well as neurons of different maturity.    

Human olfactory mucosa 

The olfactory system plays a vital role in processing the sense of smell by odorant 

receptors in the olfactory epithelium within the nasal cavity. The pseudostratified 

epithelium and the inner layer lamina propria together form the human olfactory mucosa. 

The olfactory epithelium localizes an estimated 1 cm2 area on each symmetrical nasal 

cavity sections (Morrison & Costanzo, 1992; Nieuwenhuys et al., 2008).  

Cells in the olfactory epithelium undergo continual neurogenesis throughout the 

adult life (Murrell et al., 1996). Neurogenesis is initiated by the migration of stem-like 

cells from the basal region to form the basal cells and sensory neurons (Calof & 

Chikaraishi, 1989; Mackay-Sim & Kittel, 1991; Caggiano et al., 1994; Leung et al., 

2007).  The presence of neural-like cells in the epithelial region of the human olfactory 

mucosa were either characterized from post-mortem tissue autopsy (Wolozin et al., 1992) 

or from live volunteer biopsies (Lovell et al., 1982; Delorme et al., 2010). Since those 

initial findings, more recent research have demonstrated the promising potential in 

surgical extraction of the olfactory mucosa biopsies from human volunteers and ability to 

culture tissue biopsies in vitro (Paik et al., 1992; Lanza et al., 1994; Feron et al., 1998).  

The treatment with fibroblast growth factor (FGF) has been shown to direct neuronal 

differentiation in olfactory mucosa biopsies (DeHamer et al., 1994; MacDonald et al., 

1996; Murrell et al., 1996; Feron et al., 1998). Olfactory mucosal cells have were reported 

to be multipotent and can be differentiated into non-neural cells of heart, liver and skeletal 

muscle origins (Murrell et al., 2005). 

In parallel with the development of non-invasive techniques to generate viable 

olfactory explant cultures, there was substantial progress done to implicate dysfunctional 
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olfactory neuropathology in neurodevelopmental-related disorders such as Alzheimer’s 

disease and schizophrenia from a cellular and molecular perspective (Arnold et al., 1998).  

Furthermore, multiple studies have concluded that there were observable morphological 

and functional changes to the olfactory system in schizophrenia patients, such as reduced 

olfactory bulb size (Turetsky et al., 2003; Nguyen et al., 2011) and smaller olfactory sulci 

(Chambers et al., 2009; Turetsky et al., 2009). Findings in these studies were supported 

by pathophysiological dysfunction observed from odor recognition tests conducted on 

schizophrenia patients who have been systematically classified based on DSM 

(Malaspina et al., 2002; Brewer et al., 2003; Seckinger et al., 2004; Moberg et al., 2006). 

Predisposition of psychosis with odor identification tests were postulated to be a potential 

risk marker in adolescent aged participants (Woodberry et al., 2010).  In line with the 

early age of onset of schizophrenia, Woodberry et al. (2010) demonstrated that 

dysfunctional odor identification and altered verbal memory function were significant 

risk factors in participants who developed psychosis later in life.  These findings further 

strengthened the ‘neurodevelopmental hypothesis’ of schizophrenia, to suggest that 

olfaction deficits could be linked to altered developmental cues in patients as 

demonstrated in brain structure studies.   

The non-invasive accessibility coupled to neural identity of olfactory mucosa 

biopsies, along with olfactory dysfunction in schizophrenia patients, led to the interesting 

prospect of utilizing cells from the olfactory system as disease models for schizophrenia.   

So far, there has been a myriad of studies using olfactory-derived cells from 

schizophrenia patients, referred to by the authors as “olfactory neuronal precursors” 

(Solis-Chagoyan et al., 2013) or “olfactory neuroepithelial cells” (Brown et al., 2013; 

Borgmann-Winter et al., 2015). These different cell models were grown and maintained 

in different culture conditions in vitro and may consist of a heterogenous mix of cell 

subpopulations such as supporting cells, basal cells and sensory neurons in the olfactory 

epithelium.  Despite that, these studies have demonstrated disease-associated defects 

when comparing patient cells to healthy control cells. Some of the cell functions that were 

reportedly altered in patient-derived cells included microtubule organization (Brown et 

al., 2013; Solis-Chagoyan et al., 2013) and odor-dependent G-protein coupling 

(Borgmann-Winter et al., 2015).  
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Olfactory neurosphere-derived cells 

 Neural stem cells can be isolated throughout life from the brain that exhibit stem 

cell-like properties such as self-renewal and multipotent differentiation.  A common way 

to characterize neural stem cells involved growing these cells in serum-free conditions 

with supplementation of epidermal growth factor (EGF) and fibroblast growth factor 

(FGF), which caused formation of neurospheres (Reynolds & Weiss, 1996; Kukekov et 

al., 1999; Vescovi et al., 1999; Nunes et al., 2003). Similarly, neurospheres have been 

efficiently generated in vitro from olfactory mucosa from post-mortem autopsy (Roisen 

et al., 2001) and biopsies from volunteers under local anesthesia (Zhang et al., 2004; 

Matigian et al., 2010). Neurosphere-derived cells expressed neural progenitor/stem cell 

markers, which included the pre-neuronal marker nestin and a host of other neuronal 

markers such as β-III-tubulin, MAP2, NCAM, A2B5 (Zhang et al., 2004; Matigian et al., 

2010). Hence, the induction of neurospheres served as an intentionally selective step to 

ensure purification of highly homogenous cell types and offered the strengths in 

maintaining cellular homogeneity across cell lines generated from different olfactory 

biopsies and different cohorts.  

Human olfactory neurosphere-derived (hONS) cells were generated from multiple 

patients with schizophrenia and healthy controls, to generate cell lines that were age- and 

gender- matched (Matigian et al., 2010). The strength of this cell model is the ability to 

generate multiple passages from a single clone, which provides a plethora of opportunity 

to conduct many different cellular and molecular studies in well-controlled experimental 

conditions.  Matigian et al. (2010) identified 1700 genes that were significantly altered in 

schizophrenia hONS cells, many of which converged to highlight potential gene pathways 

that may partake in processes during brain development. These gene expression pathways 

were mapped out using two analytical methods in the (A) Ingenuity Pathway Analysis, 

which identified dysregulated pathways such as “Axonal guidance signaling” (43 genes 

altered, P=0.001) and “Reelin signaling in neurons” (12 genes altered, P=0.008); and (B) 

‘Database for Annotation, Visualization and Integrated Discovery’ (DAVID; Dennis et 

al., 2003) reported aberrations to pathways involving “Focal adhesion” (38 genes altered, 

P=0.00001) and “Axon guidance” (25 genes altered, P=0.001). So far, two studies have 

already been conducted and published using schizophrenia patient-derived hONS cells to 

show dysregulation to cell functions in cell cycle dynamics (Fan et al., 2012) and focal 
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adhesion dynamics (Fan et al., 2013), both cellular processes are highly relevant in the 

developing brain.  

Aims and Hypotheses 

This thesis was designed to further explore the cellular and molecular basis of 

altered cell adhesion and migration, through the use of schizophrenia patient-derived 

hONS cells as disease models for various aspects of neuronal migration that may be 

defective within the developing schizophrenia brain. We hypothesized that there could be 

a broader, more complex disease phenotype, that as suggested by Matigian et al. (2010), 

involved complex but highly connected gene networks comprising of many different 

genes and molecules. A combination of different dysregulated gene pathways could 

converge to cause a single cellular phenotype, such as defective cell migration. One of 

the implicated pathways that we hypothesized to be associated with the 

neurodevelopmental hypothesis of schizophrenia, is Reelin signaling. The following aims 

were formulated to test the above hypotheses:  

(1) The development of a high throughput cell tracking assay to quantitatively measure 

migration of living hONS cells in vitro. This assay and methodology will be 

subsequently applied into all subsequent published and unpublished papers. (General 

Materials and Methods) 

(2) To investigate the influence of different extracellular matrix (ECM) proteins on 

cellular responses important in regulation of cell migration, such as cell morphology, 

cytoskeleton and focal adhesions. Experiments were designed around the use of high 

throughput imaging techniques coupled to software-assisted image analysis, to 

investigate how patient-derived hONS cells will respond to ECM proteins such as 

fibronectin, collagens and laminin in vitro. (Research Chapter 1) 
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(3) To investigate the biological relevance of dysregulated reelin gene pathway and 

altered reelin expression in schizophrenia patients, and to link it to the cellular 

etiology of schizophrenia. Experiments were designed around the use of high 

throughput imaging techniques coupled to software-assisted image analysis, to find 

out how patient-derived hONS cells will respond to extracellular reelin in vitro. This 

work will focus predominantly on the effects of reelin to cellular processes relevant 

to cell migration, and we will attempt to explain our in vitro observations to what 

may occur in the schizophrenia brain during neurodevelopment. (Research Chapter 

2) 

(4) In-depth exploration of mechanistic variables in cell migration, such as directional 

persistence and cell turning, in the context of schizophrenia using single cell tracking 

datasets measured in Research Chapters 1 and 2. This part of the thesis will focus 

mainly on extraction of additional information from resulting large cell migration 

library generated in this thesis, to enhance the strengths of data obtained via tracking 

assay devised in the General Methods section. This part of the thesis will also 

highlight the novel capabilities of combining the strengths of high throughput 

imaging, live cell tracking and data analysis programs, to help researchers better 

understand the intricacies of cell migration in vitro (Research Chapter 3) 
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Chapter 2. General Materials and Methods 

Participants 

All olfactory neurosphere-derived (ONS) cell lines used in this thesis were similar 

to those initially characterized in Matigian et al. (2010) and published in Fan et al. (2012) 

and Fan et al. (2013). Olfactory mucosa biopsies were collected by Dr. Chris Perry 

(Department of Otolaryngology, Princess Alexandra Hospital, QLD). All biopsies were 

approved by the Ethics Committee for West Moreton Region, Queensland Health and the 

Griffith University Human Ethics Committee (Queensland, Australia). Briefly, hONS 

cells were generated from nasal mucosa biopsies obtained from male patients with 

schizophrenia, who were classified based on the Diagnostic Interview for Psychosis 

(DIP), according to the Diagnostic and Statistical Manual of Mental Disorders IV (DSM-

IV). Control cell lines were obtained from age-matched healthy male volunteers. All 

participants provided written consent for their cells to be used for experimental purposes 

to help us understand the biological bases of schizophrenia. Full participant information 

and details of all hONS cell lines used for this thesis are presented in the following Table: 
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The same cell lines were previously used in Matigian et al. (2010), Fan et al. (2012) and 

Fan et al. (2013). Chlorpromazine equivalence (CPE) doses presented in the Table were 

standardized ways to compare dosages of different antipsychotic drugs administered to 

different participants (Davis, 1976; Woods, 2003). 

Cell line ID Age Sex Medication CPE Dose 
Cigarettes 

per day 

CONTROLS      

10008017 49 Male    

10002001 31 Male    

10002002 47 Male   10 

10002003 28 Male    

10003001 17 Male    

10003003 32 Male    

10003004 46 Male    

10003005 56 Male    

10003006 45 Male   5 

 

PATIENTS      

30002001 46 Male 

Clozapine: 250mg/day 333 25 

Omeprazole magnesium: 

20mg/day 
  

30002002 58 Male 

Olanzapine: 7.5mg/day 250  

Benztropine: 1mg/day   

Diclofenac sodium: 100mg/day   

30002003 21 Male 
Quetiapine: 800mg/day 1194 15 

Paroxetine: 40mg/day   

30002004 33 Male Risperidone: 4mg/day  267  

30002005 49 Male Clozapine: 350mg/day  467  

30002006 27 Male Olanzapine: 16mg/day  533 30 

30002007 44 Male 

Clozapine: 475mg/day 633 20 

Lithium Carbonate: 1250mg/day   

Atenolol: 75mg/day   

Aspirin: Dose unknown   

30002008 28 Male 
Flupenthixol decanoate: 

200mg/month  
500 10 

30002009 38 Male Risperidone: Dose unknown  unknown 60 
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Cell culture and maintenance 

Cell culture medium  

Unless stated otherwise, all cells were grown and maintained in Dulbecco’s 

Modified Minimum Essential Medium (DMEM/F12; Gibco, Life Technologies, Grand 

Island, NY, USA) supplemented with 1% penicillin-streptomycin (Gibco, Life 

Technologies) and 10% fetal bovine serum (FBS; Bovogen, Keilor East, VIC). This was 

referred to as “growth medium” in this thesis. During instances where culture medium 

was collected for experimental purposes, FBS will be omitted from growth medium and 

referred to as “conditioned medium” in this thesis.  

Olfactory neurosphere-derived cell line expansion and growth 

All olfactory neurosphere-derived (ONS) cell lines used in this thesis were 

expanded from distribution stocks containing frozen cell aliquots stored in liquid nitrogen 

at NeuroBank (Griffith University, Nathan, QLD) and previously classified in Matigian 

et al. (2010). For expansion purposes, frozen cell aliquots were quickly thawed in the 

water bath set at 37°C. Growth medium at room temperature was added dropwise into 10 

or 15 ml centrifuge tubes with thawed cell suspensions to wash DMSO used for 

cryopreservation purposes. In this case, growth medium was not pre-warmed to 37°C to 

compensate for exothermic heat release by DMSO. Cell suspensions were washed and 

collected by centrifugation at 400 g for 5 min. Resulting supernatant was removed by 

vacuum aspiration and cell pellet was resuspended in fresh growth medium that has been 

pre-warmed in a 37°C water bath. All newly thawed cell lines were first seeded onto 25 

cm2 tissue culture plastic flasks (Nunc Cell Culture T25 EasYFlasks, previously known 

as Nunc Delta Surface Cell Culture Treated T25 Flasks, Thermo Fisher Scientific, 

Waltham, MA, USA), and allowed to attach and proliferate until 90 to 95% sub-

confluence. Growth medium was changed every 3 days.  

Sub-confluent cell cultures were incubated in TrypLE Express (Gibco, Life 

Technologies) for 9 min at 37°C, to enzymatically trypsinize cultures and resuspend cell 

culture as single cells. Single cell suspensions were washed in growth medium once by 

centrifugation at 400g. Cell pellet were resuspended into fresh growth medium and 

passaged into a 75 cm2 flask (Nunc Cell Culture T75 EasYFlasks, previously known as 
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Nunc Delta Surface Cell Culture Treated T75 Flasks, Thermo Fisher Scientific). For each 

passage, cells were divided according to a 1:3 split to expand the particular cell stock. For 

example, sub-confluent cell cultures were passaged from a 25 cm2 flask into a 75 cm2 

flask or three 25 cm2 flasks. All cell lines used for experiments documented in this thesis 

were between passages 5 to 10. Expanded cell lines were stored in cryogenic tubes as 

frozen cell aliquots, which were stored in liquid nitrogen until needed.  

Cell counting 

Trypsinized cells were washed and pelleted by centrifugation at 400 g for 5 min. 

Cell pellets were resuspended in 1 ml pre-warmed growth medium and diluted in 9 ml 

Isoflow Sheath Fluid (Beckman Coulter, Brea, CA, USA). Single cell suspensions were 

run through the Z Series Coulter Cell and Particle Counter (Beckman Coulter) according 

to the manufacturer’s protocol to generate cell counts expressed as “counts per ml”. Cell 

counts for all cell lines used in the same reported assays/experiment were measured in the 

same instance, to allow cell seeding of all cell lines on the same day. Final cell seeding 

densities were reported in the methods sections that follow. 

Cell cycle synchronization 

Frozen cell aliquots were thawed and grown for at least one passage before cell 

synchronization. Cells were grown to approximately 80-90% confluence in a T25 

EasYFlask. Growth medium was replaced with low serum DMEM/F12 supplemented 

with 0.5% FBS and 1% penicillin-streptomycin, and cultured for a further 48 h in the cell 

culture incubator according to Fan et al. (2012) and Fan et al. (2013), which showed that 

cell cycle was maintained at the G1 cell cycle phase. Cells were immediately trypsinized 

after 48 h, counted and seeded into assay plates for experiments. This synchronization 

step was implemented to ensure consistency across different cell lines used for every 

assay, and also to control for cell division and proliferation in targeted cell function 

assays, to make sure that experimental outcomes were independent of cell proliferation 

and division.  
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Cell lysate preparation and total protein estimation for western 

blot 

Sub-confluent cells grown on tissue culture plastic flasks were washed thrice with 

DPBS pre-warmed to 37°C in a water bath. Ice cold lysis buffer were added into culture 

flasks to chemically lyse adherent cells. Lysis buffer composition as follows: 50mM Tris-

HCl, 1mM EDTA, 150mM NaCl, 1% Triton-X100, 5mM NaF, 0.25% sodium 

deoxycholate, 2mM Na3VO4 and 1x Roche Complete Protease Inhibitor Cocktail (All 

components were reconstituted into UltraPure MilliQ water). Adherent cells were 

mechanically detached from culture surfaces using a sterile disposable scraper. Cell 

lysates were collected into microfuge tubes and immediately placed on ice. Lysates were 

passed through a 27G syringe repeatedly for up to 7 times to further rupture cell 

membrane and mechanically shear DNA. Lysates were immediately returned on ice and 

incubated for 15 min. Protein lysates were separated from cell debris and sheared DNA 

via centrifugation at 15000 rpm (or 21130 g) for 15 min at 4ºC. Cell debris and sheared 

DNA were pelleted, while pure protein lysates in the resulting supernatant were removed 

and stored in labeled microfuge tubes.  

Total protein concentration in protein lysates were estimated using DC Protein 

Colorimetric Assay (BioRad) according to manufacturer’s protocol. A series of duplicate 

samples containing known concentrations of bovine serum albumin (BSA, Sigma 

Aldrich) were prepared by serial dilution from 2 g/L to 0.2 g/L. All samples were 

incubated with reagent A’ and B from the DC Protein Kit. Absorbance of resulting 

colorimetric reaction was quantified by microplate reader (BioTek) at 750 nm 

wavelength.  

Single cell motility assay 

Previously, two different methods of quantifying cell motility were used, both 

presented in Fan et al. (2013), to compare migration of patient cells compared to control 

cells. Firstly, the ‘barrier assay’ involved seeding cells in a central round chamber of 

metal-silicone inserts that fit into a well of a 24-well plate. Only 8 wells can be used due 

to limited positional reach by the 10x microscope lens. Motility was measured as a 

percentage of cells that move beyond the seeding area after the metals-silicone inserts 
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were removed from the wells. The other cell motility assay was the microfluidic migration 

assay, which involved seeding cells in a central rectangular chamber to confluence. Cell 

motility was initiated using microfluidic principles through back-filling six channels per 

device to create space for cells to move beyond the central seeding region (Doran et al., 

2009). Devices were placed in wells of a 6-well plate. Motility was measured as the 

distance of the migratory ‘wave-front’ from the central chamber (refer to supplementary 

Figures in Fan et al., 2013). Both assays measured motility at two fixed time points, that 

is time = 0 h for the start of the assay, and for the end point (t = 72 h for barrier assay, t = 

24 h microfluidic assay). These methods measured displacement, but does not provide 

information on total distance traveled or what was happening in real-time.  Additionally, 

these assays were labor intensive to set up and run, and have a relatively low throughput. 

For example, only eight conditions and/or cell lines could be measured at the one instance 

for the barrier assay, since only eight wells of the 24-well plate format can be used in a 

single run. There is also potential influence of plate-to-plate variability (e.g. incubation 

conditions) in these motility assays. Therefore, a main aim of this thesis was to devise a 

higher throughput technique to assist the quantification of living single cells, coupled to 

the use of software-assisted imaging and analysis to improve analytical accuracy, hence 

reducing variability from human observer bias. 

Live cell microscopy 

To quantitatively measure motility of living cells in vitro, two different imaging 

platforms were tested, both of which have a live cell chamber to maintain optimal culture 

conditions for hONS cells (i.e. 37ºC, 5% CO2, humidified atmosphere) and capture 

images of large numbers of cells in multi-well plates. The first microscope platform 

trialed was the Zeiss AxioObserver Z1 (Zeiss Microscopy) equipped with enclosed 

incubation environment, temperature controls and CO2 supply. Cells were tracked via 

sequential imaging of the same field of view over time with the in-built AxioVision 

software (version 4.8.2.0; Zeiss Microscopy). Cell tracks were generated and quantified 

by Imaris (version 6.4.2; Bitplane). The second platform used was Operetta High Content 

Imaging System (Perkin Elmer), also pre-installed with live cell incubation functions for 

temperature and CO2 control. Resulting time sequences imaged on the Operetta was 

analyzed on Harmony High Content Imaging and Analysis Software (version 3.5.1; 

Perkin Elmer). Columbus (version 2.5.0.120577; Perkin Elmer), a web-based ‘Open 
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Microscopy Environment’, is another software that has been for generating representative 

images in this thesis. 

NucBlue Live ReadyProbes – a method to track single cells in vitro. 

The majority of published motility/migration assays such as the ones used in Fan 

et al. (2013), measured collective cell migration, where motility was quantified based on 

changes to collective cell front after 24 h (microfluidic assay) and after 72 h (barrier 

assay). Of similar relevance, published work of other schizophrenia patient-derived cell 

models have also looked at different aspects of collective cell migration, e.g. 

chemoattractant-based invasion assay across a membrane by olfactory neural precursors 

(Munoz-Estrada et al., 2015) and collective outgrowth of neural progenitors from 

neurospheres derived from induced pluripotent stem cells (Brennand et al., 2015). This 

thesis aims to probe further into the whole aspect of cell migration by investigating 

motility from a single cell perspective, which is an attractive advantage of using cell-

based disease models such as our hONS model.  

To develop a single cell assay, it was paramount to have a non-bias method to find 

each individual cells of interest, and track each detected individual cell over a defined 

time frame. To do this, digital phase contrast was used to find all individual cells in the 

first frame (t = 0 h) seeded in 96-well CellCarrier plates. Harmony software uses a 

propriety phase contrast algorithm to detect the cytoplasm of the cell and marks out the 

boundaries of the cell membrane without the need for any cellular dyes. The digital phase 

contrast algorithm in Harmony and Columbus were able to detect single cells in the early 

time points (Image 1, Figure 1), but was unable to continuously track large numbers of 

cells, such as the purple coded cell (Image 2, Figure 1), which was later identified as a 

‘new’ cell coded in red (Image 3, Figure 1). It is also evident that the method was unable 

to differentiate single cells in close proximity to each other, e.g. the three cells in Image 

4 of Figure 1, which was later identified as one single cell (Image 5, Figure 1). A few 

time points later, these three cells produced three separate new tracks (Image 6, Figure 

1). The cytoplasm of living cells is dynamic and change when a cell moves (Chan & 

Odde, 2008), hence renders it inappropriate to be used for single cell tracking over time, 

especially in instances where neighboring cells move into close proximities to each other.  
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Figure 1. Incorrect continuous single cell tracking when whole cell was used as a 

tracking reference point via digital phase contrast method. Unstained living hONS 

cells were seeded on wells of a 96-well CellCarrier plate, and loaded into live cell 

incubation chamber in the Operetta. Cells were imaged every 6 min intervals for a total 

duration of 24 h using in-built digital phase contrast feature on Operetta. Resulting time-

lapse image was visualized using Columbus software to generate motility tracks. Six 

different time points were selected to demonstrate incorrectly merged and divided cell 

tracks (1 – 6). Single cells were detected by digital phase contrast algorithm and assigned 

a unique color by Columbus software. Arrowheads represent direction of movement of 

color-coded individual cells. 

 

 

  



 

 

 

27 

 

To overcome this issue, NucBlue Live ReadyProbes reagent, a live cell dye, was 

used to stain all cell nuclei, which were used as a reference point for tracking single cells 

in the same field of view. The advantages of using the nuclei as a reference point, was 

that all normal living cells have a nuclei and tracking cell nuclei will help bypass the 

tracking issues with cells moving into close proximity to each other since nuclei do not 

fuse. NucBlue dye is a ready-to-use reagent containing a propriety Hoechst 33342 

mixture, which is excitable with 350 nm wavelength to produce a 460 nm emissions 

wavelength (blue light). According to the manufacturer’s instructions, users are to dilute 

two drops of NucBlue dye into 1 ml media. A drop was measured to be 40 µl by using a 

pipette, hence, two drops is equivalent to 80 µl, i.e. 1:12.5 dilution in growth media. This 

concentration was shown to be toxic to hONS cells, which resulted in cell death (Figure 

2A). Therefore, the dye was diluted further to a final dilution of 1:1000, to maintain cell 

health throughout the tracking assay. All cell nuclei still retained NucBlue stain after 24 

h of running the tracking assay (Figure 2B). A quantitation of NucBlue toxicity to hONS 

cells was measured by CellTiter 96 AQueous One Solution Proliferation Assay 

(Promega), and presented in the supplementary materials of Research Chapter 1.  

Because living cells were expected to undergo cell division, the total duration of 

tracking cell motility was standardized at 24 h to avoid splitting tracks caused by cell 

proliferation. Control and patient hONS cells have a doubling time of 46.7 ± 7.3 hours 

and 66.9 ± 7.7 hours respectively (Fan et al., 2012). Additionally, all cells were cell cycle 

synchronized prior to seeding, to exclude possibilities of cell division occurring during 

the tracking process. NucBlue stained nuclei were tracked over total durations of 24 h 

(Figure 3). Unique motility tracks were successfully computed by two different platforms 

– Harmony/Columbus (Figure 3A) and Imaris (Figure 3B). For all assays, only nuclei that 

have been continuously tracked over the whole 24 h duration was analyzed. Nuclei tracks 

that traveled outside field of view or new tracks appearing into field of view from another 

field of view were omitted from final analysis (Arrows in Figure 3B). 

 To test the best seeding density for the motility assay, a test experiment was 

designed to compare N=1 control cell line at increasing densities of 625, 1250, 2500, 5000 

and 10000 cells per well of a CellCarrier 96-well plate. This was done by serial dilution 

of cells from 10000 “stock” by 1:2 dilution with growth medium (i.e. 50% cell “stock” + 

50% growth medium). Cells were seeded onto uncoated tissue culture plastic and 
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incubated for 15 min on a flat laboratory bench at room temperature, and was moved into 

a cell culture incubator to allow complete attachment onto well surfaces. The purpose of 

15 min pre-incubation was to allow suspended single cells that have been freshly 

trypsinized, to settle onto well surfaces and distributed properly (as opposed to formation 

of unequal distribution of cell ‘clumps’). In Figure 4, lower seeding densities resulted in 

reduced numbers of nuclei that can be tracked, hence require imaging more wells to obtain 

sufficient single cell replicates. Higher seeding densities (e.g. 10000 cells per well) 

resulted in over-confluence of cells within each field of view, which may restrict cell 

movement. The number of tracked nuclei increased proportionally with increased seeding 

density, which provides increased number of cell replicates (Figure 5A). However, at 

5000 cells per well, cells were abnormally motile than at lower densities. Cell motility 

was relatively similar at 625, 1250 and 2500 cells per well (Figure 2B). This observation 

may be caused by chemoattractants and growth factors secreted by hONS cells, which 

increases as cell numbers were increased in the well. With these two considerations, 2500 

cells per well was used as the seeding density used for all subsequent motility assays (and 

other multi-plate assays) for this thesis. 
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Figure 2. Representative images of NucBlue Live ReadyProbes reagent staining in 

living hONS cells. Cells were seeded in separate wells of a 96-well CellCarrier plates 

and probed with NucBlue dye diluted to (A) 1:12.5 and (B) 1:1000. Cells were imaged 

with fluorescence excitation/emission of 350/460 nm (for NucBlue dye to visualize cell 

nuclei) and transmission light (to show whole cell).  

 

 

Figure 3. Software-assisted frame-by-frame nuclei tracking. NucBlue-stained nuclei 

were used as the reference points for each individual cell. Cells were imaged every 30 

min for a total duration of 24 h, to produce one unique motility track per cell. Two 

different image analysis software was used to generate motility tracks based on in-built 

tracking algorithms: (A) Harmony/Columbus software for images from Operetta; (B) 

Imaris software for images from Zeiss AxioObserver Z1 live cell microscope. Arrows 

represent tracks that have gone outside field of view. Scale bar = 100 µm.  
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Figure 4. Representative images of cell motility tracks at different seeding densities. 

Synchronized cells were seeded at densities of 625, 1250, 2500, 5000 and 10000 cells per 

well, and probed with NucBlue Live Ready Probes dye to stain cell nuclei. Living cells 

were imaged using Zeiss AxioObserver Z1 at 30 min intervals for a total duration of 24 

h. NucBlue-stained cell nuclei was used as a reference point to track each individual cell 

movement. Resulting time lapse sequence was produced by Imaris software to generate 

unique motility tracks over 24 h. Scale bar = 200 µm.  
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Figure 5. Optimization of seeding density for single cell motility assay. Cells were 

seeded at increasing densities of 624, 1250, 2500, 5000 and 10000 cells in a single well 

of a 96-well CellCarrier plate. All cells were stained with NucBlue dye to stain cell nuclei, 

which was tracked over time. Five different field of views per seeding density were 

imaged at 10 objective under the Zeiss AxioObserver Z1 live cell microscope, at a frame 

rate of one image every 30 min for a total duration of 24 h. (A) Number of tracked nuclei 

per well. (B) Effects of seeding density on motility track length. Data presented as mean 

± S.E.M. of total number of tracked nuclei for N=1 cell line used. 
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To increase assay throughput, a 96-well plate format was used to allow ability to 

run all N=9 cell lines from each patient and healthy control groups, together with at least 

four different culture conditions, e.g. different coating concentrations of ECM substrate. 

The edges of multi-well plates are susceptible to ‘edge effects’, where evaporation tends 

to occur, especially on the corners of the plates (Lundholt et al., 2003). Hence, all wells 

in the first and last column of the 96-well plate were not used for experimental purposes 

(i.e. no cells seeded), but instead, charged with NucBlue-supplemented growth medium 

(grey wells in Figure 6).  

For all other wells, surfaces were pre-coated with defined commercially available 

ECM proteins in Research Chapter 1 and recombinant reelin produced in-house in 

Research Chapter 2. Experimental controls were UltraPure water (Gibco) in Research 

Chapter 1 and Mock conditioned medium in Research Chapter 2. Surface coating 

protocols and final ECM protein concentrations were detailed in each Research Chapter. 

Coated wells were washed with UltraPure water and dried prior to cell seeding. Different 

cell lines were seeded in alternate columns, and both groups were seeded in alternate 

fashion (see Figure 6), e.g. first control cell line (C1) followed by first patient cell line 

(S1), and so on. Control wells were color-coded in blue and Patient wells were color-

coded in red. This layout was designed to have both control and patient cell lines equally 

distributed across designated wells within the plate.  
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Figure 6. Example of the 96-well plate format used in single cell motility assay. Plates 

used for all tracking assays presented in this thesis were standard round well, flat-

bottomed, and optically clear CellCarrier plates (Perkin Elmer). Wells in this figure were 

only representative and therefore depicted as square wells. Grey wells represent wells that 

have not been coated with any ECM protein nor seeded with cells. These wells were 

charged with 100 µl of growth medium supplemented with NucBlue dye. All other wells 

were seeded with resuspended single cells from control cell lines (C, blue) and patient 

cell lines (S, red). Cells were cultured in four different culture conditions designated to 

each cell line, for examples four different ECM protein concentrations (0, 10, 50, 100 

µg/ml).  
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After various optimization efforts, the Operetta imaging platform coupled with 

Harmony software was selected as the platform of choice to run all single cell motility 

assays presented in this thesis. Various factors have led to this decision. The Zeiss Live 

cell platform was more labor intensive, where users have to manually find and select 

fields of views via mechanical controller (i.e. 5 fields of views per well, 72 wells per plate 

= 360 fields of views per plate). In addition, users also have to manually refocus (i.e. 

adjusting the Z-plane) for every field of view. This whole process took up to 3 h after the 

initial cell seeding and NucBlue incubation time. The live cell environmental chamber 

for the Zeiss Z1 microscope is larger, leading greater variability in temperature and CO2 

levels within the chamber, and potentially across wells of the same multi-well plate. 

Importantly, there were two mechanical faults to the Zeiss imaging platform during 

measurement of plates for Research Chapter 1 that led to a ‘false start’. The manual 

controller (“joystick”) and live cell environment control (temperature and CO2) failed in 

separate incidences, where hardware had to be sent overseas for inspection and repair. 

Lastly, image analysis using Imaris was also labor intensive as users have to manually 

input standardized parameters into the software due to absence of batch analysis 

algorithms. Analytical process would normally take 2-3 days.  

 The Operetta platform addressed the throughput issues identified in the Zeiss live 

cell platform. At the start of each assay, Operetta was switched on at least an hour before 

every run to equilibrate the culture conditions of the in-built live cell chamber (i.e. for 

both temperature and CO2 controls). Users were only required to set up the plates (i.e. 

cell coating, seeding and NucBlue staining). Plates containing NucBlue-stained cells were 

pre-incubated on Operetta plate holder within the live cell chamber to equilibrate the plate 

to culture conditions and to minimize focus drifts from expanding plastic material. All 

remaining processes can be pre-programmed via linked Harmony software, to select, 

define and image all wells and fields of views (refer to Figure 7). Autofocus function in 

Operetta removed the need for an observer to manually refocus each field of view. Most 

importantly, Harmony software organizes all images from the Operetta and automatically 

converted those into image sequences, followed by fully software-assisted image 

analysis.  
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Figure 7. User screen capture of motility assay measurement layout and imaging 

workflow on Harmony software. (Top to bottom) (A) Plate measurement layout, (B) 

well layout for field of views and (C) sequential time points for time-lapse. Color codes 

for all layouts: White/open – Unused wells/fields of views; Grey – selected wells/fields 

of views; Blue – measured by Operetta. Orange represents manually selected well. 
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Chapter 3. Research Chapter 1 
 

Cell migration in schizophrenia: Patient-derived cells 

do not regulate motility in response to extracellular 

matrix 
 

Forward 

In the previously published work of Matigian et al. (2010), gene signaling 

pathways relating to cell adhesion and cell migration were identified, among a myriad of 

other pathways, to be affected in schizophrenia. This was concluded through use of 

olfactory neurosphere-derived cells generated from schizophrenia patients. Next, Fan et 

al. (2013) focused on the focal adhesion biology differences in patient-derived cells. Fan 

et al. (2013) discovered that patient cells were less adhesive and more motile than cells 

derived from healthy controls. All experiments in that work were conducted on tissue 

culture plastic (TCP) coated with fibronectin, which leads to the question of whether this 

cell migration deficit was specific for fibronectin or was the finding in Fan et al. (2013) 

a small snapshot in a global deficit in cell migration phenotype across different 

extracellular matrix (ECM) proteins. In Fan et al. (2013), cell motility was quantified 

using a ‘fixed timepoint’ cell migration method, which measured the starting point and 

finishing point of a cell’s movement across a certain fixed time period.  

This chapter aims to build on from Fan et al. (2013) by looking at cell migration 

from a more dynamic perspective through the use of live cell tracking methods developed 

in General Methods to quantify single cell motility. The development of the single cell 

assay was detailed in the ‘General Materials and Methods’ section above. Additionally, 

this work will also utilize other commercially available ECM proteins aside from 

fibronectin, as a coating substrate, to subsequently quantify cell motility responses that 

will cover a wider range of different integrin receptors. Another important theme of this 

Research Chapter is the use of high throughput methods to quantify cellular phenotypes 

relating to cell migration in patient cells, for example, mapping the integrin receptor 

profiles, quantification of cytoskeletal content and focal adhesion biology.  
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Figures for Published Research Paper 1 

Fig 1. Patient and control cells responded differently to ECM proteins. (A) Control 

and patient living cell nuclei were stained with NucBlue Live Ready Probes Reagent. 

Scale bar = 100µm. (B) Single cell motility was tracked by Operetta High Content 

Imaging System and analyzed by Harmony software (Perkin Elmer). Image sequences 

were used to derive accumulated track distance travelled by cells in 24 h on different 

concentrations of ECM protein substrates. ECM proteins used in this study are: (C) 

fibronectin, (D) vitronectin, (E) type I collagen, (F) type IV collagen, (G) laminin, (H) 

tenascin-C and (I) thrombospondin. ECM proteins were diluted in UltraPure water and 

coated onto tissue culture plastic wells (TCP) to achieve final concentrations of 10, 50 

and 100µg/ml (C – H), and 10, 25 and 100µg/ml (I). Uncoated TCP wells were charged 

with UltraPure water alone (0µg/ml). All data are presented as the mean track distance ± 

S.E.M. Control cells: open circles with black dotted lines (N=9 independent cell lines). 

Patient cells: closed grey squares with grey solid lines (N=9 independent cell lines). Two-

way ANOVA was used to compute the main effects of disease status, ECM protein 

concentration and whether an interaction exists between the two main effects.  Summary 

of statistical test is presented in each graph as “Disease status”, “ECM concentration” and 

“Interaction”, where P>0.05 is color-coded in red and P<0.05 in green. P<0.05 means 

that there was a main effect of either disease status or ECM concentration on track length. 

Detailed test results are presented in Supplementary Table S3. 
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Fig 2. Patient and control cells express integrin receptors. (A) Representative flow cytometry histograms for the integrin receptors in a 

cell line immunostained for the panel of integrin antibodies (closed grey plots) compared to the same cells immunostained as negative controls 

with isotype-matched antibodies (open plots). For all samples, 10,000 cells were quantified in reference to the same number of the isotype 

control cells. (B) The percentages of the cell populations expressing the various integrin alpha (ITGA) and integrin beta (ITGB) subunits. 

(C) The geometric mean fluorescence intensities (MFI) of the cell populations expressing the various integrin alpha (ITGA) and integrin beta 

(ITGB) subunits. Geometric mean was plotted as arbitrary units on a log scale (Y-axis) in all flow cytometry histograms. Data in (B) and (C) 

are mean ± S.E.M. of Control cell lines (open bars, N=9) and Patient cell lines (closed grey bars, N=9).  Two-way ANOVA was used to 

compute the main effects of disease status, integrin receptor subtype and whether an interaction exists between the two main effects.  

Statistical test results revealed that there was no disease effect on integrin-expressing cell populations and integrin levels per cell (MFI), but 

integrin expression was different across subtypes. Detailed test results are presented in both (B) and (C), where P>0.05 is color-coded in red 

and P<0.05 in green.
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Fig 3. Patient cells were smaller on all ECM proteins with a different shape. (A) 

Example image of cytoplasm (red, stained with CellMask Deep Red) and nuclei (blue, 

stained with 4',6-Diamidino-2-Phenylindole, DAPI). Scale bar = 100µm. (B) Example 

image of an unbiased analysis of cell shape based on the “roundness index”, a normalized 

sphericity ratio of the major and minor axes of the identified cytoplasm (red). Roundness 

indices of illustrated cells are: (1) 0.95; (2) 0.81; (3) 0.38. Motile cells use two key 

structures to sense their microenvironment and mediate cell motility – lamellipodia 

(sheet-like extensions; arrow) and filopodia (finger-like protrusions; arrow-head). Scale 

bar = 100µm. (C) – (L) Cell area and shape on different ECM proteins were imaged with 

Operetta High Content Imaging System and quantified with Harmony software (Perkin 

Elmer), Data are presented as means ± S.E.M. of cell area (left panel, C – G) and shape 

(right panel, H – L) on the ECM proteins indicated. Control cells: open circles with black 

dotted lines, N=9; Patient cells: closed grey squares with grey solid lines, N=9. Two-way 

ANOVA was used to compute the main effects of disease status and ECM protein 

concentration on cell area and shape, and whether an interaction exists between the two 

main effects.  Summary of statistical test is presented in each graph as “Disease status”, 

“ECM concentration” and “Interaction”, where P>0.05 is color-coded in red and P<0.05 

in green. P<0.05 means that there was a main effect of either disease status or ECM 

concentration on cell area or shape. Detailed test results are presented in Supplementary 

Table S6. 



 

 

 

55 

 

  



 

 

 

56 

 

Fig 4. Patient cells had less filamentous actin and less acetylated -tubulin than 

control cells. (A) Representative image cells stained for filamentous actin (green, Alexa 

Fluor 488 phalloidin), cytoplasm (red, CellMask Deep Red) and nuclei (blue, DAPI). 

Scale bar = 100µm. (B) Representative image of cells stained for acetylated -tubulin 

(yellow, anti-acetylated -tubulin antibody followed by Alexa Fluor 546 secondary), 

cytoplasm (red, CellMask Deep Red) and nuclei (blue, DAPI). Scale bar = 100µm. (C – 

L) Filamentous actin (C – G) and acetylated -tubulin (H – L) staining were imaged with 

Operetta High Content Imaging System and quantified with Harmony software (Perkin 

Elmer). Data were presented as mean fluorescence intensities per cell (± S.E.M.) of 

fluorophores Alexa Fluor 488 (F-actin; left panel) and Alexa Fluor 546 (acetylated -

tubulin; right panel) on ECM proteins as indicated.  Control cells: open circles with black 

dotted lines, N=9. Patient cells: closed grey squares with grey solid lines, N=9. Two-way 

ANOVA was used to compute the main effects of disease status and ECM protein 

concentration on F-actin and acetylated -tubulin levels, and whether an interaction exists 

between the two main effects.  Summary of statistical test is presented in each graph as 

“Disease status”, “ECM concentration” and “Interaction”, where P>0.05 is color-coded 

in red and P<0.05 in green. P<0.05 means that there was a main effect of either disease 

status or ECM concentration on F-actin and acetylated -tubulin levels. Detailed test 

results are presented in Supplementary Table S6. 
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Fig 5. Patient cells had fewer and smaller focal adhesions on all ECM proteins. Patient and control cells were fixed and co-stained with 4',6-

Diamidino-2-Phenylindole (DAPI) and CellMask Deep Red to stain nuclei and cytoplasm respectively. DAPI (blue) was used to identify individual cells 

within a field of view; CellMask Deep Red stain (red) was used to identify area covered by individual cell cytoplasm. Cells were stained with anti-FAK 

(A) and anti-phospho-FAK Y397 (B) primary antibodies followed by secondary AlexaFluor 488 antibody to visualize total FAK and phosphorylated 

FAK in separate wells respectively. Cells were either seeded on tissue culture plastic (TCP), 10µg/ml type I collagen (COL1), 10µg/ml type IV collagen 

(COL4), 50µg/ml fibronectin (FN) or 50µg/ml laminin (LN). Multiple fields of views were imaged at 20x objective by Operetta High Content Imaging 

System and analyzed by Harmony software. (A) Representative image of cells stained for focal adhesion kinase (green, anti-FAK antibody followed by 

secondary AlexaFluor 488 antibody) and cell cytoplasm (red, CellMask Deep Red). (B) Representative image of cells stained for focal adhesions (green, 

anti-phospho-FAK Y397 antibody followed by secondary AlexaFluor 488 antibody) and cell cytoplasm (red, CellMask Deep Red) showing distinct spots 

of phospho-FAK immunoreactivity that are concentrated along the periphery of the cell cytoplasm. Inserts: (1) spots at cell periphery, (2) spots at mid 

region and (3) perinuclear spots. Insert scale bar = 10µm. (C) Representative image of cells and spots detected by Harmony software optimized for 

sensitivity, splitting coefficient and background correction. (D) The same image illustrating the automated division of the cell cytoplasm into three 

regions: (1) cell periphery, (2) cell mid region and (3) cell perinuclear. Scale bars for (A-D) = 100µm. (E) FAK expression levels (illustrated in (A)) in 

cells on different ECM proteins (TCP: tissue culture plastic, 0g/ml; COL1: collagen I, 10g/ml; COL4: collagen IV, 10g/ml; FN: fibronectin, 

50g/ml; LN: laminin, 50g/ml). Expression levels were presented as mean fluorescence intensities per cell (± S.E.M.) of the fluorophore Alexa Fluor 

488 conjugated secondary antibody, which was used to bind the primary FAK antibody. (F – K) Mean spot number and total spot area (± S.E.M.) based 

on phospho-FAK expression levels in cells on different ECM proteins in cell regions indicated (illustrated in B – D). Relative spot size is expressed as 

pixels per cell region. Control cells: open circles with black dotted lines, N=9. Patient cells: closed grey squares with grey solid lines, N=9.) *P<0.05 

based on post hoc simple effects pairwise comparison following MANOVA testing.
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Supplementary Methods for Published Research Paper 1 

NucBlue cell motility assay representative time-lapse video imaging methods 

This section covers the methodology used to produce the representative time-lapse 

video of our NucBlue cell motility assay (Video 1 and Video 2). Cells from the same cell 

line ID were either seeded on tissue culture plastic coated with 10 or 50µg/ml recombinant 

mouse laminin (Gibco, Life Technologies). Surfaces were prepared as described in the 

main ‘Materials and Methods’ section. For the generation of the representative videos, 

we used the Zeiss AxioObserver Z1 live cell microscope (Carl Zeiss Microscopy, 

Oberkochen, Germany) with an in-built cell culture chamber, temperature and CO2 

controller. All assay conditions were maintained consistent to that described in the 

‘Materials and Methods’ section, i.e. cells were synchronized, seeded onto respective 

surfaces, NucBlue dose and incubation times, and imaged every 30 min for a total 

duration of 24 h in cell culture conditions of 37ºC, 5% CO2 and humidified atmosphere. 

Sequential images of the same field of view was captured by Zeiss AxioVision software 

(version 4.8.2.0, Carl Zeiss Microscopy), and resulting time-lapse motility videos were 

generated by tracking individual NucBlue-stained nuclei for the whole 24 h duration 

using Imaris software (version 6.4.2, Bitplane, Zürich, Switzerland). 

NucBlue dye toxicity and dose optimization 

Synchronized olfactory neurosphere-derived cells were resuspended in growth 

media and seeded onto uncoated tissue culture plastic 96-well CellCarrier plates at 

densities of 2500 cells/well. Cells were allowed to attach for 4 h at 37°C in the incubator. 

Any unattached, non-viable cells were removed by a medium change. Fresh medium was 

supplemented with NucBlue dye at final dilutions of 1:10, 1:100 and 1:1000. Cells were 

incubated in NucBlue dye for 24 h at 37°C to replicate culture conditions and imaging 

duration for the single cell motility assay. CellTiter 96 AQueous One Solution 

Proliferation Assay was used to quantify cytotoxicity of NucBlue dye to hONS cells. 

Briefly, 20 µl AQueous One solution reagent were added straight to 100 µl growth 

medium with a multichannel pipette. Cells were incubated for 2 h at 37°C. AQueous One 

solution reagent contains MTS tetrazolium compound which is converted into colored 

formazan product secreted by viable cells. Formazan levels were measured by Synergy II 
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plate reader (BioTek, Winooski, VT, USA) at absorbance of 490 nm. All readouts were 

normalized to untreated wells. Test results are presented in Fig S1. 

Immunocytochemical staining for cytological image analysis 

Attached cells were fixed with 4% paraformaldehyde (PFA; Sigma Aldrich, St. 

Louis, MO, USA) in Hanks Buffered Saline Solution (HBSS; Gibco Life Technologies) 

for 15 min RT. All wells were washed thrice with DPBS after fixation. Cells were 

permeabilized with 0.1% Triton X-100 and blocked with 3% BSA in DPBS for 30 min 

RT. Cells were washed thrice and stained with the following markers. For visualization 

of filamentous actin, cells were incubated with Alexa Fluor 488 Phalloidin (1:100; 

Molecular Probes, Life Technologies). To visualize stable tubulin, cells were incubated 

with acetylated -tubulin antibody (1:200; Santa Cruz, sc-23950; clone 6-11B-1) for 1 h 

RT. To visualize focal adhesions, cells were incubated with FAK and phospho-FAK 

Tyr397 antibodies (both at 1:100; Cell Signaling Technology) for 16h at 4°C. Cells were 

permeabilized with 0.1% Triton X-100 and blocked with 3% BSA in DPBS for 30 min 

RT. All cells were stained with Alexa Fluor 488 secondary antibody (1:200; Molecular 

Probes, Life Technologies) for 45 min RT. All primary and secondary antibodies were 

diluted in DPBS supplemented with 3% BSA. Cell cytoplasm and nuclei were visualized 

by incubation with CellMask Deep Red Plasma membrane stain (1:5000; Life 

Technologies) and DAPI (1:1000; Life Technologies) respectively for 30 min RT. All 

wells were washed with DPBS and finally charged with 100 µl DPBS prior to cytological 

imaging. 
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Supplementary Tables for Published Research Paper 1 

Table S1. Commercially available extracellular matrix substrates used for single 

cell motility assay and other high throughput assays presented in this study.  

ECM Substrate Source Catalog number Species  

Fibronectin Gibco, Life Technologies 33016-015 Human plasma 

Laminin Gibco, Life Technologies 23017-015 Mouse 

Type I Collagen Gibco, Life Technologies A1048301 Rat tail 

Type IV Collagen Sigma-Aldrich C5533 Human placenta 

Vitronectin StemCell Technologies 07180 Human recombinant 

Thrombospondin Abcam Ab52124 Human recombinant 

Tenascin-C Merck Millipore CC065 Human recombinant 
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Table S2. Primary, isotype control and secondary antibodies used for flow 

cytometry analysis of integrin receptors.  

Antibody Source Clone Isotype, species 
Working 

concentration 

Alpha Integrins     

Alpha 1 Merck Millipore FB12 IgG1, Ms 2 µg/ml 

Alpha 2 Merck Millipore P1E6 IgG1, Ms 2 µg/ml 

Alpha 3 Merck Millipore P1B5 IgG1, Ms 2 µg/ml 

Alpha 4 Merck Millipore P1H4 IgG1, Ms 2 µg/ml 

Alpha 5 Merck Millipore P1D6 IgG3, Ms 2 µg/ml 

Alpha V Merck Millipore P3G8 IgG1, Ms 2 µg/ml 

 

Beta Integrins  

 
  

Beta 1 BD Pharmingen MAR4 IgG1k, Ms 1 µg/ml 

Beta 2 Merck Millipore P4H9-A11 IgG3, Ms 2 µg/ml 

Beta 3 Merck Millipore 25E11 IgM, Ms 2 µg/ml 

Beta 4 Merck Millipore ASC-9 IgG2Ak, Ms 2 µg/ml 

Beta 5 Merck Millipore - Whole serum, Rb 2 µg/ml 

Isotype controls     

Ms IgG1 Merck Millipore DD7 

All isotype concentrations were 

matched to corresponding marker of 

interest 

Ms IgG3 

Affymetric 

eBioscience 

- 

Ms IgG1k Abcam MG1-45 

Ms IgM Sigma Aldrich MOPC-104E 

Ms IgG2Ak 

Affymetric 

eBioscience 

eBM2a 

Rb serum Sigma Aldrich - 

Secondary antibodies (fluorochrome-conjugated)  

Alexa Fluor 488 anti-

mouse 
Life Technologies - IgG (H+L), 

Gt 
10 µg/ml 

Alexa Fluor 488 anti-

rabbit 
Life Technologies - IgG (H+L), 

Gt 
10 µg/ml 

*Footnote for Table S2:  Antibody species - Mouse (Ms), Rabbit (Rb), Goat (Gt).



 

 

 

64 

 

Table S3. Factorial analysis of variance summary for track length data from NucBlue cell motility assay. All motility data presented 

in Fig 1 were subjected to two-way analysis of variance (ANOVA) to compute the influences of main effects (disease status and ECM protein 

concentration) and interaction (Disease status  ECM concentration) towards observed motility track lengths. Statistical output data were 

presented as degrees of freedom (df1, df2), F statistic (F), statistical significance (P) and Cohen’s d effect size (d). The influence of main 

effects or factorial interaction of disease status and ECM protein concentration on motility track lengths were considered significant if P<0.05. 

Result significance were color coded for significant main effects/interaction (green, P<0.05) or non-significant effects/interaction (grey, 

P>0.05). 

Extracellular  Disease status ECM Concentration Disease status  ECM concentration 

Matrix (ECM) df1 df2 F P d df1 df2 F P d df1 df2 F P d 

Fibronectin 1 4184 48.15 4.57E-12 0.21 3 4184 10.33 8.99E-07 0.17 3 4184 38.23 2.31E-24 0.33 

Type I Collagen  1 4015 0.07 .795 3.94 3 4015 5.72 .001 0.05 3 4015 2.83 .036 0.39 

Type IV Collagen 1 4343 36.53 1.63E-09 0.18 3 4343 27.64 1.06E-17 0.28 3 4343 8.96 6.00E-06 0.16 

Laminin 1 5141 6.89 .009 0.07 3 5141 8.31 1.64E-05 0.14 3 5141 3.20 .022 0.09 

Vitronectin 1 3811 94.96 3.52E-22 0.32 3 3811 7.77 3.58E-05 0.16 3 3811 7.99 2.63E-05 0.16 

Tenascin-C 1 5500 17.75 2.55E-05 0.13 3 5500 26.40 5.99E-17 0.21 3 5500 13.66 7.15E-09 0.16 

Thrombospondin 1 3520 70.57 6.35E-17 0.28 3 3520 1.15 .326 0.06 3 3520 2.55 .054 0.09 

 

 



 

 

 

65 

 

Table S4. Linear regression slope estimation for cell motility track length data on 

different ECM proteins. All cell motility data (track length) were fitted on a linear curve 

in SPSS linear regression function to generate the slope of the linear curve, statistical 

significance where P<0.05 for linear slope or P >0.05 for absence of slope, t value 

slope/standard error and 95% confidence intervals (CI). Slopes were categorized into 

three categories depending on the p value significance, which represents the motility 

response type on different ECM proteins. Significant responses (both positive and 

negative) are highlighted in bold font. Non-significant (N.S) responses are not in bold. 

Results were color coded to summarize motility responses – positive response (green, 

positive slope value, P<0.05), negative response (red, negative slope value, P<0.05) and 

non-responsive (grey, slope values ~0, P>0.05). 

  



 

 

 

66 

 

 

  

Extracellular 

Matrix Protein 

Disease 

Status 

  

Slope 

  

t 

  

P 

95% CI  

[Lower, 

Upper] 

 Legend  

 Slope Response type 

Fibronectin 

Control 11.09 9.44 
9.31E-

21 
[8.79, 13.39]  Positive Positive response 

Patient -3.83 -3.52 
4.47E-

04 
[-5.95, -1.69]  Negative Negative response 

Type I Collagen 
Control 0.75 0.57 .568 [-1.83, 3.33]  N.S. No response 

Patient -0.69 -0.62 .534 [-2.85, 1.48]    

Type IV 

Collagen 

Control 10.03 8.55 
2.30E-

17 
[7.73, 12.34]    

Patient 1.95 1.57 .117 [-0.49, 4.40]    

Laminin 
Control 4.72 4.58 

5.00E-

06 
[2.70, 6.74]    

Patient 0.62 0.60 .546 [-1.39, 2.62]    

Vitronectin 
Control 5.08 4.27 

2.10E-

05 
[2.75, 7.42]    

Patient -0.27 -0.24 .808 [-2.46, 1.92]    

Tenascin-C 
Control 7.69 6.92 

5.73E-

12 
[5.51, 9.87]    

Patient -0.06 -0.07 .948 [-1.75, 1.64]    

Thrombospondin 

Control 0.68 0.59 .558 [-1.59, 2.94]    

Patient -3.71 -3.30 
9.77E-

04 
[-5.91, -1.51]    
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Table S5. Initial multivariate analysis of variance summary for cytoskeletal and morphological fixed cell assays. All fixed cell 

immunocytochemistry data presented in Figs 3 and 4 were subjected to multivariate analysis of variance (MANOVA) to compute the 

influences of main effects and interactions between fixed factors (disease status and ECM protein concentration) towards multiple dependent 

variables simultaneously measured on the Operetta (actin expression, stable microtubule expression, cell size and cell roundness index). In 

other words, individual single cells that have been fixed were analyzed for multiple parameters such as relative intensities of AlexaFluor 488 

phalloidin (Filamentous actin expression; F-actin). AlexaFluor 546 conjugated acetylated -tubulin (stable microtubule expression), cell area 

and roundness. Pillai’s trace (V) was selected as the multivariate test to obtain the following statistical output data - including degrees of 

freedom (df1, df2), F statistic (F), statistical significance (P) and Cohen’s d effect size (d). This MANOVA is used to gauge the first level 

factorial influence of disease status and ECM protein concentration on all cytological observations in general. Main effects and factorial 

interaction between main effects were considered significant if P<0.05. Result significance were color coded for significant main 

effects/interaction (green, P<0.05). 
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Extracellular  Disease status ECM protein concentration Disease status  ECM protein concentration 

Matrix (ECM) V df1 df2 F P d V df1 df2 F P d V df1 df2 F P d 

Fibronectin 0.026 4 12422 83.76 2.67E-70 0.33 0.069 12 37272 73.20 3.72E-178 0.31 0.005 12 37272 4.84 5.15E-08 0.08 

Type I Collagen  0.036 4 17244 158.90 8.95E-134 0.38 0.128 12 51738 192.07 0.00E+00 0.42 0.003 12 51738 4.05 2.50E-06 0.06 

Type IV Collagen 0.041 4 20268 218.92 2.93E-184 0.42 0.033 12 60810 55.88 5.35E-135 0.21 0.002 12 60810 3.95 4.09E-06 0.06 

Laminin 0.022 4 18537 102.55 1.59E-86 0.30 0.127 12 55617 204.48 0.00E+00 0.42 0.008 12 55617 13.03 3.22E-27 0.11 

Vitronectin 0.010 4 10637 25.98 1.85E-21 0.20 0.083 12 21276 114.59 1.79E-188 0.42 0.003 12 21276 4.25 4.10E-05 0.08 

Extracellular  Disease status ECM protein concentration Disease status  ECM protein concentration 

Matrix (ECM) V df1 df2 F P d V df1 df2 F P d V df1 df2 F P d 

Fibronectin 0.026 4 12422 83.76 2.67E-70 0.33 0.069 12 37272 73.20 3.72E-178 0.31 0.005 12 37272 4.84 5.15E-08 0.08 

Type I Collagen  0.036 4 17244 158.90 8.95E-134 0.38 0.128 12 51738 192.07 0.00E+00 0.42 0.003 12 51738 4.05 2.50E-06 0.06 

Type IV Collagen 0.041 4 20268 218.92 2.93E-184 0.42 0.033 12 60810 55.88 5.35E-135 0.21 0.002 12 60810 3.95 4.09E-06 0.06 

Laminin 0.022 4 18537 102.55 1.59E-86 0.30 0.127 12 55617 204.48 0.00E+00 0.42 0.008 12 55617 13.03 3.22E-27 0.11 

Vitronectin 0.010 4 10637 25.98 1.85E-21 0.20 0.083 12 21276 114.59 1.79E-188 0.42 0.003 12 21276 4.25 4.10E-05 0.08 
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Table S6. Univariate follow up tests of between-subjects effects for cytoskeletal and morphological fixed cell assays. Fixed cell 

immunocytochemistry data presented in Figs 3 and 4 were subjected to a second level test post-MANOVA (Table S5) to determine exact 

main effects and interactions between measured dependent variables. Operetta was used to measure fixed cells for relative intensities of 

AlexaFluor 488 phalloidin (Filamentous actin expression; F-actin), AlexaFluor 546 conjugated acetylated -tubulin (stable microtubule 

expression), cell area and cell roundness index. Statistical output data were presented as degrees of freedom (df1, df2), F statistic (F), statistical 

significance (P) and Cohen’s d effect size (d). The influence of main effects or factorial interaction of disease status and ECM protein 

concentration on all four dependent variables were considered significant if P<0.05. Result significance were color coded for significant 

main effects/interaction (green, P<0.05) or non-significant effects/interaction (grey, P>0.05).
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  Disease status ECM protein concentration Disease status  ECM protein concentration 

Cell size df1 df2 F P d df1 df2 F P d df1 df2 F P d 

Fibronectin 1 12425 77.05 1.88E-18 0.16 3 12425 182.98 4.20E-116 0.16 3 12425 5.49 9.07E-04 0.16 

Type I Collagen 1 17247 138.63 7.03E-32 0.18 3 17247 308.42 4.55E-195 0.18 3 17247 8.67 9.60E-06 0.18 

Type IV Collagen 1 20271 420.86 1.38E-92 0.29 3 20271 78.93 9.30E-51 0.29 3 20271 3.86 .009 0.29 

Laminin 1 18540 85.56 2.49E-20 0.14 3 18540 372.13 1.02E-234 0.14 3 18540 6.23 3.18E-04 0.14 

Vitronectin 1 10640 42.78 6.39E-11 0.13 3 10640 51.48 5.61E-23 0.13 3 10640 1.64 .194 0.13 

                  

Roundness index df1 df2 F P d df1 df2 F P d df1 df2 F P d 

Fibronectin 1 12425 22.66 1.95E-06 0.09 3 12425 157.76 2.34E-100 0.09 3 12425 5.18 .001 0.09 

Type I Collagen 1 17247 100.92 1.11E-23 0.15 3 17247 575.06 0.00E+00 0.15 3 17247 5.36 .001 0.15 

Type IV Collagen 1 20271 319.27 7.30E-71 0.25 3 20271 200.85 2.24E-128 0.25 3 20271 6.85 1.32E-04 0.25 

Laminin 1 18540 6.68 .010 0.04 3 18540 558.62 0.00E+00 0.04 3 18540 0.56 .642 0.04 

Vitronectin 1 10640 29.08 7.08E-08 0.10 3 10640 302.86 1.19E-128 0.10 3 10640 9.97 4.70E-05 0.10 

                  

F-actin df1 df2 F P d df1 df2 F P d df1 df2 F P d 

Fibronectin 1 12425 179.14 1.43E-40 0.24 3 12425 51.34 5.74E-33 0.24 3 12425 2.93 .032 0.24 

Type I Collagen 1 17247 327.88 1.31E-72 0.28 3 17247 228.31 2.89E-145 0.28 3 17247 3.98 .008 0.28 

Type IV Collagen 1 20271 98.54 3.59E-23 0.14 3 20271 12.84 2.23E-08 0.14 3 20271 4.98 .002 0.14 

Laminin 1 18540 220.23 1.55E-49 0.22 3 18540 379.25 4.41E-239 0.22 3 18540 23.99 1.73E-15 0.22 

Vitronectin 1 10640 22.56 2.06E-06 0.09 3 10640 43.98 9.47E-20 0.09 3 10640 5.82 .003 0.09 

                  

Acetyl -tubulin df1 df2 F P d df1 df2 F P d df1 df2 F P d 

Fibronectin 1 12425 51.98 5.92E-13 0.13 3 12425 17.05 4.76E-11 0.13 3 12425 2.14 .093 0.13 

Type I Collagen 1 17247 34.69 3.94E-09 0.09 3 17247 51.16 6.52E-33 0.09 3 17247 0.53 .663 0.09 

Type IV Collagen 1 20271 0.57 .449 0.01 3 20271 4.73 .003 0.01 3 20271 5.93 4.91E-04 0.01 

Laminin 1 18540 17.38 3.07E-05 0.06 3 18540 33.17 2.25E-21 0.06 3 18540 11.42 1.76E-07 0.06 

Vitronectin 1 10640 13.01 3.12E-04 0.07 3 10640 61.99 1.71E-27 0.07 3 10640 2.14 .118 0.07 
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Table S7. Multivariate linear regression slope estimation for fixed cell high-throughput analyses in cytoskeletal and morphological 

measurements. All Operetta cytological data were fitted as combined multivariate dataset by the SPSS linear regression function to generate 

individual statistical outputs for each cytological measurement (F-actin and acetylated α-tubulin expression, cell size and cell roundness 

index). Estimated linear slopes were computed along with the P value statistical significance where P<0.05 for linear slope or P>0.05 for 

absence of slope, t value slope/standard error and 95% confidence intervals (CI). Slopes were categorized into three categories depending on 

the P value significance, which represents the motility response type on different ECM proteins. Significant responses (both positive and 

negative) are highlighted in bold font. Non-significant (N.S) responses are not in bold. Results were color coded to summarize motility 

responses – positive response (green, positive slope value, P<0.05), negative response (red, negative slope value, P<0.05) and non-responsive 

(grey, slope values ~0, P>0.05). 
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Cell size 

Control Patient 
 

Legend  

Slope t P 
95% CI  

[Lower, Upper] 
Slope t P 

95% CI  

[Lower, Upper]  
Slope Response type 

Fibronectin 391.61 17.36 1.20E-65 [347.38, 435.84] 286.46 14.73 2.03E-48 [248.35, 324.58] 
 

Positive Positive response 

Type I Collagen 456.84 19.27 8.05E-81 [410.38, 503.30] 308.71 13.56 1.56E-41 [264.09, 353.33] 
 

Negative Negative response 

Type IV Collagen 162.50 7.30 3.06E-13 [118.88, 206.11] 84.11 4.22 2.50E-05 [45.01, 123.22] 
 

N.S. No response 

Laminin 567.03 24.13 3.85E-124 [520.97, 613.10] 465.93 23.47 7.59E-119 [427.01, 504.84]  
  

Vitronectin 323.84 8.12 6.21E-16 [245.61, 402.07] 242.38 6.36 2.14E-10 [167.69, 317.08]    
          

   

Roundness index 

Control Patient    

Slope t P 
95% CI  

[Lower, Upper] 
Slope t P 

95% CI  

[Lower, Upper]    
Fibronectin -0.02 -15.39 2.49E-52 [-0.27, -0.21] -0.02 -14.81 6.48E-49 [-0.02, -0.02]    
Type I Collagen -0.03 -21.58 2.98E-100 [-0.03, -0.02] -0.02 -23.25 2.07E-116 [-0.03, -0.02]    
Type IV Collagen -0.02 -14.22 2.21E-45 [-0.02, -0.02] -0.01 -10.82 3.73E-27 [-0.01, -0.01]    
Laminin -0.03 -24.95 3.25E-132 [-0.03, -0.03] -0.03 -33.53 1.46E-234 [-0.03, -0.03]    
Vitronectin -0.04 -16.72 6.96E-61 [-0.04, -0.04] -0.03 -13.84 6.61E-43 [-0.03, -0.02]    
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F-actin 

Control Patient 
   

 

Slope t P 
95% CI  

[Lower, Upper] 
Slope t P 

95% CI  

[Lower, Upper]    

 

Fibronectin -17.67 -7.76 1.04E-14 [-22.13, -13.20] -16.18 -8.93 5.39E-19 [-19.73, -12.63] 
   

 

Type I Collagen -25.93 -13.81 7.65E-43 [-29.61, -22.25] -21.32 -16.12 1.08E-57 [-23.91, -18.72] 
   

 

Type IV Collagen -8.76 -4.91 9.35E-07 [-12.25, -5.26] -0.87 -0.60 .550 [-372, 1.98] 
   

 

Laminin -57.77 -23.25 1.11E-115 [-62.64, -52.90] -39.09 -23.05 9.37E-115 [-42.42, -35.77] 
   

 

Vitronectin 13.93 3.79 1.53E-04 [6.72, 21.12] 28.47 9.99 2.48E-23 [22.89, 34.06] 
   

 

 
        

   
 

Acetyl -tubulin 

Control Patient 
   

 

Slope t P 
95% CI  

[Lower, Upper] 
Slope t P 

95% CI  

[Lower, Upper]    

 

Fibronectin -1.52 -2.22 .026 [-2.87, -0.18] -2.54 -6.78 1.33E-11 [-3.27, -1.81] 
   

 

Type I Collagen -1.60 -4.15 3.40E-05 [-2.35, -0.84] -1.69 -5.73 1.04E-08 [-2.27, -1.11] 
   

 

Type IV Collagen -1.15 -3.09 .002 [-1.88, -0.42] 0.28 0.92 .359 [-0.32, 0.89] 
   

 

Laminin -2.23 -4.97 6.73E-07 [-3.10, -1.35] -3.03 -8.05 9.30E-16 [-3.77, -2.29] 
   

 

Vitronectin 4.74 5.85 5.32E-09 [3.15, 6.33] 4.24 6.97 3.43E-12 [3.05, 5.43] 
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Table S8. Pearson correlation test for estimation of relationship between ECM 

protein-dependent modulation of cell morphology and cell cytoskeleton. Cells were 

seeded on to tissue culture plastic coated with fibronectin, types I and IV collagen, 

laminin and vitronectin at increasing concentrations. The aim of this correlation test is to 

determine whether changes to measured dependent variables in cell size and cell 

roundness index, filamentous actin expression and acetylated α-tubulin were 

interdependently altered after cells were cultured in the above mentioned ECM proteins.  

All Operetta cytological data were analyzed with a bivariate correlation to estimate the 

Pearson correlation coefficient (R). Negative R-values indicate inverse relationships 

between compared measurements. Positive R-values indicate proportional relationships 

between the two measurements. A two-tailed test of significance was used to estimate the 

probability if after stimulation by ECM proteins, one dependent variable significantly 

correlated to another dependent variable (P<0.01). The sample sizes were also reported 

(N). The level of correlation was determined by using the Cohen standard (Cohen, 1988), 

where 0.1<|R|<0.3 indicates small correlation, 0.3<|R|<0.5 for moderate correlation and 

0.5<|R| for large correlation.  

 

Extracellular  

Matrix (ECM) 

Cell size  Roundness index F-actin expression  acetyl -tubulin 

R P N R P N 

Fibronectin -0.248 3.97E-174 12433 0.413 0.00E+00 12433 

Type I Collagen  -0.300 0.00E+00 17255 0.455 0.00E+00 17255 

Type IV Collagen -0.350 0.00E+00 20279 0.456 0.00E+00 20279 

Laminin -0.352 0.00E+00 18548 0.539 0.00E+00 18548 

Vitronectin -0.287 2.38E-201 10646 0.458 0.00E+00 10646 
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Table S9. Simple main effects of disease status towards total focal adhesion kinase 

expression on tissue culture plastic and various ECM protein coats. Post hoc pairwise 

comparison test was used to estimate the specific effects of disease status on all selected 

ECM proteins. FAK expression in control data set was compared to patient data set to 

formulate the mean difference, standard error (Std. Error), level of significance (P) and 

the confidence intervals (95%). 

 

ECM protein type 
Mean 

Difference  

Std. 

Error 
P value 

95% Confidence 

Interval for 

Difference 

Lower 

Bound 

Upper 

Bound 

Tissue culture plastic Control Patient 12.092 .935 3.56E-38 10.259 13.925 

Type I Collagen Control Patient 11.001 .889 4.23E-35 9.258 12.743 

Type IV Collagen Control Patient 9.060 .906 1.60E-23 7.284 10.835 

Fibronectin Control Patient 10.921 .971 2.64E-29 9.018 12.824 

Laminin Control Patient 11.972 .946 1.33E-36 10.117 13.827 
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Table S10. Summary of multivariate ANOVA of focal adhesion spot measurements and follow up univariate ANOVA test for number 

of spots and relative spot size.  All phospho-FAK Y397 immunostaining data for the outer peripheral region presented in Figs 5F and 5I 

were subjected to multivariate analysis of variance (ANOVA) followed by two-way ANOVA to compute the influences of main effects 

(disease status and ECM protein types) and interaction (Disease status  ECM protein types) towards changes to the number of spots and 

relative spot size measured on the Harmony software. Statistical output data were presented as Pillai’s trace (V), degrees of freedom (df1, 

df2), F statistic (F), statistical significance (P) and Cohen’s d effect size (d). The influence of main effects or factorial interaction of disease 

status and ECM protein concentration on motility track lengths were considered significant if P<0.05.  

MANOVA 

 

Disease status ECM protein type Disease status  ECM protein type 

V df1 df2 F P d V df1 df2 F P d V df1 df2 F P d 

0.004 2 38295 84.47 2.485E-37 0.13 0.159 8 76592 824.4 0.00E+00 0.59 0.003 8 76592 14.66 1.242E-21 0.08 

 

Two-way ANOVA 

  

Disease status ECM protein type Disease status  ECM protein type 

df1 df2 F P d df1 df2 F P d df1 df2 F P d 

Number of spots 4 38296 510.44 0.00E+00 0.46 1 38296 128.08 1.20E-29 0.12 4 38296 5.82 1.11E-04 0.05 

Relative spot size 4 38296 242.73 2.97E-206 0.32 1 38296 64.08 8.91E-13 0.08 4 38296 6.43 2.73E-09 0.05 
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Table S11. Simple main effects of disease status towards the number and size of focal 

adhesions after cells were seeded on tissue culture plastic and various ECM protein 

coats. Both control and patient cells were immunostained with anti-phospho-FAK Y397 

antibody followed by secondary AlexaFluor 488 antibody to visualize focal adhesions, 

which appear as spot-like structures within the cell cytoplasm. Only spots in the outer 

region were presented. Dependent variables quantified included the number of spots and 

relative spot size. Post hoc pairwise comparison test was used to estimate the specific 

effects of disease status on all selected ECM proteins. Spot number and size in the control 

data set was compared to patient data set to formulate the mean difference, standard error 

(Std. Error), level of significance (P) and the confidence intervals (95%). Result 

significance were color coded for significant simple main effects (green, P<0.05) or non-

significant simple main effects (grey, P>0.05). TCP: tissue culture plastic, ECM proteins 

used: Type I collagen (COL1), Type IV collagen (COL4), Fibronectin (FN) and Laminin 

(LN).  

 

Dependent Variable 
Mean 

Difference  

Std. 

Error 
P 

95% Confidence 

Interval for 

Difference 

Lower 

Bound 

Upper 

Bound 

Number 

(Outer) 

TCP Control Patient 0.817 0.641 0.202 -0.438 2.073 

COL1 Control Patient 3.186 0.634 5.06E-07 1.943 4.429 

COL4 Control Patient 4.903 0.647 3.54E-14 3.635 6.170 

FN Control Patient 4.273 0.670 1.79E-10 2.960 5.586 

LN Control Patient 3.345 0.673 6.61E-07 2.027 4.663 

Size 

(Outer) 

TCP Control Patient 8.062 6.382 0.207 -4.447 20.570 

COL1 Control Patient 11.332 6.315 0.073 -1.046 23.710 

COL4 Control Patient 28.373 6.442 1.06E-05 15.747 41.000 

FN Control Patient 49.506 6.671 1.19E-13 36.431 62.582 
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Supplementary Figures for Published Research Paper 1 

Fig S1. NucBlue dye cytotoxicity and dose optimization for single cell motility assay. 

Cells were incubated with three different doses of NucBlue dye diluted in growth medium 

(1:10, 1:100 and 1:1000) for 24 h at 37°C (N=4 cell lines for both patient and control 

groups; the average of triplicates were used). All readouts were normalized relative to 

untreated wells, where a normalized value of 1 represents an unchanged cell viability and 

a value of 0 represents 100% cytotoxicity. Dotted line identifies the threshold where dye 

was not cytotoxic to tested cells. Data represented as average formazan absorbance (mean 

± S.E.M.). *P<0.05 based on post hoc Tukey multiple comparisons following two-way 

ANOVA testing. 
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Fig S2. Single cell motility assay consistency and reproducibility. Uncoated tissue 

culture plastic (TCP) wells from seven independent assays were collectively analyzed for 

total number of cells tracked (A) and accumulated distance (B). Data presented as mean 

± S.E.M.; scatter plot represents individual assays (N=9 cell lines). *P=5E-04, t=4.675, 

df=12 based on unpaired two-tailed t-test. 
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Fig S3. Representative images of cytological assessment of cell morphology and cytoskeletal content. Control and patient cells were 

fixed and stained with CellMask, Alexa Fluor 488 conjugated phalloidin and antibody for acetylated -tubulin (followed by Alexa Fluor 546 

fluorophore) to visualize whole cell cytoplasm (red), filamentous actin (F-actin; green) and acetylated -tubulin (yellow) respectively. Cell 

nuclei were visualized using 4',6-Diamidino-2-Phenylindole (DAPI; blue). All images were captured by Operetta High Content Imaging 

System and analyzed with Harmony software. Brightness and contrast levels were standardized, across all images, to the control tissue culture 

plastic images (TCP; top left in image panel for all three fluorophores). Representative images were obtained from one control cell line and 

one patient cell line, on TCP and five different extracellular matrix substrates in types I and IV collagens, fibronectin, laminin and vitronectin. 

Scale bar = 100µm.
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Fig S4. Regional analysis of filamentous actin levels. (A) Fixed cells were stained with 

Alexa Fluor 488 conjugated phalloidin to visualize filamentous actin (F-actin; green). 

Cell nuclei were stained with 4',6-Diamidino-2-Phenylindole (DAPI; blue). (B) Two cell 

regions within the cytoplasm of each cell were defined by distances from the cell nuclei 

to the edge of the cytoplasm using Harmony image analysis software. The two cell regions 

were color labelled and includes: (C) Non-periphery region 1 and (D) Periphery region 

2. These two regions were selected based on the importance of F-actin in the peripheral 

parts of the cell where migration guidance occurs via filopodia and lamellipodia. Scale 

bar = 50µm. Harmony software was used to compute the mean fluorescence intensities 

of Alexa Fluor 488 fluorophore within each cell region. Values represent mean intensities 

per cell that has been normalized to cell area through the image analysis algorithms. F-

actin expression was measured for cells cultured on five ECM substrates (fibronectin, 

types I and IV collagens, laminin and vitronectin) at increasing coating concentrations. 

Control cells: open circles with black dotted lines, N=9. Patient cells: closed grey squares 

with grey solid lines, N=9. 
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Fig S5. Regional analysis of stable microtubule levels. (A) Fixed cells were 

immunostained for acetylated -tubulin followed by secondary Alexa Fluor 546 

fluorophore conjugated secondary antibody to visualize stable microtubules (yellow). 

Cell nuclei were stained with 4',6-Diamidino-2-Phenylindole (DAPI; blue). (B) Three 

ring regions within the cytoplasm of each cell were defined by distances from the cell 

nuclei to the edge of the cytoplasm using Harmony image analysis software. The three 

regions were color labelled and includes: (C) Ring region 1, (D) Ring region 2 and (E) 

Ring region 3. These regions represent the perinuclear, mid and outer compartments of 

the cell respectively. Scale bar = 50µm. Harmony software was used to compute the mean 

fluorescence intensities of Alexa Fluor 546 fluorophore within each cell region. Values 

represent mean intensities per cell that has been normalized to cell area through the image 

analysis algorithms Acetylated -tubulin expression was measured for cells cultured on 

five ECM substrates (fibronectin, types I and IV collagens, laminin and vitronectin) at 

increasing coating concentrations. Control cells: open circles with black dotted lines, 

N=9. Patient cells: closed grey squares with grey solid lines, N=9.  
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Fig S6. Representative images of cytological assessment of focal adhesion kinase 

expression. Control and patient cells were fixed and immunostained for focal adhesion 

kinase (FAK) followed by Alexa Fluor 488 fluorophore to visualize total FAK expression 

within each single cell (green punctate stain). Cell nuclei were visualized using 4',6-

Diamidino-2-Phenylindole (DAPI; blue). All images we captured by Operetta High 

Content Imaging System and analyzed with Harmony software. Brightness and contrast 

levels were standardized, across all images, to the control image on tissue culture plastic 

(TCP; top left in image panel). Representative images were obtained from one control 

cell line and one patient cell line, on TCP and five different extracellular matrix substrates 

in Types I and IV collagens, fibronectin, laminin and vitronectin. Scale bar = 100µm. 

  



Chapter 4. Research chapter 2 

Schizophrenia patient-derived olfactory neurosphere-

derived cells do not respond to extracellular reelin 

Forward 

Reelin is a large extracellular matrix glycoprotein that is repeatedly linked to 

schizophrenia, with both protein and mRNA expression reduced in post-mortem brain 

tissue from schizophrenia patients (Impagnatiello et al., 1998; Guidotti et al., 2000; Habl 

et al., 2012). Reelin promoter hypermethylation was also reported in patient brains post-

mortem (Abdolmaleky et al., 2005; Grayson et al., 2005). Reduced reelin levels in the 

reelin knockout mouse model reeler was reported to cause behavioral and cognitive 

deficiencies, which was reversible by reelin supplementation (Rogers et al., 2011; Rogers 

et al., 2013). Research conducted on reeler brain sections have demonstrated the 

importance of reelin as a regulator for neural migration, particularly in 

neurodevelopment. Knockout of reelin resulted in incorrect lamination of the neocortex, 

which is directly linked to the inability of newborn neural cells to migrate and position 

themselves according to birthdate. Most of the published reelin-related studies in the 

schizophrenia field have mainly focused on reelin expression and epigenetics, and 

potential roles of reelin in schizophrenia-like symptoms in knockout mouse models. The 

lack of patient-specific cell models in the field has impeded the study of reelin’s influence 

at the cellular level.  

The aim of this chapter is to follow on from the previous research chapter by 

utilizing the same batches of olfactory neurosphere-derived cells and imaging techniques, 

to investigate the influence of extracellular reelin on cell migration and cell cytoskeleton. 

In the previous chapter, patient-derived cells were non-responsive to a range of commonly 

used ECM proteins, which suggested a global dysfunction to all integrin-dependent 

pathways. Additionally, findings in Research Chapter 1 showed that responses in motility, 

cytoskeleton and focal adhesion biology were also ECM type specific. For example, 

cellular response patterns were similar for both collagen types I and IV, but were different 

when compared to RGD type ECM proteins such as fibronectin and vitronectin. Hence, 

Research Chapter 2 was formulated to explore the influence of extracellular reelin on 

schizophrenia patient-derived cells for the first time.   
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Figures for Published Research Paper 2 

Figure 1. Patient-derived cells have reduced endogenous reelin and recombinant full 

length reelin production into conditioned medium. (a) Qualitative representation of 

reelin expression by western blot showing total protein samples obtained from (1) mouse 

brain lysate, (2) healthy control ONS cell line and (3) schizophrenia patient ONS cell line. 

Mouse brain lysate was used as a positive control and -tubulin (55kDa) was the loading 

control. (b) Quantitation of reelin expression by western blot. Reelin band densities were 

divided with -tubulin band densities to obtain relative band intensities. Relative band 

intensities were presented as mean ± S.E.M. (c) Flow cytometry quantitation of reelin 

expression in fixed hONS cells. Fluorescence intensities for 10000 cells stained with anti-

reelin antibody followed by Alexa Fluor 488 were measured via flow cytometer and 

normalized to isotype-matched IgG antibody. (d) Amplification and purification of full 

length reelin plasmid pCrl and mock vector pcDNA3.1. Plasmids were verified by 

Ethidium bromide agarose gel. GeneRuler DNA ladder mix was used as the size marker 

(“M”); other two lanes contained “Mock” vector pcDNA3.1 (−) and “Reelin” plasmid 

pCrl (+). (e) Verification of recombinant full length reelin. Conditioned medium was 

collected from HEK293FT cells transfected with either the “Reelin” pCrl plasmid or 

“Mock” plasmid. Recombinant mouse laminin (molecular size 410kDa; arrow) was used 

as a standard to validate full length reelin size and estimate concentrations present. 

Conditioned medium was purified and concentrated with Amicon-15 centrifugal tubes. 

Unpurified samples presented in lanes (i) and (iii) for reelin and mock conditioned 

medium respectively. Purified reelin and mock conditioned medium were in lanes (ii) and 

(iv). Reelin bands were probed with anti-reelin antibody to give the full length band 

(410kDa) and its isoforms, highlighted with arrowheads. (f) Laminin standard curve to 

correlate western blot band density (Y-axis) with protein concentration (X-axis). All data 

were presented as mean per group ± S.E.M. Each point in the scatter plot represents data 

for each cell line used. *Student’s t-test P=0.028. 
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Figure 2. Patient-derived cells did not respond to extracellular reelin to alter cell 

motility. Live cells were stained with NucBlue dye to visualize cell nuclei, which was 

tracked over 24 hours to measure cell motility. Age-matched patient cell lines (N=9) were 

compared to control cell lines (N=9). For each cell line, at least 25 single cells were 

tracked throughout the whole 24 h duration to generate 25 unique tracks. (a) 

Representative brightfield image overlaid with NucBlue stained nuclei imaged straight 

after incubation with NucBlue dye; t=0 h. (b) Harmony software identified all cell nuclei 

stained with NucBlue dye based on ‘Find nuclei’ search algorithm; t=0 h. (c) Live cells 

retain the NucBlue stain after 24 h, imaged as the final frame at the end of the single cell 

migration assay. (d) Representative image of ‘Find nuclei’ algorithm used to identify all 

NucBlue stained nuclei at t=24 h. (e) Single cells were tracked for a total duration of 24 

h by imaging multiple field of views at one frame per 30 min. Cell motility was quantified 

by measuring frame-to-frame movement of cell nuclei from “Start” (first imaged frame; 

t=0 h) to “End” (last imaged frame; t=24 h). (f) Harmony software was used to generate 

motility tracks of each single cell to represent the accumulated distance covered by each 

cell over 24 h. (g) Effects of extracellular reelin on hONS cells. Wells were coated with 

purified reelin or mock conditioned medium. All assays were run in the same instance in 

a 96-well plate format. Motility of patient cells (closed grey bars) were directly compared 

to age-matched healthy control cells (open bars), in the absence (“Mock”) or presence 

(“Reelin”) of reelin. All plotted data represents mean of all cells measured per group ± 

S.E.M. *P<0.05 based on Tukey’s post hoc test following two-way ANOVA. Scale bar 

in images = 100µm. 
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Figure 3. Patient-derived cells expressed key components of the reelin pathway. (a) Representative western blot staining for reelin receptors 

ApoER2, VLDLR, accessory protein Dab1 and phosphorylated Dab1 (phospho-Dab1). (b) Quantitation of reelin-binding receptors ApoER2 and 

VLDLR in whole cell lysates, normalized to -tubulin. (c) Quantitation of Dab1 and phosphorylated Dab1 in whole cell lysates, normalized to -

tubulin. For all graphs, control dataset was presented as black circles and patient dataset were grey squares. All data were presented as mean per group 

± S.E.M. Each point in the scatter plot represents data for each cell line used.  

 

 



Figure 4. Reelin does not affect cell morphology and cytoskeletal content. Patient and 

control cells were fixed in 4% paraformaldehyde (PFA) stained for cell nuclei with 4',6-

Diamidino-2-Phenylindole (DAPI) and cytoplasm with CellMask Deep Red stain. 

Specific probes were used to visualize cytoskeletal proteins in actin and microtubules. 

Images were captured on Operetta High Content Imaging System and analyzed by 

Harmony software. Age-matched patient cell lines (N=9) were compared to control cell 

lines (N=9). For all individual cell lines, 120 single cells were quantified and grouped into 

subsequent disease or non-diseased dataset. (a) ‘Find nuclei’ algorithm was used to locate 

all cell nuclei stained with DAPI to identify all cells within the imaged field of views. (b) 

‘Select population’ algorithm was used to filter for cells that are fully within the field of 

view (green highlight) and omit cells partially in the field (red highlight). (c) 

Representative image of cells within a random field of view co-stained with DAPI (blue; 

nuclei), CellMask (red; cell cytoplasm), Alexa Fluor 488 conjugated phalloidin (green; 

filamentous actin) and anti-acetylated -tubulin antibody followed by Alexa Fluor 546 

secondary antibody (yellow; stable microtubules). (d) CellMask staining allows 

measurement of area covered by cell cytoplasm and cell roundness. (e) Filamentous actin 

expression levels were quantified based on mean fluorescence intensity of Alexa Fluor 

488 conjugated to phalloidin within cell cytoplasm stained with CellMask. (f) 

Microtubule stability was measured based on expression levels of acetylated -tubulin 

within cell cytoplasm stained with CellMask. (g) Quantitation of cell area which 

correlates to the size of the cell. (h) Cell roundness was quantified as a relative roundness 

index where an index of “1” represents a perfect circle and “0” represents a straight line. 

(i) Actin expression graphs measured as Alexa Fluor 488 fluorescence intensities. (j) 

Stable microtubule expression measured as Alexa Fluor 546 fluorescence intensities. All 

plotted data represents mean of all cells measured per group ± S.E.M. Open bars represent 

control cell dataset; Closed grey bars represent patient cell dataset. Scale bar = 50µm. 

*P<0.05 based on Tukey’s post hoc test following two-way ANOVA. 
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Figure 5. Patient-derived cells were unable to generate sufficient focal adhesions of the correct size on extracellular reelin. All cells were fixed 

and stained with primary antibody against phosphorylated FAK at tyrosine-397 (phospho-FAK Y397) followed by fluorophore-conjugated secondary 

antibody Alexa Fluor 488. Cell nuclei and cytoplasm were stained with DAPI and CellMask Deep Red respectively. Images were captured on the Operetta 

Imaging System and analyzed by Harmony software. Age-matched patient cell lines (N=9) were compared to control cell lines (N=9). For all individual 

cell lines, 300 single cells were quantified and grouped into subsequent disease or non-diseased dataset. (a) Representative immunocytochemical co-

staining with multiple probes and markers for cell nuclei (blue), cell cytoplasm (red) and focal adhesions (green spots). Focal adhesion spots were 

elongated and larger at the cell periphery (insert). (b) Harmony software was used to locate and measure focal adhesion properties. DAPI-stained nuclei 

were used to locate individual cells within all imaged fields of view. “Find spot” algorithm was used to locate all focal adhesions within the boundaries 

of the cell determined by CellMask staining that stains for the cell cytoplasm. Harmony software identifies all focal adhesions as spots (insert). (c) 

Individual cells were divided into three cell regions based on relative distance away from the center of the cell defined by the nuclei stain. Harmony spot 

analysis generated two key parameter outputs – number of spots (number of focal adhesions; d-f) and spot size (focal adhesion size; g-i). All cells were 

divided into three regions – outer region (d, g), mid region (e, h) and inner region (f, i). All plotted data represents mean of all cells measured per group 

± S.E.M. Open bars represent control cell dataset; Closed grey bars represent patient cell dataset. *P<0.05 based on post hoc Tukey’s test following two-

way ANOVA. Scale bar in images = 50µm. 





Supplementary Figure 1. Effects of antipsychotic medication on cell motility. Patient and control cells were treated with increasing doses of (a) 

clozapine, (b) haloperidol, and (c) chlorpromazine hydrochloride. Attached cells were incubated with 1, 10 and 100µM diluted antipsychotic drugs for 

24 h in a cell culture incubator (37ºC, 5% CO2 humidified atmosphere). Cells in untreated wells were incubated with dimethyl sulfoxide (DMSO), which 

were the negative controls of this assay. After addition of DNA-binding dye solution, fluorescence was measured with BioTek plate reader at 480nm 

excitation wavelength. Raw fluorescence readouts were standardized to assay blanks containing DMSO only, and then normalized to the untreated 

control. Data were presented as average fluorescence of N=5. Error bars = S.E.M. (d) Synchronized cells were incubated with DMSO, 20µM clozapine, 

20µM haloperidol and 2µM chlorpromazine, and NucBlue Live ReadyProbes dye to probe cell nuclei, which were tracked for 24 h.  All plotted data 

represents mean of all cells measured per group ± S.E.M. Open bars represent control cell dataset; Closed grey bars represent patient cell dataset. *P<0.05 

based on post hoc Tukey’s test following two-way ANOVA. *P<0.05 for comparisons to untreated controls (DMSO) in (a - c).  
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Chapter 5. Research chapter 3 
 

Non-responsive migration phenotype  in schizophrenia 

is caused by mechanistic differences in directional 

persistence and cell turning  
 

Introduction 

Schizophrenia is a polygenic psychiatric disorder with thousands of risk genes 

identified across the human genome on 108 genetic loci (Schizophrenia Working Group 

of the Psychiatric Genomics, 2014). Gene pathway analyses on schizophrenia gene 

datasets from human olfactory neurosphere-derived (hONS) cells (Matigian et al., 2010), 

human induced pluripotent cells (hiPSC) neural progenitor cells (NPCs) (Brennand et al., 

2015; Lin et al., 2016; Narla et al., 2017) and post-mortem brain tissues (Roussos et al., 

2012) revealed widespread dysregulation of clusters of genes involved in cell migration 

processes such as axonal guidance, cell adhesion, focal adhesions and cytoskeletal 

remodeling. Gene pathways that regulates signaling of reelin, a key brain extracellular 

matrix (ECM) protein that orchestrates neocortical lamination and early born neuron 

migration, is also affected in schizophrenia (Matigian et al., 2010).  The exact 

mechanisms of cell migration in the developing schizophrenia brain is yet to be fully 

understood due to the limitations of monogenic animal models and difficulties in 

obtaining brain cells from living humans.  

Cell-based models provide a feasible workaround to the limitations of animal 

models and post-mortem studies through the use of patient-derived cells from human 

participants closer to the age of onset. Unique disease-dependent migration phenotypes 

were reported as reduced invasion of patient olfactory neural precursors measured using 

by transwell invasion assay (Munoz-Estrada et al., 2015) and reduced neurosphere sizes 

in outgrowth assays for patient hiPSC neural progenitor cells (NPCs) (Brennand et al., 

2015; Toyoshima et al., 2016; Casas et al., 2018), and increased closure of scratch wound 

assay by patient hiPSC NPCs (Brennand et al., 2015). Patient hONS cells moved longer 

distances than control cells on Fibronectin when measured using a microfluidics assay 

(Fan et al., 2013), and were non-responsive to increasing concentrations of commonly 

used ECM proteins when tracked using a high throughput migration assay (Tee et al., 

2017). Most published schizophrenia patient cell-based migration assays only looked at 
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how far a patient cell has displaced from a starting point to an end point over various 

fixed time periods. For example, the distance traveled by hONS cells through a 

microchannel at time = 0 h and at time = 24 h (Fan et al., 2013), and neurosphere 

outgrowth distances at time = 0 h and at time = 48 h by hiPSC NPCs (Brennand et al., 

2015). To look at total distance traveled, we developed a live cell motility assay that tracks 

individual hONS cells over 24 h by acquiring an image every 30 min (Tee et al., 2016; 

Tee et al., 2017). Patient cells traveled longer distances than control cells at baseline 

conditions on tissue culture plastic (TCP) and did not respond in the same manner as 

healthy control cells to increasing concentrations of Types I and IV Collagen, Fibronectin, 

Laminin and Vitronectin (Tee et al., 2017). The question remains as to what aspects of 

cell migration were impaired in patient cells to give rise to the aberrant migration 

phenotype observed across all published cell models for schizophrenia.  

During early embryonic development, newborn cells move in highly coordinated 

patterns (Cliffe et al., 2017) and were directionally persistent to reach their intended 

destinations (Woods et al., 2014), to ultimately give rise to different organs in the human 

body (Aman & Piotrowski, 2010). From early-embryonic to mid-embryonic stages of 

brain development, early born neuronal cells move tangentially in the medial ganglionic 

eminence (MGE) and lateral ganglionic eminence (LGE) via very directional tracks to 

get to their final destinations in different parts of the brain in the neocortex, hippocampus 

and olfactory bulb respectively (Wichterle et al., 2001). Neuronal cells move in a 

continuously persistent migration for long trajectories in well-defined migration 

“highways” (Marin & Rubenstein, 2001; Wichterle et al., 2003; Guo & Anton, 2014), 

modulated by a combination of responses to their surrounding ECM microenvironments 

(Franco & Muller, 2011; Luccardini et al., 2013), extracellular chemoattractants (Polleux 

et al., 2002) and repellants (Zhu et al., 1999; Mason et al., 2001). Another key 

mechanistic component of neuronal migration is the ability by neuronal cells to make 

changes to their direction and undertake coordinated turns during the migration process, 

exemplary of how olfactory precursors change the direction of their movements in the 

rostral migratory stream (Martinez-Molina et al., 2011) and reorientation of leading 

cortical interneuron branch processes to trigger a directional turning behavior (Ward et 

al., 2005; Martini et al., 2009).  
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Well-orchestrated directional persistence of neuronal cells is also important for 

the inverted lamination of the neocortex during brain development (Cooper, 2008). Slice 

cultures of the reelin knockout mouse mutant reeler demonstrated that neuronal cells 

moved randomly without proper directional persistence in the absence of reelin (Wang et 

al., 2018), undertook less persistent radial migration (Britto et al., 2011) and were unable 

to make directional dendritic growth turns of the correct angles (O'Dell et al., 2012), 

which was caused by a defect to cytoskeletal dynamics (Chai et al., 2016). Defective 

directional persistence in reeler neuronal cells were reversed by extracellular reelin 

supplementation in vitro (Britto et al., 2014). These experiments were done using 

monogenic reeler mouse models that does not fully represent schizophrenia, a uniquely 

human disorder (Wible, 2012; Srinivasan et al., 2017). It remains to be elucidated if our 

observed reelin-dependent non-responsive migration phenotype reported for the first time 

in patient-derived hONS cell model (Tee et al., 2016), was indeed caused by problems to 

directional persistence and cell turning during the cell migration process. We hypothesize 

that cytoarchitectural changes to the schizophrenia brain observed through magnetic 

resonance imaging (MRI) (Wright et al., 2000; Olabi et al., 2011; Haijma et al., 2013), 

were partly caused by neuronal cells that have lost their way due to defects in directional 

persistence and key mechanistic variables such as cell turning and pausing during 

neurodevelopment.  

Key cytoskeletal components in filamentous actin (F-actin), microtubules and 

focal adhesions are known intracellular regulators of directional persistence (Weiger et 

al., 2010; George et al., 2013; Krause & Gautreau, 2014; Thievessen et al., 2015) and 

cell turning (Sugawara et al., 2016) during the cell migration process, all of which were 

dysregulated in schizophrenia patient cells. Patient cells had consistently less F-actin and 

stable microtubule content compared to control cells when cultured on five defined ECM 

proteins, which resulted in patient cells being smaller in size (Tee et al., 2017). As many 

as 38 genes from the “Focal Adhesion Signaling” pathway were dysregulated in patient 

cells (Matigian et al., 2010), which caused faster disassembly of focal adhesions that were 

smaller and fewer in patient cells (Fan et al., 2013). Patient cells were unable to generate 

more focal adhesions of the right size when introduced on various ECM proteins (Tee et 

al., 2017). We hypothesize that previously reported differences in intracellular 

cytoskeletal responses will affect how patient cells navigate on different extracellular 
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ECM proteins through mechanistic differences in directional persistence and turning 

tendencies. 

The first aim of this study was to investigate if congruent deficits to patient cell 

migration observed in different schizophrenia cell-based models can be explained by 

changes to (a) patient cell directionality, (b) persistence during patient cell movement and 

(c) how patient cells change directions and make turns. We will then look at how these 

mechanistic changes to cell movement can be linked to our previous findings of aberrant 

cytoskeletal responses to their ECM microenvironments in patient cells (Tee et al., 2017). 

For this study, high throughput cell tracking datasets were input into two published 

computer programs to quantify mathematical variables in directional persistence (Gorelik 

& Gautreau, 2014), cell idling and turning (Gorelik & Gautreau, 2015) in silico. The 

“DiPer” program applied standard mathematical formula to estimate how straight were 

the trajectories of patient cell movement (‘directionality’), if patient cells explored more 

or less in their ECM microenvironments (‘diffusion’) and if patient cells were moving 

with intention in one direction (‘persistence’) (Gorelik & Gautreau, 2014). Another 

program was used to compute the total time a cell has spent stationary (‘idling’) and 

overall magnitude of turning while the cell moves from one point to another (‘angle 

change’) (Gorelik & Gautreau, 2015).  

The next aim of this study is to find out if these same directional persistence and 

turning variables were also altered when patient cells come in contact with extracellular 

reelin in vitro. Previously, we reported that patient cells did not decrease their motility 

track lengths in response to reelin which was caused by reduced numbers of focal 

adhesions that were also smaller in size (Tee et al., 2016). We hypothesize that, in a 

similar fashion to patient cell responses to other ECM proteins, patient cells would lack 

the appropriate directional persistence and turning tendencies due to less responsive 

cytoskeleton and focal adhesions, to give us a deeper insight into how reelin affects 

neuronal migration in the context of schizophrenia. 
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Materials and Methods 

Olfactory neurosphere derived (ONS) cells 

Cell lines used in this study were generated from olfactory mucosal biopsies 

derived from patients with schizophrenia (N=9) and age-matched healthy participants 

(N=9) previously characterized in Matigian et al. (2010). All cell lines used for this study 

were previously used in Tee et al. (2016), Tee et al. (2017). Cell lines derived from 

participants with schizophrenia were referred to as ‘Patient cells’, while cells from healthy 

participants were referred to as ‘Control cells’. The patient cohort was selected based on 

disease classification using the Diagnostic Interview for Psychosis (DIP), according to 

the Diagnostic and Statistical Manual for Mental Disorders IV (DSM-IV). All participants 

have provided written, informed consent for their cells to be used for experiments in this 

study. Human biopsies were complaint with ethics approvals from the Park Centre for 

Mental Health and Griffith University. All experiments were conducted according to 

guidelines from the National Health and Medical Research Council of Australia.  

High throughput single cell tracking 

Cell cycle synchronized hONS cells were seeded into wells of 96-well CellCarrier 

plates (Perkin Elmer, Waltham, MA, USA), which have been coated with different ECM 

substrates that included reelin (Tee et al., 2016) and other common ECM proteins such 

as Types I and IV Collagen, Fibronectin, Laminin and Vitronectin (Tee et al., 2017). 

Monolayer cell cultures at densities of 2500 cells per well were incubated with NucBlue 

Live ReadyProbes reagent (Molecular Probes, Life Technologies, Grand Island, NY, 

USA) to stain all cell nuclei. Single cells were imaged every 30 min for a total duration 

of 24 h using 360-400 nm excitation wavelength by using 10 objective on the Operetta 

High Content Imaging System (Perkin Elmer, Llantrisant, UK), which was equipped with 

a live cell culture chamber that was maintained at 37°C and 5% CO2. All image sequences 

were acquired on the Harmony High Content Imaging and Analysis Software (Perkin 

Elmer), which was also the software platform used to generate the single cell tracking 

dataset.  

All raw datasets were imported into Microsoft Excel (Microsoft, Redmond, WA, 

USA), and were pre-organized into data columns that contain information about cell 

identification (I.D.), well I.D., fields of view I.D., and X- and Y-displacements (in m) 
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across all acquired time points. Raw datasets for cells that were partially tracked, where 

some cells leave or enter the field of view at certain points of the imaging process, hence 

resulted in incomplete time points, were removed from the final datasets to reduce bias, 

to maintain consistency and reproducibility. All datasets in this study were derived from 

the same high throughput image sequence acquisitions used to compute ‘accumulated 

track lengths’ in Tee et al. (2016) and Tee et al. (2017).  

In silico single cell directional persistence analysis 

The open source program DiPer developed by Gorelik & Gautreau (2014) was 

used to quantify different measures of directional persistence in control and patient cells 

using dataset acquired from the high throughput tracking assay. Cell tracking datasets 

were organized according to the developer’s protocol, where Excel columns would start 

with cell identifiers, followed by a column with sequential numerical increments of 47 

time frames (i.e. n = 0, 1, 2, 3, …, 47), and the X- and Y-displacement coordinates across 

all frames for total duration of 24 h. Measured DiPer parameters included directionality 

ratio, mean squared displacement (MSD) and velocity autocorrelation, which were 

published as Visual Basic for Applications (VBA) source codes in Gorelik & Gautreau 

(2014) under the file names “DirRatio.txt”, “MSD.txt”, and “Vel_Cor.txt” respectively. 

All DiPer program source codes were inserted into Microsoft Excel as Macro ‘Modules’ 

via ‘Visual Basic’ function in the ‘Developer’ tab. Two different parameters were 

computed to quantify directional persistence: -values and persistence times. Datasets 

produced from each DiPer program were imported into GraphPad Prism (version 6.05, 

GraphPad Software, Inc., La Jolla, CA, USA) to build graphs and plots for this study.  
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The following were the mathematical formulas used by Gorelik & Gautreau 

(2014) to calculate each DiPer parameter: 

 𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 =
𝐶𝑒𝑙𝑙 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡

𝐶𝑒𝑙𝑙 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
 

𝑀𝑒𝑎𝑛 𝑠𝑞𝑢𝑎𝑟𝑒𝑑 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡, 𝑀𝑆𝐷(𝑛)

=
1

𝑁 − 𝑛 + 1
∑ [(𝑥(𝑖+𝑛)∆𝑡 − 𝑥𝑖∆𝑡)2

𝑁−𝑛

𝑖=0
+ (𝑦(𝑖+𝑛)∆𝑡 − 𝑦𝑖∆𝑡)2] 

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑎𝑢𝑡𝑜𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛, 𝑣𝑎𝑐(𝑛) =  
1

𝑁 − 𝑛
(∑ 𝑣𝑖 × 𝑣𝑖+𝑛

𝑁−𝑛

𝑖=0
) ×

1

𝑁
∑ |𝑣𝑖|

2
𝑁−1

𝑖=0
 

N: Total tracks measured; n: Frame number; x: X displacement coordinate; y: Y 

displacement coordinate; Δt: Time interval; vi: Autocorrelated velocity vector between 

two subsequent time frames.  

In silico single cell pausing and turning analysis 

The open source programs developed by Gorelik & Gautreau (2015) were used to 

compute if tracked control and patient cells had the tendency to pause or turn during 

migration. Cell track datasets acquired from high throughput tracking assay were 

organized according to the developer’s protocol, where Excel columns would start with 

cell identifiers, followed by a column with sequential numerical increments of 47 time 

frames (i.e. t = 0, 1, 2, 3, …, 47), and the X- and Y-displacement coordinates across all 

time frames over the total tracked duration of 24 hours.  

Cell movements were categorized into two phases – (i) active migration phase and 

(ii) idling/pausing phases. A speed threshold constant (vthr) was first computed to identify 

frames where the cell paused (idling phase) and when cells were moving (active phase), 

using the formula 𝑣𝑡ℎ𝑟 = (2 − 𝛼) × 𝑣, where v is the average cell speed for the whole 

trajectory (24 h) and  is the alpha value computed from the slope of the log-log MSD 

curve. Cells with instantaneous displacement values smaller than the vthr were considered 

to be in the idling phase. Cells which displaced at equal or greater value than the vthr were 

moving in the active phase. “Phase_Duration” source code was used to calculate the time 

each tracked cell spends in the active and idling phases, expressed as a measure of time 

(min). The turning program contains a sequence of source codes to compute turn angles 

at all active and idling phases during cell movement. “Theta_101” source code was used 

to identify phase types and compute angle change for all phases, “Theta_Abs_Value” to 
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take absolute values regardless of if values were a negative or positive readout, and 

“Theta_Concatenate” as a quality control step to prepare datasets ready for statistical 

analyses. Turn angles were reported as absolute angles (θ).  

Statistical analysis 

All statistical analyses presented in this paper were performed using GraphPad 

Prism (version 6.05, GraphPad Software, Inc., La Jolla, CA, USA). All data were 

presented as mean averages of N=9 patient cell lines and N=9 healthy control cell lines. 

All error bars represent standard error of the mean (S.E.M.). Parametric two-tailed 

Student’s t-test was used to estimate significance of pair-wise comparisons of control cell 

and patient cell datasets. Two-way analysis of variance (ANOVA) tests were conducted 

on datasets with two variables (disease status and ECM protein concentration) to estimate 

main effects and interaction of variables on dependent variables. Multiple comparisons 

Tukey test was performed post hoc to find deviations between two groups (disease status 

and/or ECM protein concentration). Curve fitting functions were used to estimate changes 

to time-dependent and concentration-dependent variables.  

Directionality ratio and velocity autocorrelation graphs were fitted according to a 

one phase exponential decay function to estimate the plateau and half-life, and persistence 

time (1/decay rate) respectively. One phase decay function: 𝑌 = (𝑌0 − 𝑃𝑙𝑎𝑡𝑒𝑎𝑢) ×

exp(−𝐾 × 𝑋) + 𝑃𝑙𝑎𝑡𝑒𝑎𝑢, where Y0 is Y-axis intercept and K is the rate of decay. Linear 

regression function was used to estimate the slope/variable rate of change for log-log 

MSD graphs and all concentration-dependent changes to measured variables. Datasets 

were fitted using the least squares (ordinary) fit to the linear regression function: 𝑌 =

𝐾𝑋 + 𝑌0, where K is the slope/rate of change and Y0 is the Y-axis intercept. Extra sum-

of-squares F test was conducted to estimate if the resulting slope was positive, negative 

or zero value (no slope), and to estimate differences between the control slopes and patient 

slopes. All statistical tests were significant if the P value is less than the alpha value 

(P<0.05). 
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Results 

Patient cells moved in straighter trajectories and time-dependent directionality 

changes were extracellular matrix dependent. 

A common method to measure cell motility is through the use of the directionality 

ratio, which is calculated by dividing the cell displacement value with the accumulated 

track length traveled by the cell to move from the one point to the next point of 

measurement. A directionality ratio close to 1 indicates a cell is moving in a straight 

trajectory from start to finish, while a value approaching 0 meant that the moving cell 

underwent minimal displacement by moving randomly at one single point. Dynamic 

changes of directionality ratio values over time were graphed on an increasing time scale 

(X-axis in displacement graphs in Figures 1A – F). For control and patient datasets, three 

ECM protein concentrations were used (10, 50 and 100 µg/ml) and an uncoated tissue 

culture plastic (TCP) as the 0 µg/ml negative control.   

When plotted on an increasing time scale, all directionality ratio graphs show an 

exponential trendline that decayed from the starting directionality ratio of 1 at t = 0 min, 

to a point where the graph approaches a final directionality ratio value (Figures 1A – F). 

All graphs were fitted to a one phase decay function to quantify and compare between 

control cell dataset and patient cell datasets, for increasing concentrations of the following 

ECM proteins: Type I Collagen, Type IV Collagen, Fibronectin, Laminin and 

Vitronectin. Fitted decay curves were compared based on two decay parameters: the 

plateau (Figure 1G) and half-life (Figure 1N). 

The plateau on the resulting curves represented the final point of the decay curve 

where increasing time frames will no longer affect changes to directionality ratio values. 

At baseline conditions on uncoated TCP, patient cells (Directionality ratio: 0.211±0.0095; 

N=7) had a smaller plateau value than control cells (Directionality ratio: 0.247±0.0042; 

N=7) (Figure 1M; P=0.0052, t=3.41, df=12). To look at the relationship between disease 

status of the cells and increasing ECM protein concentrations on the plateau value, two-

way ANOVA was performed on datasets to calculate effects of both factors on 

directionality ratio values, and whether both factors interacted with each other. For cells 

cultured on Type I Collagen (Figure 1H), Type IV Collagen (Figure 1I), Fibronectin 

(Figure 1J) and Laminin (Figure 1K), plateau values were influenced by disease status of 
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the cells tracked, ECM protein concentration and interaction between the two factors 

(P<0.05; Supplementary Table 1). On Vitronectin (Figure 1L), there plateau values were 

affected by disease status and ECM protein concentration without any factorial 

interaction (Supplementary Table 1). Multiple comparison Tukey tests were performed 

post hoc to compare differences between measured groups. On Type I Collagen, plateau 

values were consistently higher across all concentrations (Figure 1H). For the other ECM 

proteins, patient cells had higher plateau values across the board (* in Figures 1I – L), but 

values converged at various concentrations (Figure 1I: 50 µg/ml for Type IV Collagen; 

Figure 1J: 10 and 100 µg/ml for Fibronectin; Figure 1K: 50 µg/ml for Laminin and Figure 

1L: 10 µg/ml for Vitronectin). 

To compare plateau value changes in response to increasing ECM protein 

concentration, curves were fitted with a line of best fit to estimate the rate of change 

(slopes) of each fitted linear curve. Both patient and control plateau value response curves 

were positive slopes on Type IV Collagen, Fibronectin, Laminin and Vitronectin 

(Supplementary Table 2; Green highlights). Patient slopes were significantly smaller than 

control slopes on Type IV Collagen (P=0.04, F(1, 1626)=4.24) and Fibronectin 

(P<0.0001, F(1, 1451)=27.31). On Type I Collagen, patient responses did not produce a 

significant slope (Supplementary Table 2; Grey highlight to indicate slope ~0) unlike 

control responses (P<0.0001, F(1, 1845)=20.34). Both patient and control plateau values 

did not produce a significant slope on Vitronectin (Supplementary Table 2; Grey 

highlight).  

The half-life value of the directionality ratio curve represents the time it takes for 

the directionality ratio value to decreased by half to a directionality ratio of 0.5. Half-life 

values provide an idea of how fast or slow a cell is moving from a directionally straight 

state (directionality ratio of 1) towards a random migration state (directionality ratio of 

0). At baseline conditions on TCP, patient cells (Half-life: 125.0±7.13 min; N=7) had a 

higher half-life value than control cells (Half-life: 101.0±5.76 min; N=7) (Figure 1T; 

P=0.023, t=2.62, df=12). Two-way ANOVA was used to test if half-live values of tracked 

cells were affected by changes to ECM protein concentrations, disease status and 

combined interactions of both factors. Multiple comparison Tukey tests were conducted 

post hoc to find differences between tested groups.  
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On Types I and IV Collagen, only changes in ECM protein concentrations but not 

disease status influenced the changes in half-life values (Supplementary Table 3; Green 

highlights for significant effects, P<0.001). Both control and patient half-life values 

increased proportionally in response to increasing concentrations of Type I Collagen 

(Figure 1O) and Type IV Collagen (Figure 1P). On Fibronectin, half-life values were 

affected by increasing Fibronectin concentrations (Supplementary Table 3; P<0.0001, 

F(3, 1447)=10.72, η2=2.14) and there was an interaction (Supplementary Table 3; 

P<0.0001, F(3, 1447)=8.07, η2=1.61), which was identified as a large increase in half-

life in control cells at 50 µg/ml Fibronectin (* in Figure 1Q; post hoc Tukey multiple 

comparisons test), but patient cells did not respond until the 100 µg/ml point. On Laminin, 

half-life values were influenced by disease status (Supplementary Table 3; P=0.0007, 

F(3, 1789)=11.50, η2=0.62) and increasing Laminin concentrations (Supplementary 

Table 3; P<0.0001, F(3, 1789)=20.90, η2=3.36). On Vitronectin, half-life values were 

significantly altered by the disease status of the tracked cell (Supplementary Table 3; 

P=0.003, F(1, 1330)=9.18, η2=0.66), increasing Vitronectin concentrations 

(Supplementary Table 3; P=0.007, F(3, 1330)=4.02, η2=0.87) and influenced by the 

interaction of the two main factors (Supplementary Table 3; P<0.0001, F(3, 1330)=14.01, 

η2=3.02). Post hoc multiple comparisons test demonstrated significant differences 

between control and patient cells at Vitronectin concentrations of 0, 10 and 100 µg/ml (* 

in Figure 1S; P<0.05). Interactions between disease status and Vitronectin concentrations 

led to an inversed response in patient cells, where patient cells decreased their half-life 

values with increasing Vitronectin concentrations while control cells did the opposite 

(Figure 1S).  

To compare half-life value changes in response to increasing ECM protein 

concentration, curves were fitted with a line of best fit to estimate the rate of change 

(‘slopes’) of each fitted linear curve. Patient directionality half-life values increased 

proportionally to control values with increasing concentrations of  Type I Collagen, Type 

IV Collagen and Fibronectin (Positive slope; Green highlights in Supplementary Table 

4). Patient cells did not have a significant slope on Laminin (Grey highlights in 

Supplementary Table 4. Patient slope values were not significantly different than control 

slopes on Types I and IV Collagen, Fibronectin and Laminin (‘Slope comparison’ in 

Supplementary Table 4; P>0.05). On Vitronectin, half-life values decreased to produce a 

negative slope (−0.28; Red highlight in Supplementary Table 4) that was significantly 
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different from the positive control slope (0.52; Green highlight in Supplementary Table 

4) (P<0.0001, F(1, 1334)=37.3).  

Patient cells covered greater surface area but were unable to respond to 

extracellular matrix proteins to the same magnitude as control cells 

Another measure of cell motility is the amount of surface area that a single cell 

can cover over a given time frame, which was quantified as the mean squared 

displacement (MSD). When plotted against increasing time intervals, MSD values 

increased proportionally until it reaches a plateau (Figures 2A – F). The rate of each 

increasing curve represented how much surface area was explored by the tracked cell. At 

baseline on TCP, patient cells (red line) explored a larger surface area than control cells 

(blue line) as represented by the larger rate of increase in the MSD curve in comparison 

with the control cell dataset (Figure 2F). The introduction of ECM proteins caused an 

upward shift of the MSD curves to both control and patient datasets (Figures 2A – E). To 

quantify these changes, MSD curves were transformed into a log-log curve, where log 

MSD values were plotted against log time interval values (Figure 2G). The slope of the 

log-log curve is defined as the ‘ value’, which characterizes the different patterns of cell 

movement. An  value of 1 represents random movement and =2 for a fully directional 

movement. Two-way ANOVA was used to test if the disease status of tracked cells and 

ECM protein concentrations influenced  values. On all ECM proteins, both main factors 

of disease status and ECM protein concentrations affected  values (P<0.05, 

Supplementary Table 5). Two-way ANOVA also estimated significant interactions 

between the two main factors for Type IV Collagen, Fibronectin, Laminin and Vitronectin 

(P<0.05, Supplementary Table 5), but not for Type I Collagen (P>0.05, Supplementary 

Table 5). Multiple comparison Tukey test estimated significant disease differences 

between patient and control cells on 100 µg/ml Type I Collagen (* in Figure 2H; P<0.05) 

and on 10 µg/ml Type IV Collagen (* in Figure 2I; P<0.05). At baseline on TCP, patient 

cells (=1.11±0.0084; N=7) had a significantly larger  value than control cells 

(=0.94±0.045; N=7) (Figure 2M; P=0.0038, t=3.57, df=12). Control cells increased their 

 values on all tested ECM proteins between the uncoated (0 µg/ml) to 10 µg/ml ECM 

protein concentration point (dotted lines with solid round symbols in Figures 2H – L). 

However, patient cells increased their  values only on Types I and IV Collagens and not 

the other ECM proteins, from  = 1.09±0.03 to  = 1.31±0.02 (Type I Collagen, Figure 
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2H; P<0.05) and from  = 1.09±0.03 to  = 1.28±0.02 (Type IV Collagen, Figure 2I; 

P<0.05). All recorded  values were at the random movement range of ~1.  

To compare  value changes in response to increasing ECM protein 

concentration, curves were fitted with a line of best fit to estimate the rate of change 

(slopes) of each fitted linear curve. Both patient and control cells increased their  values 

proportionally to increasing concentrations of Types I and IV Collagen, Fibronectin and 

Laminin (Positive slopes; Green highlights in Supplementary Table 6). Slope values were 

significantly smaller in patient cells on Type IV Collagen (Slope comparison in 

Supplementary Table 6; P=0.014, F(1, 1478)=6.12) and Fibronectin (P<0.0001, F(1, 

1451)=23.37). There were no significant differences in slope values on Type I Collagen, 

Laminin and Vitronectin (Supplementary Table 6; P>0.05). 

Patient cells spent more time in persistent movement and did not readjust their 

persistence times to the same magnitude as Control cells on extracellular matrix 

proteins 

Velocity autocorrelation was used to find the relationship between sequential 

velocity vectors of each individually tracked cell over increasing time intervals. The 

autocorrelation of velocity vectors estimates of how well the tracked cell remembers their 

velocity in the previous time interval and if they would move in similar fashion to their 

previous vector. The resulting velocity autocorrelation curve would all have a starting 

value of 1 at t = 0. As a cell is tracked with increasing time intervals, the next 

autocorrelation value would gradually reduce in an exponential manner towards zero 

(Figures 3A – E).   

To quantify these time-dependent changes, all curves were fitted using a one phase 

decay function (Figures 3F – K), where the inverse of the rate of decay is the persistence 

time, another measure of directional persistence.  At baseline on TCP, patient cell velocity 

autocorrelation curves (red line; Figure 3K) decayed slower than control cell curves (blue 

line; Figure 3K). Two-way ANOVA test estimated that there were significant effects of 

both disease status and ECM protein concentrations on persistence time of the tracked 

cell (Supplementary Table 7; Green highlights in both ‘Disease status’ and ‘ECM 

concentration’ columns; P<0.05). Interactions between the two main factors were also 

significant on all tested ECM proteins (Supplementary Table 7; ‘Interaction’ column; 
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P<0.05). Baseline persistence times were longer in patient cells (24.71±1.48 min; N=7) 

compared to control cells (9.45±2.57 min; N=7) (Figure 3Q; P=0.0002, t=5.14, df=12). 

Control cells responded to increasing concentrations of ECM proteins to increase their 

persistence times (dotted lines in Figures 3L – P). Disease differences were maintained 

on all concentrations of Type IV Collagen (Figure 3M), Laminin (Figure 3O) and 

Vitronectin (Figure 3P), but only for 100 µg/ml Type I Collagen (Figure 3L) (* multiple 

comparisons test to explore disease status effect on groups; P<0.05 in Supplementary 

Table 7). Patient cells showed similar changes to persistence times on 10 and 50 µg/ml 

Type I Collagen (Figure 3L; Non-significant multiple comparison, P>0.05) but changed 

in an inversed manner at the same 10 and 50 µg/ml for Type IV Collagen (Figure 3M), 

where patient persistence time reduced by 5.82±1.28 min while control times increased 

by 5.14±1.16 min. Persistence times kept increasing in patient cells on Laminin between 

50 and 100 µg/ml by 2.66±0.91 min (Grey line and grey squares in Figure 3O) while 

control cells reduced their persistence time by 1.84±0.94 min (Dotted line and round solid 

symbols in Figure 3O).  

To compare persistence time value changes in response to increasing ECM protein 

concentration, persistence time values at TCP (0 µg/ml), 10,  50 and 100 µg/ml were fitted 

to a line of best fit to estimate the rate of change (slopes) of each fitted linear regression 

curve. Both patient and control persistence times increased positively on increasing 

concentrations of all tested ECM proteins (Green highlights to indicate positive slopes in 

Supplementary Table 8). Patient slope values were significantly smaller than control 

slopes on Type IV Collagen, Fibronectin, Laminin and Vitronectin (P<0.0001, Slope 

comparison column in Supplementary Table 8). Patient slopes were not significantly 

different than control slopes on Type I Collagen (P=0.52; Supplementary Table 8). 

Patient cells spent more time in active movement and less time idling and responded 

differentially on extracellular matrix proteins 

Cell movement was divided into the active and idling phases to estimate the total 

times spent in each phases during the whole tracked duration.  At baseline levels on TCP, 

patient cells spent more time (1279±8.1 min; N=5) in the active phase of migration than 

control cells (1200±21.8 min; N=5) (Figure 4F; P=0.009, t=3.42, df=8). In a reciprocal 

manner, patient cells spent less time (5.55±0.36 min, N=5) in the idling phase than control 

cells (8.51±0.89 min, N=5) (Figure 4L; P=0.015, t=3.09, df=8). 
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Two-way ANOVA test estimated that the factorial contributions of disease status 

of the tracked cell, ECM protein concentration and their interactions on time spent in 

active migration were different when cells were cultured on different ECM proteins. 

Disease status significantly contributed to time in active migration on Type IV Collagen 

and Laminin (Green highlights in ‘Disease status’ column in Supplementary Table 9; 

P<0.05). ECM concentration affected changes to active migration times on Fibronectin 

and Laminin (Green highlights in ‘ECM concentration’ column in Supplementary Table 

9; P<0.05). Factorial interactions contributed to time in active migration for both Laminin 

and Vitronectin (Green highlights in ‘Interaction’ column in Supplementary Table 9; 

P<0.05).  

To understand the influence of increasing ECM protein concentration on time 

spent in the active phase, time variables in Figures 4A – E were fitted with a linear 

regression function to estimate the concentration-dependent slopes for each condition. 

Both patient and control cells did not change their active phase times with increasing 

Type I Collagen concentrations (Supplementary Table 10, Grey highlights to indicate 

slopes were not significantly different from 0). Both patient and control cells increased 

active phase times with increasing concentrations of Type IV Collagen, and Fibronectin 

(Supplementary Table 10, Green highlights for positive slopes), but there were no 

significant disease differences between the patient and control slopes (P>0.05). Patient 

cells responded negatively to increasing Laminin and Vitronectin concentrations to 

produce a negative slope (Laminin slope: −0.18; Vitronectin: −0.30; Supplementary 

Table 10, Red highlights for negative slopes), which was significantly different from 

control slopes (Laminin slope: 0.73; Vitronectin slope: 0.60; Supplementary Table 10, 

Green highlights for positive slopes). 

Disease status of the tracked cell significantly affected total time spent in idling 

phase on Type IV Collagen, Laminin and Vitronectin (Green highlights in ‘Disease status’ 

column in Supplementary Table 11; P<0.05). ECM protein concentration contributed to 

changes in idling times on Fibronectin and Laminin (Green highlights in ‘ECM 

concentration’ column in Supplementary Table 11; P<0.05). Interactions between disease 

status and ECM protein concentration significantly influenced idling times when cells 

were tracked on Laminin and Vitronectin (Green highlights in ‘Interaction’ column in 

Supplementary Table 11; P<0.05).  
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When fitted onto a concentration-dependent linear regression function, both 

patient and control cells did not alter their idling times with increasing Type I Collagen 

(Grey highlights for non-significant slopes in Supplementary Table 12; P>0.05). Both 

patient and control cells responded negatively to Type IV Collagen and Fibronectin to 

reduce idling times (Red highlights for negative slopes in Supplementary Table 12; 

P<0.05). Patient cells responded in the opposite manner to control cells on Laminin and 

Vitronectin by increasing their idling times with increasing ECM protein concentrations 

(Green highlights for positive slopes in Supplementary Table 12; P<0.05). However, the 

slope difference between patient and control datasets was only significant on Laminin 

(Supplementary Table 12; P=0.046; F(1, 1793)=3.99). 

Patient cells turned less during active migration but altered their turn angles in 

response to extracellular matrix proteins 

Another important parameter in cell migration is the turning tendencies of each 

cell upon encountering extracellular stimuli, which was quantified as the turn angle in 

this study. At baseline levels on TCP, patient cells moved at significantly smaller turn 

angles (78.29±0.76 degrees, N=5) than control cells (81.86±1.07 degrees, N=5) during 

the active phase of migration (Figure 5F; P=0.027, t=2.71, df=8). Both patient and control 

cells reduced their turn angles with increasing concentrations of all tested ECM proteins 

(Figure 5A – E). Two-way ANOVA test results estimated that  ECM concentrations 

significantly affected turn angles in the active phase (Green highlights in ‘ECM 

concentration’ column in Supplementary Table 13; P<0.05). Disease status significantly 

altered turn angles in the active phase for Type I Collagen, Type IV Collagen and 

Vitronectin (Green highlights in ‘Disease status’ column in Supplementary Table 13; 

P<0.05). Significant interaction between both main factors were reported when cells were 

tracked on Type IV Collagen, Fibronectin, Laminin and Vitronectin (Green highlights in 

‘Interaction’ column in Supplementary Table 13; P<0.05). Multiple comparisons test 

estimated disease differences when cells were tracked on 50 µg/ml Type I Collagen 

(Figure 5A; *Patient cells turned 3.47±0.72 degrees less than control cells), 10 µg/ml 

Type IV Collagen (Figure 5B; *Patient cells turned 3.90±0.73 degrees less than control 

cells), 10 µg/ml Fibronectin (Figure 5C; *Patient cells turned 2.68±0.96 degrees more 

than control cells), and on 50 µg/ml Laminin (Figure 5D; *Patient cells turned 2.23±0.73 

degrees more than control cells). 



 

 

 

127 

 

To compare the effects of increasing ECM protein concentrations, turn angles 

were fitted to a line of best fit using a linear regression function. Both patient and control 

cells reduced turn angles in the active phase with increasing ECM protein concentrations 

when tracked on all five ECM proteins (Red highlights for negative slopes in 

Supplementary Table 14; P<0.05). Patient slopes were compared to control slopes using 

a F-test (‘Slope comparison’ column in Supplementary Table 14). Patient slopes were 

more negative than control slopes on Type I Collagen (P=0.048), and less negative 

(approaching zero) on Type IV Collagen (P=0.006) and Fibronectin (P=0.004). Patient 

slopes were not significantly different to control slopes on Laminin and Vitronectin 

(P>0.05). 

During the idling phase of migration, there were no significant differences in the 

turn angles of patient cells and control cells at baseline levels on TCP (Figure 5L; P=0.22, 

t=1.33, df=8). Two-way ANOVA test estimated that there were only significant effects 

of disease status on Type I Collagen (Green highlight in ‘Disease status’ column in 

Supplementary Table 15; P<0.05), while ECM concentrations was predicted to affect the 

idling angles for both Type I Collagen and Fibronectin (Green highlights in ‘ECM 

concentration’ column in Supplementary Table 15; P<0.05). There was a significant 

interaction between the two main factors of disease status and ECM concentration on 

Fibronectin (Green highlight in ‘Interaction’ column in Supplementary Table 15; P<0.05).  

When idling time values and their corresponding increasing ECM protein 

concentration values were fitted to a linear regression function, patient slopes were 

significantly different to control slopes only on Fibronectin (Supplementary Table 16; 

P=0.001, F(1,345)=10.39) and not on other ECM proteins (Supplementary Table 16; 

P>0.05). On Fibronectin, patient slopes were positive (Supplementary Table 16; Slope = 

0.057, 95% CI= −0.175, 0.292), while the control slope was negative (Supplementary 

Table 16; Slope = −0.440, 95% CI= −0.633, −0.247).  

Patient cells altered directional trajectories on extracellular reelin in an inversed 

manner to and turned more on extracellular reelin during active migration 

To compare the effects of extracellular reelin on directional persistence, control 

cells and patient cells were tracked on surfaces coated with purified conditioned medium 

containing full length reelin and mock conditioned medium as the negative control. 
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Patient cells have a consistently higher directionality ratio value compared to control cells 

over increasing time (Figure 6A; Patient and Control datasets represented by red and blue 

lines respectively). Directionality ratio curves decayed exponentially towards a plateau 

and were fitted to a one phase decay function to compare between control and patient 

curves. Two-way ANOVA factorial test estimated that plateau values were significantly 

influenced by the tracked cell’s disease status (P<0.0001, F(1, 752)=49.74, η2=5.68), 

extracellular reelin coating (P=0.0027, F(1, 752)=9.08,  η2=1.04) and interaction between 

the two main factors (P<0.0001, F(1, 752)=64.20, η2=7.34). Tukey multiple comparisons 

test was performed post hoc to estimate group differences. On mock coating, patient 

directionality ratio curves arrived at a significantly larger plateau value (Directionality 

ratio: 0.243±0.004) than control curves (Directionality ratio: 0.197±0.003) (Figure 6F; 

P<0.05). When tracked on extracellular reelin, patient cells reduced their final 

directionality ratio plateau value to 0.228±0.003 (Figure 6F; P<0.05), while control cells 

increased their plateau values to 0.231±0.003 (Figure 6F; P<0.05). The opposite 

responses to extracellular reelin by patient cells and control cells negated the disease 

difference previously observed on the mock coating (Non-significant disease differences 

on extracellular reelin in Figure 6F; P>0.05). 

Two-way ANOVA was also used to estimate the effects of disease status and 

extracellular reelin on the half-life value of the directionality ratio decay curves. Both 

disease status (P=0.017, F(1, 752)=5.75, η2=0.75) and interaction between the two main 

factors (P=0.001, F(1, 752)=10.95, η2=1.42) significantly contributed to changes to curve 

half-life values. Patient half-life values were not different from control values on mock 

coating (Figure 6K, P>0.05). When cells were tracked on extracellular reelin, there was 

a significant disease difference caused by a significant decrease to control half-life values 

from 186±9.2 min on mock coating to 145.5±7.5 min on extracellular reelin (Figure 6K, 

P<0.05) while patient half-life values remained unchanged (P>0.05). 

Next, MSD values were plotted against increasing time intervals to study the way 

cells explore their extracellular microenvironments, where MSD is a measure of surface 

area explored by the cell (Figure 6B). The slope of the log-log MSD curves is the  value, 

which characterizes cell movement types ( = 1 for random movement and  = 2 for fully 

directional movement). Two-way ANOVA test estimated that disease status of tracked 

cell significantly affected resulting  values (P=0.0125, F(1, 752)=6.27, η2=0.83), but 
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effects of extracellular reelin was non-significant on the resulting  value. Post hoc Tukey 

multiple comparisons test did not report any significant differences between patient and 

control datasets due to all recorded  values falling within a very small range, between  

= 0.85 and 0.91 (Figure 6G).  

A good measure of a cell’s directional persistence is through its persistence time, 

which is the inverse of the rate of change in a velocity autocorrelation exponential curve 

(Figure 6C) that was fitted to a one phase decay function. Two-way ANOVA estimated 

that persistence time values were significantly influenced by both disease status of the 

tracked cell (P=0.0004, F(1, 752)=12.48, η2=1.52) and extracellular reelin (P<0.0001, 

F(1, 752)=50.55, η2=6.17). Tukey multiple comparisons test was conducted to estimate 

group differences. On mock coating, patient cells had significantly longer persistence 

time (33.02±0.71 min) than control cells (28.78±0.72 min) (Figure 6H; P<0.05). In 

response to extracellular reelin, both patient and control cells significantly increased their 

persistence times to 37.02±0.82 min and 35.79±0.83 min respectively (Figure 6H; 

P<0.05). Increments to persistence times were of a lesser magnitude in patient cells 

(+4.00±1.06 min) than in control cells (+7.01±1.13 min).  

When cell movement was divided into the active and idling phases, patient cells 

spent less time (1236.34±22.36 min) in the active phase of migration than control cells 

(1315.06±18.93 min) on mock coating (Figure 6D; P<0.05 Tukey multiple comparisons 

test following two-way ANOVA). Disease difference disappeared when cells were 

tracked on extracellular reelin caused by a slight but non-significant increases in patient 

cells (+30.93±29.39 min) and slight decreases to control durations in the active phase 

(−41.86±31.52 min) (Figure 6D). There were no significant changes to time spent in the 

idling phase for both patient and control cells (Figure 6I; P>0.05). 

Lastly, turn angles were computed to measure how much cells have turned during 

both active and idling phases of migration (Figure 6E for Active phase; Figure 6J for 

Idling phase). Two-way ANOVA estimated that turn angles during the active phase of 

migration were significantly affected by both disease status of the tracked cell (P<0.0001, 

F(1, 33527)=19.02, η2=0.06) and extracellular reelin (P=0.0003, F(1, 33527)=13.14, 

η2=0.04). Interactions between the two main factors were also significant (P<0.0001, F(1, 

33527)=64.22, η2=0.19). On mock coating, patient cells (74.72±0.55 degrees) have 

significantly smaller turn angles compared to control cells (76.89±0.61 degrees) (Figure 



 

 

 

130 

 

6E; P<0.05). Disease difference was maintained when cells were tracked on extracellular 

reelin (Figure 6E), but patient cells responded in an opposite manner to control cells by 

increasing their turn angles (81.63±0.60 degrees) while control cells decreased turn angles 

(74.28±0.61 degrees). Extracellular reelin increased turn angles in patient cells by 

+6.92±0.81 degrees and reduced turn angles in control cells by −2.61±0.87 degrees 

(Figure 6E; P<0.05). Differences were not detected for the idling phase due to the error 

rate (P>0.05) but there was a trend towards disease difference when cells were tracked 

on extracellular reelin (Figure 6J; 21.48±13.27 degrees more in patient cell turns than 

control cell turns). 
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Figures for Research Chapter 3 

Figure 1. Directionality ratio declined with time less in Patient cells than in Control cells and changed differentially when the cells were on 

extracellular matrix proteins. Directionality ratio is a measure of how straight a tracked cell is moving, where a value of 1 signifies a fully directional 

movement from start to finish, and a value of 0 indicates random Brownian motion at one spot. Directionality ratio was computed via DiPer program by 

dividing the average displacement of population averaged single cell tracks with their corresponding accumulated distance travelled over 24 hours. 

Olfactory neurosphere-derived cells from patients with schizophrenia and age-matched healthy controls were seeded and individually tracked on tissue 

culture plastic (TCP; 0 g/ml) or on surfaces coated with 10, 50 and 100 g/ml of five extracellular matrix (ECM) proteins: (A) Type I Collagen, (B) 

Type IV Collagen, (C) Fibronectin, (D) Laminin and (E) Vitronectin. (F) Representative graph of directionality ratios quantified on uncoated TCP. 

Directionality ratios for each condition were plotted over increasing time (minutes) with a value reported at every 30-minute interval over a total duration 

of 24 hours, to produce a unique color-coded decaying curve for every condition (A – F). Dataset were fitted onto one  phase decay curve using GraphPad 

Prism to generate decaying exponential graphs. Two parameters were computed and compared statistically: Exponential plateau (G) and exponential 

half-life (N), for Type I Collagen (H, O), Type IV Collagen (I, P), Fibronectin (J, Q), Laminin (K, R) and Vitronectin (L, S). Control cell datasets were 

presented as open circles (○) linked with a dotted line and patient cell datasets were grey squares (□) with a grey solid line. *P<0.05 for significant 

disease difference using Tukey post hoc multiple comparisons test, following a two-way ANOVA test for effects of disease status and ECM 

supplementation (H – L, O – S). Baseline curve fitting plateau (M) and half-life (T) on uncoated TCP compared the same control (N=9, black circles ●) 

and patient (N=9, grey squares □) dataset averaged across 7 independent assays and replicated on different days. (M) *P=0.0052, t=3.41, df=12 computed 

by Student’s t-test; (T) *P=0.023, t=2.62, df=12 computed by Student’s t-test. All data presented are mean averages of N=9 schizophrenia patient cell 

lines and N=9 healthy control cell lines. Error bars represent ± S.E.M. 
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Figure 2. Baseline alpha values were higher in Patient cells than in Control cells and remained higher in Patient cells than in Control cells on 

extracellular matrix proteins. Mean squared displacement (MSD) values represent how much surface area was explored by a tracked cell over 

increasing time intervals, where larger MSD values mean larger surfaces covered. A quantitative measure of directional persistence is the rate of change 

of MSD over time intervals for a moving cell as it explores the extracellular matrix, expressed as the alpha () value.  = 0 indicates non-motile cells in 

Brownian motion,  =  for cells moving randomly and  =  for a cells moving directionally. MSD was computed via DiPer program based on changes 

to X- and Y-coordinates of each individual cell tracked over increasing time intervals. Olfactory neurosphere-derived cells were either cultured on tissue 

culture plastic (TCP; 0 g/ml) or on surfaces coated with 10, 50 and 100 g/ml concentrations of extracellular matrix (ECM) proteins (A) Type I 

Collagen, (B) Type IV Collagen, (C) Fibronectin, (D) Laminin and (E) Vitronectin. MSD for each condition were plotted over increasing time intervals 

(minutes) with a value reported at every 30-minute interval over a total duration of 24 hours, to produce a unique color-coded increment curve for every 

condition. (F) Representative graph demonstrating disease differences between control (blue) and patient (red) MSD datasets. To quantify changes in 

directional persistence, all plots were reconstructed into log-log plots, where the Y-axis represents log (MSD) and X-axis represents log (time intervals). 

(G) Representative log (MSD) - log (time interval) graph extracted from the Type I Collagen graph in (A). Slopes of the log-log plots were computed 

using linear regression function on GraphPad Prism, which equates to the  value, a measure of directional persistence. Averaged  values for each ECM 

protein concentration was calculated and plotted for all tested ECM proteins in (H) Type I Collagen, (I) Type IV Collagen, (J) Fibronectin, (K) Laminin 

and (L) Vitronectin.  values for control cell datasets were plotted as open circles (○) linked with a dotted line while patient cell datasets were grey 

squares (□) with a solid grey line. *P<0.05 for significant disease difference between control and patient group using Tukey post hoc multiple 

comparisons test, following a two-way ANOVA for effects of disease status and ECM concentration (H - L). (M) Baseline alpha values on uncoated 

TCP compared the same control (N=9, black circles ●) and patient (N=9, grey squares □) dataset averaged across 7 independent assays and replicated on 

different days. *P=0.038, t=3.57, df=12 based on Student’s t-test for (M). All data presented are mean averages of N=9 schizophrenia patient cell lines 

and N=9 healthy control cell lines. Error bars represent ± S.E.M. 
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Figure 3. Baseline persistence times were longer in Patient Cells than in Control cells but increased less in Patient cells than in Control cells on 

extracellular matrix proteins. A velocity vector is the measure of the rate at which a cell moves from one point to another for a particular time frame. To 

find out how well a cell remembers its velocity throughout a migration trajectory, cell velocity at a subsequent time frame (t+1) was correlated to velocity 

in the previous time frame (t) using a velocity autocorrelation function.  The rate of change of the velocity autocorrelation curve represents how persistent 

the cell was in its trajectory. The inverse of the rate of change quantifies how long a cell was persistently moving during the whole tracking process. Velocity 

autocorrelation was computed using DiPer program based on frame-by-frame changes to the velocity vector of each single cell tracked over increasing time 

intervals, normalized to displacement vectors at each corresponding time interval. Olfactory neurosphere-derived cells were either cultured on tissue culture 

plastic (0 g/ml) or on surfaces coated with 10, 50 and 100 g/ml concentrations of extracellular matrix (ECM) proteins (A) Type I Collagen, (B) Type IV 

Collagen, (C) Fibronectin, (D) Laminin and (E) Vitronectin. Graphical data were presented as normalized velocity autocorrelation averaged for each cell 

population, to compare N=9 schizophrenia patient and N=9 control cell lines. Each cell type and ECM protein concentration are represented as an individual 

color-coded line. Computed velocity autocorrelation values were fitted to a non-linear regression curve using the one phase decay formula (F: Type I 

Collagen, G: Type IV Collagen, H: Fibronectin, I: Laminin, J: Vitronectin). (K) Representative curve fitting plot comparing the decay curves of control 

(blue) and patient (red) datasets. Fitted decay curves were used to estimate the persistence time (minutes), calculated as the inverse of the rate constant K, 

also a measure of directional persistence. Persistence times for were calculated and plotted for control cell datasets (open circles ○ linked with a dotted line) 

and patient cell datasets (grey squares □ with solid grey line) for all ECM protein concentrations: (L) Type I Collagen, (M) Type IV Collagen, (N) 

Fibronectin, (O) Laminin and (P) Vitronectin. *P<0.05 significant disease difference between control and patient group computed by Tukey post hoc 

multiple comparisons test, following a two-way ANOVA for disease status and ECM concentration (L – P). (Q) Baseline persistent time values on uncoated 

TCP compared the same control (N=9, black circles ●) and patient (N=9, grey squares □) datasets averaged across 7 independent assays and replicated on 

different days. *P=0.0002, t=5.14, df=12 based on Student’s t-test for (Q). All data presented are mean averages of N=9 schizophrenia patient cell lines and 

N=9 healthy control cell lines. Error bars represent ± S.E.M. 
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Figure 4. Active and idle phases of migration were different in Patient cells than in Control cells and responses varied on extracellular matrix 

proteins. Cell migration was divided into two phase types – active migration and idling or pausing (Gorelik & Gautreau, 2015). A cell’s tendency to 

move will be affected by the amount of time spent in the active phase of migration, where cells are actively moving from one point to another. A cell 

that remained stationary during any given time frame will be classified as being in the idling phase. Threshold speed, computed using  values (slopes 

of DiPer mean squared displacement curves) and average cell speed, was used to determine if the tracked single cell was actively moving or remained 

idle at each measured timepoint. The average time each cell spends in either phase types (reported in min) were computed from X-Y coordinates of each 

singe cell trajectory over 24 hours using the “Phase_Durations” VBA macro in Microsoft Excel. Olfactory neurosphere-derived cells were either seeded 

on tissue culture plastic (TCP; 0 g/ml) or on different concentrations of extracellular matrix (ECM) protein-coated plastic (10, 50 and 100 g/ml). 

Graphical data presented as time spent in active phase (A – F) and time spent in idling phase (G – L) for the ECM proteins Type I Collagen (A, G), Type 

IV Collagen (B, H), Fibronectin (C, I), Laminin (D, J) and Vitronectin (E, K). Datasets in graphs (A – E, G – K) represents healthy control cell lines 

(open circles ○ linked with a dotted line, N=9) and schizophrenia patient cell lines (grey squares □ with solid grey line, N=9). *P<0.05 for significant 

disease differences between control and patient group estimated using Tukey post hoc multiple comparisons test following a two-way ANOVA test for 

effects of disease status and ECM protein concentration. Baseline time spent in active phase (F) and idling phase (L) were measured on uncoated TCP 

by comparing the same control cell lines (black circles ●, N=9) and patient cell lines (grey squares □, N=9) averaged across 5 independent assays 

replicated on different days. *P=0.009, t=3.412, df=8 (F) and *P=0.0149, t=3.09, df=8 (L) based on Student’s t-test. Error bars represent ± S.E.M. 
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Figure 5. Turn angles during the active phase of migration were smaller in Patient cells than in Control and decreased in both cell types in 

response to extracellular matrix proteins.  As a cell moves, it may sometimes exhibit changing of direction, which will be classified as a ‘turn’. Turning 

tendencies for each cell was characterized by the angle of each turn, where a large turn angle means greater tendency to change the angle of a given 

trajectory. Both active and idling phases of migration in each cell were assigned average turn angles to estimate the magnitude of turning tendencies in 

all tracked single cells on extracellular matrix (ECM) proteins. All active and idling phases were first identified through threshold speed, computed using 

 values (slopes of DiPer mean square displacement curves), and average cell speed. Absolute turn angles in each phase were computed using the VBA 

macro sequence “Theta_101”, “Theta_Abs_Value” and “Theta_Concatenate” in Microsoft Excel (Gorelik & Gautreau, 2015). Olfactory neurosphere-

derived cells were either seeded on tissue culture plastic (TCP; 0 g/ml) or on different concentrations of ECM protein-coated plastic (10, 50 and 100 

g/ml). Graphical data presented as averaged absolute turn angles in the active phases (A – F) and idling phases (G – L) for the ECM proteins Type I 

Collagen (A, G), Type II Collagen (B, H), Fibronectin (C, I), Laminin (D, J) and Vitronectin (E, K). Graphs represents data from healthy control cell 

lines (open circles ○ linked with a dotted line, N=9) and schizophrenia patient cell lines (grey squares □ with solid grey line, N=9).  *P<0.05 significant 

disease difference between control and patient groups estimated using Tukey post hoc multiple comparisons test following a two-way ANOVA test for 

effects of disease status and ECM supplementation (A – E, G - K). Baseline turn angles for control (black circles ●, N=9) and patient cells (grey squares 

□, N=9) in active phase (F) or idling phase (L) on TCP averaged across 5 independent assays replicated on different days. *P=0.027, t=2.713, df=8 based 

on Student’s t-test (F). Error bars represent ± S.E.M. 
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Figure 6. On extracellular reelin, directionality ratio curve plateau reduced, curve half-life increased and turn angle increased for Patient cells in 

active phase of migration. Extracellular reelin is a known regulator for neural migration, most commonly represented in its role in orchestrating neocortical 

lamination in the developing brain. HEK293FT immortalized cells were transfected with either the empty pcDNA3.1 empty vector plasmid or pCrl plasmid 

containing the full length reelin insert, to produce conditioned medium with and without extracellular full length reelin (Tee et al., 2016). Olfactory 

neurosphere-derived cells derived from healthy controls and schizophrenia patients were seeded and tracked on tissue culture plastic surfaces coated with 

conditioned medium without reelin (Mock) and with the full length extracellular reelin protein (Reelin). Single cells were imaged every 30 minutes and 

tracked over a total duration of 24 hours to generate X-Y coordinates. Resulting single cell tracking datasets were analyzed using the DiPer Program (Gorelik 

& Gautreau, 2014) to compute (A) Directionality ratio, (B) Mean squared displacement (MSD), and (C) Velocity autocorrelation. Each disease status 

(control or patient dataset) and reelin supplementation (Mock or Reelin) were presented as color-coded plots to report sequentially changing directionality 

ratios (A), MSD (B) and velocity autocorrelation (C), over time (A) and over time intervals (B, C). GraphPad Prism was used to compute quantifiable 

aspects of each DiPer readout. Directionality ratio graphs were fitted to a one phase decay formula to estimate the plateau (F) and half-life (K) of the 

decaying line. MSD graphs were reconstructed into log (MSD) x log (time interval) and analyzed using linear regression to compute the slope of each graph, 

which equates to  value (G), a measure of directional persistence. Velocity autocorrelation graphs were fitted to a one phase decay formula to estimate the 

persistence time (H), the inverse of the decay rate constant K, which is also a measure of directional persistence. Frame-by-frame cell movement tracked 

over 24 hours were characterized as active in movement or idling/paused using Microsoft Excel VBA (Gorelik & Gautreau, 2015). Cell pausing tendencies 

were quantified by time spent in the active phase (D) and idling phase (I). Turning tendencies were quantified by averaged absolute turn angles for each cell 

track in the active phase (E) and idling phase (J). Control and patient datasets reported as cell population averages of N=9 cell lines, presented as open 

histograms and closed grey histograms respectively. Error bars represent ± S.E.M. Two-way ANOVA was used to estimate the effects of disease status and 

reelin supplementation to each DiPer parameter. Tukey post hoc multiple comparisons test was used to estimate significant disease difference between 

control and patient groups (*P<0.05 as ), and reelin effect (*P<0.05 on individual histogram bars). 
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Discussion 

In our previous study, we reported that patient cells traveled longer distances (Tee 

et al., 2017), which can now be explained mechanistically to be down to abnormalities in 

different aspects of migration. At baseline on TCP, patient cells took a longer time to 

decrease the straightness of their trajectories but arrived at a marginally straighter final 

trajectory after 24 h of tracking, failed to make significant directional changes by being 

maintaining longer persistence times, spent less time pausing and more time moving, 

whereby patient cells turned at a lesser magnitude than control cells (Table 2). The  

value variables derived from MSD were approximately 1 regardless of the disease status 

of the cell tracked, to suggest that our cell model moved in random diffusivity pattern 

(Petrie et al., 2009; Loosley et al., 2015). Although there was a significant difference 

between patient and control cells, the difference is not large enough to conclude that 

patient cells moved more or less random than control cells, which was expected as our 

single cell tracking assay measures individual cells spatially cultured on two dimensional 

(2D) surfaces. The diffusivity variable will be more appropriate in a three dimensional 

(3D) migration assay where cells “diffuse” into a 3D matrix instead of following a random 

walk movement model (Zaman et al., 2005; Wu et al., 2014).  

Cells interact with their ECM microenvironment through very selective binding 

of integrin receptors to specific ECM proteins, which ultimately controls how a cell 

moves in that microenvironment (Vicente-Manzanares et al., 2009; Huttenlocher & 

Horwitz, 2011). Matigian et al. (2010) reported that 39 genes from the “Axonal Guidance 

Signaling” (Supplementary Table 17), and 32 genes from the “Integrin Signaling” 

(Supplementary Table 18) gene networks were dysregulated in patient hONS cells. In a 

previous study, we showed that patient cells expressed integrins 1, 2 3, 5, V, 1 
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and 2 on their extracellular surfaces (Tee et al., 2017), meaning patients cells have the 

correct receptors to sense and bind to ECM proteins used for this study. When coupled to 

the 1 and 2 subunits, cells that express integrins 1 and 2 will be able to bind to Types 

I and IV Collagens (Kern et al., 1993; Knight et al., 2000; Jokinen et al., 2004), to 

Laminin via 3 (Pulido et al., 2017), to Fibronectin via 5 (Wu et al., 1993; Danen et al., 

2002) and to Vitronectin via V (Koistinen & Heino, 2002). Extracellular binding of 

integrin receptors to ECM substrate triggers intracellular receptor domain activation 

through a series of tyrosine phosphorylation events (Wennerberg et al., 2000; Michael et 

al., 2009), the “switch” that initiates the FAK signaling pathway. In our previous study, 

key genes that make up the FAK signaling complex were altered in patient cells (Matigian 

et al., 2010), these included genes such as PIK3CD, PIK3R1, SRC, CRK, FYN and PAK1 

(Supplementary Table 19). Patient cells had consistently lower levels of FAK protein at 

baseline and the disease differenced remained on coated ECM proteins (Tee et al., 2017). 

At baseline, patient cells have all the correct cytoskeletal protein compositions in 

the filamentous actin (F-actin) and stable microtubules, while their focal adhesions were 

of the correct size and density (Tee et al., 2017) (Table 2). Despite having enough focal 

adhesions at baseline, patient cells expressed less FAK proteins (Tee et al., 2017) and 

differentially expressed components of the FAK signaling complex (Matigian et al., 

2010), to lead to a weaker grip to their ECM surfaces (Plotnikov et al., 2012) and 

ultimately manifests as a non-responsive migration phenotype (Wang et al., 2001), which 

was also observed for patient cells in our previous study (Tee et al., 2017). Biophysical 

forces relayed by focal adhesions dictates mechanistic changes to cell migration through 

changes in movement directionality (Li et al., 2002; Ray et al., 2017), cell persistence 

(Shafaq-Zadah et al., 2016), cells making coordinated turns during movement (Wang et 

al., 2001), and turning of nerve growth cones (Myers & Gomez, 2011). Focal adhesions 
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do not manufacture their own biophysical forces, but instead relay force alterations from 

the pulling and tugging of cytoskeletal microtubules (Brangwynne et al., 2006; Lee & 

Suter, 2008) and F-actin (Hu et al., 2007; Yamashiro et al., 2014) to membrane-bound 

integrin receptors (Coyer et al., 2012), which acts as a “clutch” to instruct a cell to turn, 

move persistently or directionally. Although there were no differences in F-actin and 

stable microtubule levels in patient cells, gene pathways of key regulators of cytoskeletal 

dynamics were differentially expressed in patient cells (Matigian et al., 2010). Expression 

of 38 genes were altered in patient cells for the “Signaling of Rho Family GTPases” 

(Supplementary Table 20) that functions to stabilize microtubules (Palazzo et al., 2001; 

Tivodar et al., 2015) and regulate F-actin flow to relay traction force signals to the focal 

adhesions (Gardel et al., 2008). Other gene pathways dysregulated in patient cells were 

“Regulation of Actin-based Motility by Rho” (16 genes; Supplementary Table 21) and 

“Actin Nucleation by ARP-WASP Complex” (13 genes; Supplementary Table 22) 

(Matigian et al., 2010). Patient cells also have altered expression of FRMD3, FRMD6, 

PLEKHC1/FERMT2 genes from the FERM domain (Matigian et al., 2010), a “switch” in 

the FAK complex (Dunty et al., 2004), which regulates biophysical forces through 

tension forces exerted by F-actin (Bauer et al., 2019). These signaling pathways work in 

synchrony to orchestrate cell polarization and sense of directionality in an actively 

moving cell (Prentice-Mott et al., 2016), which also modulates focal adhesion dynamics 

(Papusheva et al., 2009). 

ECM protein dependent changes to motility track length were perturbed for 

patient cells (Tee et al., 2017), where there were no responses on Type IV Collagen, 

Laminin and Vitronectin and negative responses on Fibronectin, while responses were 

similar to control cells on Type I Collagen (Table 3). Firstly, the non-responsive 

phenotype in both patient and control cells on Type I Collagen was most likely due to 
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unchanged times spent in active movement (active phase) and pausing (idle phase). 

Patient cells spent more time pausing on Laminin and Vitronectin, to result as unchanged 

track lengths (Table 3). Patient cells were unable to increase their persistence times to the 

same magnitude as control cells on ECM proteins that showed either a non-responsive or 

negative track length response phenotype. Persistence, measured as a time variable, 

represents the amount of time a cell was able to maintain a straight trajectory before 

changing direction, which is facilitated by lamellipodia at the leading edge (Harms et al., 

2005). Lamellipodia are the “wheels” of a moving cell that spreads forward according to 

biophysical forces exerted from the F-actin via actin relation protein (Arp) 2/3 complex 

(Lai et al., 2008; Barry et al., 2015; Johnson et al., 2015) and interactions with the FAK 

complex (Swaminathan et al., 2016). Arp2/3 complex acts as a “steering axis” to the 

lamellipodia “wheels” to steer the cell’s directionality and persistence (Wu et al., 2012; 

Dang et al., 2013; Beckham et al., 2014), as well as turning and pausing tendencies 

(Gorelik & Gautreau, 2015; Hsiao et al., 2015) during cell migration.  Patient cells have 

reduced expression of key genes that make up the Arp2/3 complex –  Arp2/3 subunit 2 

(ARPC2; -1.14), Arp2/3 subunit 4 (ARPC4; -1.12) and Arp2/3 subunit 5 (ARPC5L; -1.23) 

(Matigian et al., 2010), which may explain our observed lack of mechanistic control by 

patient cells over their directional persistence and turning tendencies. Finally, the focal 

adhesion “clutch” that facilitates cell movement is also dysregulated in patient cells after 

contact with ECM proteins, where focal adhesions were smaller and fewer in patient cells 

(Tee et al., 2017). It was only on Type I Collagen that patient focal adhesions were of the 

appropriate size to result as non-responsive changes to track lengths in similar fashion to 

control responses (Tee et al., 2017). Differential responses by the same cell in different 

ECM microenvironments can be explained as ECM-dependent regulation of biophysical 
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forces via FAK/FERM signaling that does not necessarily trigger a positive response 

(Seong et al., 2013).  

Next, we used the same methods to quantify mechanistic changes to cell motility 

in the presence of extracellular reelin, with the hope to help us understand the role of 

reelin signaling in the neurodevelopmental hypothesis of schizophrenia.  In our previous 

study, we found that patient cells were unable to be stimulated by extracellular reelin to 

move more, which was caused by aberrant focal adhesion responses in changing their 

focal adhesions densities and sizes (Tee et al., 2016). Upon reelin stimulation, patient 

cells were unable to adjust the straightness of their movement trajectories and moved 

towards straighter trajectory than control cells. On average, patient cells reduced the 

duration of their persistence less than in control cells to indicate that patient cells were 

not readily stimulated by reelin to make directional changes to their movement 

trajectories. Although there were no differences in time spent in active movement or time 

pausing, patient cells responded in an opposite manner to control cells after encountering 

reelin by making smaller turns during their active movement. Reelin stimulated positional 

changes to radial glia fibers and neuronal dendrites (Zhao et al., 2004), reoriented neurites 

and neuronal cell bodies from a tangential to a radial alignment (O'Dell et al., 2012) and 

promoted turning of reeler neurons towards reelin-rich zones (Wang et al., 2018). Reelin 

signaling shares some common features with FAK signaling pathways, in that aberrant 

mechanistic changes to cell migration is caused by defective cytoskeletal dynamics and 

altered lamellipodium interactions with the ECM microenvironment. Activation of reelin 

signaling leads to F-actin depolymerization through cofilin (Chai et al., 2009), an actin-

binding protein that also interacts with the Arp2/3 complex (Chan et al., 2009) to 

modulate lamellipodia dynamics (Tania et al., 2013). Both reeler and cofilin deficient 

neurons move directionally opposite to wild type neurons (Chai et al., 2016; Frotscher et 
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al., 2017), to lead to the disoriented positioning of early neurons that fail to layer properly 

in the developing reeler neocortex (Caviness, 1976). Patient cells harbor 15 genes that 

were differentially expressed in the reelin signaling pathway (Supplementary Table 23) 

and cofilin gene expression was also reduced in patient cells (CFL1, -1.14) (Matigian et 

al., 2010). Reelin also interacts with Rho-GTPase complexes to regulate directional 

growth cone motility via filopodia protrusions (Leemhuis et al., 2010), which are finger-

like structures on lamellipodia edges that functions to “grip and drag” the whole cell 

directionally per biophysical forces, similar to “tire patterns” of the cell’s “wheels” the 

lamellipodia. Our findings suggest that because of dysfunctional reelin signaling, patient 

cells were unable to execute normal “grip and drag” on extracellular reelin, which 

manifested as inability to turn when directed or necessary. The interesting overlaps 

between reelin signaling and previously discussed FAK signaling pathways that involve 

F-actin regulation strengthens the case for a global deficit in a wide network of pathways 

that interact to give us our observed cell migration phenotype in schizophrenia.  

In conclusion, this study has uncovered new insights into how cell migration is 

dysregulated in schizophrenia, through investigations of how a cell moves dynamically 

from one tracked time point to another. We identified key mechanistic links that may 

explain the non-responsive motility phenotype previously observed, which we postulate 

to be driven by a complex network of gene signaling pathways that were dysregulated in 

patient cells. Patient cells moved differentially because they have a combination of 

defective focal adhesion “clutch”, downregulated FAK complex “ignition”, and non-

responsive lamellipodia “wheels”, all driven by biophysical forces that were exerted 

differently by actin-related pathways. These deficits work in synchrony and we predict in 

an additive effect to give rise to an altered “vehicle”, which was the patient cell that 

moved in an uncontrolled manner.  
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Tables for Research Chapter 3 

Table 1. Participant details from whom human olfactory neurosphere-derived 

(hONS) cells used in this study were obtained. Olfactory mucosa biopsies were 

obtained from age-matched male participants. Anti-psychotic medications used by 

participants at the time of biopsy were normalized as the chlorpromazine equivalent 

(CPE) dose. Table adapted from Tee et al. (2016) and Tee et al. (2017). 
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Cell line ID Age Sex Medication CPE Dose 
Cigarettes 

per day 

CONTROLS      

10008017 49 Male    

10002001 31 Male    

10002002 47 Male   10 

10002003 28 Male    

10003001 17 Male    

10003003 32 Male    

10003004 46 Male    

10003005 56 Male    

10003006 45 Male   5 

 

PATIENTS      

30002001 46 Male 

Clozapine: 250mg/day 333 25 

Omeprazole magnesium: 

20mg/day 
  

30002002 58 Male 

Olanzapine: 7.5mg/day 250  

Benztropine: 1mg/day   

Diclofenac sodium: 100mg/day   

30002003 21 Male 
Quetiapine: 800mg/day 1194 15 

Paroxetine: 40mg/day   

30002004 33 Male Risperidone: 4mg/day  267  

30002005 49 Male Clozapine: 350mg/day  467  

30002006 27 Male Olanzapine: 16mg/day  533 30 

30002007 44 Male 

Clozapine: 475mg/day 633 20 

Lithium Carbonate: 1250mg/day   

Atenolol: 75mg/day   

Aspirin: Dose unknown   

30002008 28 Male 
Flupenthixol decanoate: 

200mg/month  
500 10 

30002009 38 Male Risperidone: Dose unknown  unknown 60 
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Table 2. Summary of disease-dependent differences in mechanistic variables of cell 

migration of human olfactory neurosphere-derived (hONS) cells from patients with 

schizophrenia and healthy controls at baseline on tissue culture plastic (TCP). Cells 

from healthy controls and schizophrenia patients were denoted as “Control cells” and 

“Patient cells” respectively. Disease difference represents changes to measured variable 

values in Patient cells when compared to Control cells, where increased values are 

represented as ↑ (Green highlight), decreased values as ↓ (Red highlight) and unchanged 

values as – (Grey highlight). Changes were significant if P<0.05 using Student’s t-test. 

Top section of the table summarized findings from this study while bottom section of the 

table summarized findings in Tee et al. (2017). 
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Table 3. Summary of concentration-dependent changes to mechanistic variables of cell migration of human olfactory neurosphere-derived 

(hONS) cells from patients with schizophrenia and healthy controls on increasing concentrations of extracellular matrix (ECM) proteins. Cells 

from healthy controls and schizophrenia patients were denoted as “Control cells” and “Patient cells” respectively. Cells were cultured on increasing 

concentrations of Type I Collagen, Type IV Collagen, Fibronectin, Laminin and Vitronectin (0, 10, 50 and 100 µg/ml). Changes to measured variables 

were fitted to a linear regression function to estimate the slope, to show if cellular responses were significantly different from zero, and if the significant 

changes were positive or negative responses to ECM, represented as ↑ (Green highlight) and ↓ (Red highlight) respectively. Non-significant values are 

denoted as – (Grey highlight) to indicate no responses to the ECM protein. Control and Patient slopes were compared to estimate differences in the slope 

magnitude. Larger positive responses were denoted as ↑↑, larger negative responses are ↓↓. Slopes and disease difference were significant if P<0.05 

using extra sum-of-squares F test. Top section of the table summarized findings from this study while bottom section of the table summarized findings 

in Tee et al. (2017). 
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Table 4. Summary of reelin-dependent effects on mechanistic variables of cell 

migration of human olfactory neurosphere-derived (hONS) cells from patients with 

schizophrenia and healthy controls. Cells from healthy controls and schizophrenia 

patients were denoted as “Control cells” and “Patient cells” respectively. Cells were 

grown on surfaces coated with Mock conditioned medium and Reelin-containing 

conditioned medium. Cellular responses to reelin were measured as the changes in 

variable values in the presence of coated extracellular reelin., where increased values are 

represented as ↑ (Green highlight), decreased values as ↓ (Red highlight) and unchanged 

values as – (Grey highlight). Double arrows indicate greater magnitude of responses to 

reelin; ↑↑ for larger changes to measured variable. Changes were significant if P<0.05 

using post hoc Tukey test after a two-way ANOVA to measure the factorial effects of 

reelin and disease status of measured cells. Top section of the table summarized findings 

from this study while bottom section of the table summarized findings in Tee et al. (2016). 
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Supplementary Tables for Research Chapter 3 

Supplementary Table 1. Summary of two-way ANOVA test results to estimate 

effects of disease status of tracked cell and ECM protein concentration on plateau 

value in time-dependent dynamic directionality ratio changes. Factorial test results of 

the main effects of ‘Disease status’ and ‘ECM concentration’, and the interaction between 

the two factors, summarized as estimates for the values of F statistic (F) and degrees of 

freedom, df in F(df1, df2), P-value of statistical significance (P) and eta squared effect 

size (η²). Significant factorial effects are highlighted in green (P<0.05) and non-

significant factorial effects are highlighted in grey (P>0.05). 

 

  

F P η² F P η² F P η²

Type I Collagen F (1, 1841) = 427.4 < 0.001 13.11 F (3, 1841) = 324.1 < 0.0001 29.83 F (3, 1841) = 6.26 0.0003 0.58

Type IV Collagen F (1, 1622) = 74.20 < 0.0001 3.96 F (3, 1622) = 52.52 < 0.0001 8.41 F (3, 1622) = 6.48 0.0002 1.04

Fibronectin F (1, 1447) = 69.50 < 0.0001 3.77 F (3, 1447) = 71.17 < 0.0001 11.57 F (3, 1447) = 38.56 < 0.0001 6.27

Laminin F (1, 1789) = 75.78 < 0.0001 3.67 F (3, 1789) = 51.14 < 0.0001 7.43 F (3, 1789) = 15.78 < 0.0001 2.29

Vitronectin F (1, 1330) = 88.63 < 0.0001 6.15 F (3, 1330) = 1.75 0.155 0.36 F (3, 1330) = 5.85 0.0006 1.22

Disease status ECM concentration Interaction
ECM Protein
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Supplementary Table 2. Linear regression slope analysis to estimate changes to 

plateau values from Directionality Ratio curves in response to increasing 

extracellular matrix (ECM) protein concentrations. All plateau value datasets were 

fitted onto a linear regression function on GraphPad Prism to generate a unique line of 

best fit for each control and patient dataset on Type I Collagen, Type IV Collagen, 

Fibronectin, Laminin and Vitronectin. Extra sum of squares F-test were conducted on 

resulting lines of best fit to estimate if the slopes were positive (green highlight), negative 

(red highlight) or non-significant (grey highlight). Patient slopes were compared to 

control slopes to estimate differences in slope values (slope comparison). P<0.05 were 

considered to be significant.  

 

 

  

Slope 95% CI Slope 95% CI P F

Type I Collagen 3.80E-04 2.81E-04, 4.79E-04 6.69E-05 −2.52E-05, 1.59E-04 <0.0001 F (1, 1845) = 20.34

Type IV Collagen 2.84E-04 1.98E-04, 3.71E-04 1.48E-04 5.05E-05, 2.45E-04 0.040 F (1, 1626) = 4.24

Fibronectin 6.17E-04 5.19E-04, 7.17E-04 2.62E-04 1.73E-04, 3.50E-04 <0.0001 F (1, 1451) = 27.31

Laminin 4.31E-04 3.37E-04, 5.26E-04 3.70E-04 2.81E-04, 4.58E-04 0.348 F (1, 1793) = 0.88

Vitronectin 1.37E-06 −6.54E-05, 6.81E-05 1.42E-06 −7.13E-05, 7.41E-05 0.999 F (1, 1334) = 9.84E-07

ECM Protein
Control Patient Slope comparison
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Supplementary Table 3. Summary of two-way ANOVA test results to estimate 

effects of disease status of tracked cell and ECM protein concentration on half-life 

value in time-dependent dynamic directionality ratio changes. Factorial test results of 

the main effects of ‘Disease status’ and ‘ECM concentration’, and the interaction between 

the two factors, summarized as estimates for the values of F statistic (F) and degrees of 

freedom, df in F(df1, df2), P-value of statistical significance (P) and eta squared effect 

size (η²). Significant factorial effects are highlighted in green (P<0.05) and non-

significant factorial effects are highlighted in grey (P>0.05). 

 

 

  

F P η² F P η² F P η²

Type I Collagen F (1, 1841) = 0.02 0.889 0.001 F (3, 1841) = 25.83 < 0.0001 4.03 F (3, 1841) = 1.45 0.225 0.23

Type IV Collagen F (1, 1622) = 1.40 0.238 0.08 F (3, 1622) = 29.73 < 0.0001 5.19 F (3, 1622) = 1.55 0.201 0.27

Fibronectin F (1, 1447) = 2.16 0.142 0.14 F (3, 1447) = 10.72 < 0.0001 2.14 F (3, 1447) = 8.07 < 0.0001 1.61

Laminin F( 1, 1789) = 11.50 0.0007 0.62 F (3, 1789) = 20.90 < 0.0001 3.36 F (3, 1789) = 1.30 0.274 0.21

Vitronectin F (1, 1330) = 9.18 0.003 0.66 F (3, 1330) = 4.02 0.007 0.87 F (3, 1330) = 14.01 < 0.0001 3.02

Disease status ECM concentration Interaction
ECM Protein
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Supplementary Table 4. Linear regression slope analysis to estimate changes to half-

life values from Directionality Ratio curves in response to increasing extracellular 

matrix (ECM) protein concentrations. All half-life value datasets were fitted onto a 

linear regression function on GraphPad Prism to generate a unique line of best fit for each 

control and patient dataset on Type I Collagen, Type IV Collagen, Fibronectin, Laminin 

and Vitronectin. Extra sum of squares F-test were conducted on resulting lines of best fit 

to estimate if the slopes were positive (green highlight), negative (red highlight) or non-

significant (grey highlight). Patient slopes were compared to control slopes to estimate 

differences in slope values (slope comparison). P<0.05 were considered to be significant.  

 

 

  

Slope 95% CI Slope 95% CI P F

Type I Collagen 0.57 0.32, 0.82 0.78 0.52, 1.03 0.266 F (1, 1845) = 1.24

Type IV Collagen 0.76 0.49, 1.01 0.36 0.05, 0.66 0.050 F (1, 1626) = 3.84

Fibronectin 0.67 0.36, 0.98 0.41 0.14, 0.68 0.218 F (1, 1451) = 1.52

Laminin 0.26 0.09, 0.43 0.07 −0.14, 0.27 0.165 F (1, 1793) = 1.93

Vitronectin 0.52 0.35, 0.70 −0.28 −0.47, −0.09 <0.0001 F (1, 1334) = 37.3

ECM Protein
Control Patient Slope comparison
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Supplementary Table 5. Summary of two-way ANOVA test results to estimate 

effects of disease status of tracked cell and ECM protein concentration on alpha 

values in time-dependent dynamic mean squared displacement changes. Factorial 

test results of the main effects of ‘Disease status’ and ‘ECM concentration’, and the 

interaction between the two factors, summarized as estimates for the values of F statistic 

(F) and degrees of freedom, df in F(df1, df2), P-value of statistical significance (P) and 

eta squared effect size (η²). Significant factorial effects are highlighted in green (P<0.05) 

and non-significant factorial effects are highlighted in grey (P>0.05). 

 

 

  

F P η² F P η² F P η²

Type I Collagen F (1, 1587) = 44.77 < 0.0001 2.44 F (3, 1587) = 66.15 < 0.0001 10.80 F (3, 1587) = 2.35 0.071 0.38

Type IV Collagen F (1, 1474) = 22.57 < 0.0001 1.38 F (3, 1474) = 44.35 < 0.0001 8.12 F (3, 1474) = 3.07 0.027 0.56

Fibronectin F (1, 1447) = 36.54 < 0.0001 2.12 F (3, 1447) = 53.33 < 0.0001 9.28 F (3, 1447) = 27.15 < 0.0001 4.72

Laminin F (1, 1789) = 18.95 < 0.0001 1.01 F (3, 1789) = 19.11 < 0.0001 3.04 F (3, 1789) = 6.49 0.0002 1.03

Vitronectin F (1, 1330) = 25.45 < 0.0001 1.84 F (3, 1330) = 6.13 0.0004 1.33 F (3, 1330) = 3.17 0.024 0.69

Disease status ECM concentration Interaction
ECM Protein
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Supplementary Table 6. Linear regression slope analysis to estimate changes to 

alpha values from mean squared displacement curves in response to increasing 

extracellular matrix (ECM) protein concentrations. All  value datasets were fitted 

onto a linear regression function on GraphPad Prism to generate a unique line of best fit 

for each control and patient dataset on Type I Collagen, Type IV Collagen, Fibronectin, 

Laminin and Vitronectin. Extra sum of squares F-test were conducted on resulting lines 

of best fit to estimate if the slopes were positive (green highlight), negative (red highlight) 

or non-significant (grey highlight). Patient slopes were compared to control slopes to 

estimate differences in slope values (slope comparison). P<0.05 were considered to be 

significant.  

 

 

  

Slope 95% CI Slope 95% CI P F

Type I Collagen 7.61E-04 1.60E-04, 1.36E-03 1.06E-03 5.52E-04, 1.57E-03 0.455 F (1, 1591) = 0.56

Type IV Collagen 1.80E-03 1.19E-03, 2.40E-03 7.28E-04 1.44E-04, 1.31E-03 0.014 F (1, 1478) = 6.12

Fibronectin 3.21E-03 2.53E-03, 3.88E-03 1.02E-03 4.63E-04, 1.58E-03 <0.0001 F (1, 1451) = 23.37

Laminin 1.44E-03 8.23E-04, 2.07E-03 9.02E-04 3.83E-04, 1.42E-03 0.189 F (1, 1775) = 1.73

Vitronectin 8.60E-04 1.80E-04, 1.54E-03 2.77E-04 −2.91E-04, 8.46E-04 0.197 F (1, 1334) = 1.67

ECM Protein
Control Patient Slope comparison
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Supplementary Table 7. Summary of two-way ANOVA test results to estimate 

effects of disease status of tracked cell and ECM protein concentration on 

persistence time values in time-dependent dynamic mean squared displacement 

changes. Factorial test results of the main effects of ‘Disease status’ and ‘ECM 

concentration’, and the interaction between the two factors, summarized as estimates for 

the values of F statistic (F) and degrees of freedom, df in F(df1, df2), P-value of statistical 

significance (P) and eta squared effect size (η²). Significant factorial effects are 

highlighted in green (P<0.05) and non-significant factorial effects are highlighted in grey 

(P>0.05). 

 

 

  

F P η² F P η² F P η²

Type I Collagen F (1, 1841) = 107.5 < 0.0001 3.18 F (3, 1841) = 441.0 < 0.0001 39.11 F (3, 1841) = 37.09 < 0.0001 3.29

Type IV Collagen F (1, 1622) = 207.60 < 0.0001 7.47 F (3, 1622) = 298.90 < 0.0001 32.26 F (3, 1622) = 17.76 < 0.0001 1.92

Fibronectin F (1, 1447) = 34.65 < 0.0001 1.54 F (3, 1447) = 206.6 < 0.0001 27.49 F (3, 1447) = 51.32 < 0.0001 6.83

Laminin F (1, 1789) = 874.9 < 0.0001 20.54 F (3, 1789) = 463.5 < 0.0001 32.65 F (3, 1789) = 68.13 < 0.0001 4.80

Vitronectin F (1, 1330) = 463.00 < 0.0001 17.86 F (3, 1330) = 178.60 < 0.0001 20.47 F (3, 1330) = 96.51 < 0.0001 11.06

Disease status ECM concentration Interaction
ECM Protein
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Supplementary Table 8. Linear regression slope analysis to estimate changes to 

persistence time values from velocity autocorrelation curves in response to 

increasing extracellular matrix (ECM) protein concentrations. All persistence time 

value datasets were fitted onto a linear regression function on GraphPad Prism to generate 

a unique line of best fit for each control and patient dataset on Type I Collagen, Type IV 

Collagen, Fibronectin, Laminin and Vitronectin. Extra sum of squares F-test were 

conducted on resulting lines of best fit to estimate if the slopes were positive (green 

highlight), negative (red highlight) or non-significant (grey highlight). Patient slopes were 

compared to control slopes to estimate differences in slope values (slope comparison). 

P<0.05 were considered to be significant.  

 

 

Slope 95% CI Slope 95% CI P F

Type I Collagen 0.18 0.14, 0.21 0.19 0.16, 0.22 0.520 F (1, 1845) = 0.41

Type IV Collagen 0.19 0.16, 0.21 0.08 0.05, 0.11 <0.0001 F (1, 1626) = 32.0

Fibronectin 0.20 0.18, 0.23 0.09 0.07, 0.11 <0.0001 F (1, 1451) = 43.4

Laminin 0.23 0.21, 0.25 0.13 0.11, 0.15 <0.0001 F (1, 1793) = 55.9

Vitronectin 0.17 0.15, 0.19 0.05 0.03, 0.06 <0.0001 F (1, 1334) = 79.4

ECM Protein
Control Patient Slope comparison
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Supplementary Table 9. Summary of two-way ANOVA test results to estimate 

effects of disease status of tracked cell and ECM protein concentration on total time 

spent in active migration phase. Factorial test results of the main effects of ‘Disease 

status’ and ‘ECM concentration’, and the interaction between the two factors, 

summarized as estimates for the values of F statistic (F) and degrees of freedom, df in 

F(df1, df2), P-value of statistical significance (P) and eta squared effect size (η²). 

Significant factorial effects are highlighted in green (P<0.05) and non-significant 

factorial effects are highlighted in grey (P>0.05). 

 

 

  

F P η² F P η² F P η²

Type I Collagen F (3, 1841) = 0.06 0.807 0.03 F (3, 1841) = 1.63 0.181 0.26 F (3, 1841) = 0.79 0.50 0.13

Type IV Collagen F (3, 1622) = 15.22 < 0.0001 0.92 F (3, 1622) = 1.87 0.1332 0.34 F (3, 1622) = 0.83 0.476 0.15

Fibronectin F (3, 1447) = 1.28 0.257 0.08 F (3, 1447) = 2.98 0.031 0.61 F (3, 1447) = 2.14 0.093 0.44

Laminin F (3, 1789) = 4.76 0.029 0.26 F (3, 1789) = 3.87 0.009 0.64 F (3, 1789) = 7.71 < 0.0001 1.27

Vitronectin F (3, 1330) = 3.73 0.054 0.28 F (3, 1330) = 1.88 0.132 0.42 F (3, 1330) = 3.86 0.009 0.86

ECM Protein
Disease status ECM concentration Interaction
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Supplementary Table 10. Linear regression slope analysis to estimate changes to 

total time spent in active migration phase in response to increasing extracellular 

matrix (ECM) protein concentrations. Active migration time datasets were fitted onto 

a linear regression function on GraphPad Prism to generate a unique line of best fit for 

each control and patient dataset on Type I Collagen, Type IV Collagen, Fibronectin, 

Laminin and Vitronectin. Extra sum of squares F-test were conducted on resulting lines 

of best fit to estimate if the slopes were positive (green highlight), negative (red highlight) 

or non-significant (grey highlight). Patient slopes were compared to control slopes to 

estimate differences in slope values (slope comparison). P<0.05 were considered to be 

significant.  

 

 

  

Slope 95% CI Slope 95% CI P F

Type I Collagen 0.24 −0.27, 0.75 −0.03 −0.47, 0.42 0.442 F (1, 1845) = 0.59

Type IV Collagen 0.26 −0.21, 0.82 0.24 −0.42, 0.51 0.468 F (1, 1626) = 0.53

Fibronectin 0.25 −0.26, 0.71 0.23 −0.32, 0.60 0.818 F (1, 1451) = 0.05

Laminin 0.73 0.16, 1.30 −0.18 −0.74, 0.38 0.027 F (1, 1793) = 4.93

Vitronectin 0.60 0.03, 1.18 −0.30 −0.84, 0.23 0.023 F (1, 1334) = 5.16

ECM Protein
Control Patient Slope comparison
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Supplementary Table 11. Summary of two-way ANOVA test results to estimate 

effects of disease status of tracked cell and ECM protein concentration on total time 

spent in idling phase. Factorial test results of the main effects of ‘Disease status’ and 

‘ECM concentration’, and the interaction between the two factors, summarized as 

estimates for the values of F statistic (F) and degrees of freedom, df in F(df1, df2), P-

value of statistical significance (P) and eta squared effect size (η²). Significant factorial 

effects are highlighted in green (P<0.05) and non-significant factorial effects are 

highlighted in grey (P>0.05). 

 

 

  

F P η² F P η² F P η²

Type I Collagen F (3, 1841) = 0.09 0.767 0.004 F (3, 1841) = 1.60 0.187 0.26 F (3, 1841) = 0.64 0.589 0.10

Type IV Collagen F (3, 1622) = 11.18 0.0008 0.68 F (3, 1622) = 1.75 0.154 0.32 F (3, 1622) = 1.28 0.280 0.23

Fibronectin F (3, 1447) = 1.57 0.210 0.11 F (3, 1447) = 2.99 0.030 0.61 F (3, 1447) = 1.65 0.177 0.34

Laminin F (3, 1789) = 4.10 0.043 0.22 F (3, 1789) = 2.72 0.043 0.45 F (3, 1789) = 7.72 < 0.0001 1.27

Vitronectin F (3, 1330) = 4.55 0.033 0.34 F (3, 1330) = 1.61 0.185 0.36 F (3, 1330) = 3.00 0.030 0.67

ECM Protein
Disease status ECM concentration Interaction
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Supplementary Table 12. Linear regression slope analysis to estimate changes to 

total time spent in idling phase during migration in response to increasing 

extracellular matrix (ECM) protein concentrations. Idling time datasets were fitted 

onto a linear regression function on GraphPad Prism to generate a unique line of best fit 

for each control and patient dataset on Type I Collagen, Type IV Collagen, Fibronectin, 

Laminin and Vitronectin. Extra sum of squares F-test were conducted on resulting lines 

of best fit to estimate if the slopes were positive (green highlight), negative (red highlight) 

or non-significant (grey highlight). Patient slopes were compared to control slopes to 

estimate differences in slope values (slope comparison). P<0.05 were considered to be 

significant.  

 

 

Slope 95% CI Slope 95% CI P F

Type I Collagen −0.015 −0.036 to 0.006 −0.0001 −0.018, 0.018 0.285 F (1, 1845) = 1.15

Type IV Collagen −0.012 −0.032, 0.008 −0.005 −0.025, 0.015 0.652 F (1, 1626) = 0.20

Fibronectin −0.013 −0.033, 0.007 −0.009 −0.027, 0.010 0.771 F (1, 1451) = 0.08

Laminin −0.012 −0.048, −0.002 0.008 −0.015, 0.003 0.046 F (1, 1793) = 3.99

Vitronectin −0.018 −0.042, 0.006 0.012 −0.010, 0.034 0.071 F (1, 1334) = 3.26

ECM Protein
Control Patient Slope comparison
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Supplementary Table 13. Summary of two-way ANOVA test results to estimate 

effects of disease status of tracked cell and ECM protein concentration on turn 

angles in the active phase of cell migration. Factorial test results of the main effects of 

‘Disease status’ and ‘ECM concentration’, and the interaction between the two factors, 

summarized as estimates for the values of F statistic (F) and degrees of freedom, df in 

F(df1, df2), P-value of statistical significance (P) and eta squared effect size (η²). 

Significant factorial effects are highlighted in green (P<0.05) and non-significant 

factorial effects are highlighted in grey (P>0.05). 

 

 

  

F P η² F P η² F P η²

Type I Collagen F (1, 86845) = 38.95 <0.0001 0.04 F (3, 86845) = 261.9 <0.0001 0.90 F (3, 86845) = 1.28 0.28 0.004

Type IV Collagen F (1, 72363) = 46.12 < 0.0001 0.06 F (3, 72363) = 89.88 <0.0001 0.37 F (3, 72363) = 5.17 0.001 0.02

Fibronectin F (1, 64408) = 2.17 0.141 0.003 F (3, 64408) = 107.8 <0.0001 0.50 F (3, 64408) = 16.77 <0.0001 0.08

Laminin F (1, 79731) = 0.74 0.400 0.0009 F (3, 79731) = 63.74 <0.0001 0.24 F (3, 79731) = 4.92 0.002 0.02

Vitronectin F (1, 59389) = 21.91 <0.0001 0.04 F (3, 59389) = 18.94 <0.0001 0.09 F (3, 59389) = 3.71 0.011 0.019

ECM Protein
Disease status ECM concentration Interaction
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Supplementary Table 14. Linear regression slope analysis to estimate changes to 

turn angles in the active phase during migration in response to increasing 

extracellular matrix (ECM) protein concentrations. Turn angle value datasets were 

fitted onto a linear regression function on GraphPad Prism to generate a unique line of 

best fit for each control and patient dataset on Type I Collagen, Type IV Collagen, 

Fibronectin, Laminin and Vitronectin. Extra sum of squares F-test were conducted on 

resulting lines of best fit to estimate if the slopes were positive (green highlight), negative 

(red highlight) or non-significant (grey highlight). Patient slopes were compared to 

control slopes to estimate differences in slope values (slope comparison). P<0.05 were 

considered to be significant.  

 

  

Slope 95% CI Slope 95% CI P F

Type I Collagen −0.064 −0.078, −0.049 −0.082 −0.094, 0.070 0.048 F (1, 86849) = 3.91

Type IV Collagen −0.050 −0.064, −0.037 −0.022 −0.037, −0.008 0.006 F (1, 72367) = 7.69

Fibronectin −0.093 −0.108, −0.079 −0.062 −0.077, −0.047 0.004 F (1, 64412) = 8.48

Laminin −0.050 −0.063, −0.036 −0.048 −0.061, −0.035 0.839 F (1, 79735) = 0.04

Vitronectin −0.042 −0.058, −0.026 −0.032 −0.048, −0.016 0.397 F (1, 59393) = 0.72

ECM Protein
Control Patient Slope comparison
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Supplementary Table 15. Summary of two-way ANOVA test results to estimate 

effects of disease status of tracked cell and ECM protein concentration on turn 

angles in the idling phase of cell migration. Factorial test results of the main effects of 

‘Disease status’ and ‘ECM concentration’, and the interaction between the two factors, 

summarized as estimates for the values of F statistic (F) and degrees of freedom, df in 

F(df1, df2), P-value of statistical significance (P) and eta squared effect size (η²). 

Significant factorial effects are highlighted in green (P<0.05) and non-significant 

factorial effects are highlighted in grey (P>0.05).  

 

 

  

F P η² F P η² F P η²

Type I Collagen F (1, 393) = 6.55 0.011 1.59 F (3, 393) = 2.94 0.033 2.13 F (3, 393) = 1.67 0.173 1.21

Type IV Collagen F (1, 314) = 0.26 0.607 0.08 F (3, 314) = 2.05 0.106 1.90 F (3, 314) = 1.08 0.358 1.00

Fibronectin F (1, 341) = 0.63 0.429 0.17 F (3, 341) = 4.15 0.007 3.37 F (3, 341) = 5.21 0.002 4.23

Laminin F (1, 351) = 0.17 0.681 0.05 F (3, 351) = 0.85 0.470 0.72 F (3, 351) = 0.66 0.575 0.56

Vitronectin F (1, 257) = 2.29 0.131 0.88 F (3, 257) = 0.04 0.988 0.05 F (3, 257) = 0.08 0.969 0.10

ECM Protein
Disease status ECM concentration Interaction
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Supplementary Table 16. Linear regression slope analysis to estimate changes to 

turn angles in the idling phase during migration in response to increasing 

extracellular matrix (ECM) protein concentrations. Turn angle value datasets were 

fitted onto a linear regression function on GraphPad Prism to generate a unique line of 

best fit for each control and patient dataset on Type I Collagen, Type IV Collagen, 

Fibronectin, Laminin and Vitronectin. Extra sum of squares F-test were conducted on 

resulting lines of best fit to estimate if the slopes were positive (green highlight), negative 

(red highlight) or non-significant (grey highlight). Patient slopes were compared to 

control slopes to estimate differences in slope values (slope comparison). P<0.05 were 

considered to be significant. 

 

Slope 95% CI Slope 95% CI P F

Type I Collagen −0.062 −0.281, 0.156 −0.242 −0.423, −0.061 0.211 F (1, 397) = 1.57

Type IV Collagen −0.126 −0.327, 0.075 −0.292 −0.555, −0.030 0.333 F (1, 318) = 0.94

Fibronectin −0.440 −0.633, −0.247 0.057 −0.175, 0.292 0.001 F (1, 345) = 10.39

Laminin −0.093 −0.292, 0.107 0.098 −0.115, 0.312 0.201 F (1, 355) = 1.64

Vitronectin 0.051 −0.188, 0.290 0.011 −0.244, 0.265 0.822 F (1, 261) = 0.05

ECM Protein
Control Patient Slope comparison
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Supplementary Table 17. Components of the axonal guidance signaling pathway that were dysregulated in schizophrenia. Altered gene expression 

were measured using Illumina microarray analysis followed by Ingenuity Pathway Analysis (p=0.004). Genes were arranged in alphabetical order based 

on ‘Symbol’ name and presented as ‘Fold Change’ of Patient cell expression relative to Control cells. All data were adapted from Matigian et al. (2010). 

 

  

Symbol Entrez Gene Name Illumina Probe ID GenBank Fold Change p-value

ADAM23 ADAM metallopeptidase domain 23 ILMN_1785165 NM_003812 -2.02 0.004

ARPC2 actin related protein 2/3 complex, subunit 2, 34kDa ILMN_1792489 NM_005731 -1.14 0.005

ATM ataxia telangiectasia mutated (includes complementation groups A, C and D) ILMN_1779214 NM_000051 1.25 0.003

CFL1 cofilin 1 (non-muscle) ILMN_1705617 NM_005507 -1.14 0.048

CHMP1A chromatin modifying protein 1A ILMN_1709439 NM_002768 1.10 0.049

CRK v-crk sarcoma virus CT10 oncogene homolog (avian) ILMN_1803302 NM_016823 -1.20 0.006

DOCK1 dedicator of cytokinesis 1 ILMN_1715789 NM_001380 1.25 0.005

ECE2 hypothetical protein MGC2408 ILMN_1762883 NM_032331 -1.35 0.032

EFNB3 ephrin-B3 ILMN_1695606 NM_001406 2.48 0.014

EPHA2 EPH receptor A2 ILMN_1700527 NM_004431 -1.54 0.019

EPHB6 EPH receptor B6 ILMN_1802646 NM_004445 4.60 0.016

FYN FYN oncogene related to SRC, FGR, YES ILMN_1781207 NM_153047 -1.22 0.004

FZD1 frizzled homolog 1 (Drosophila) ILMN_1784250 NM_003505 1.44 0.016

GLI3 GLI-Kruppel family member GLI3 (Greig cephalopolysyndactyly syndrome) ILMN_1685871 NM_000168 1.72 0.034

GNA11 guanine nucleotide binding protein (G protein), alpha 11 (Gq class) ILMN_1739781 NM_002067 -1.13 0.008

GNG13 guanine nucleotide binding protein (G protein), gamma 13 ILMN_1730256 NM_016541 -1.16 0.025

GSK3B glycogen synthase kinase 3 beta ILMN_1779376 NM_002093 -1.20 0.028

HRAS v-Ha-ras Harvey rat sarcoma viral oncogene homolog ILMN_1773751 NM_176795 -1.18 0.040

ITGA3 integrin, alpha 3 (antigen CD49C, alpha 3 subunit of VLA-3 receptor) ILMN_1685397 NM_002204 -1.29 0.039

MAPK1 mitogen-activated protein kinase 1 ILMN_1665276 NM_138957 -1.30 0.001

MMP2 matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 72kDa type IV collagenase) ILMN_1762106 NM_004530 2.50 0.001

MYL6B myosin, light chain 6B, alkali, smooth muscle and non-muscle ILMN_1713450 NM_002475 1.20 0.015

NCK1 NCK adaptor protein 1 ILMN_1778367 NM_006153 1.13 0.015

NCK2 NCK adaptor protein 2 ILMN_1724718 NM_003581 1.25 0.003

NRP1 neuropilin 1 ILMN_1699574 NM_003873 1.67 0.0005

PAK1 p21/Cdc42/Rac1-activated kinase 1 (STE20 homolog, yeast) ILMN_1767365 NM_002576 1.15 0.045

PDGFD platelet derived growth factor D ILMN_1803094 NM_025208 7.88 0.0005

PGF placental growth factor, vascular endothelial growth factor-related protein ILMN_1809813 NM_002632 5.30 0.002

PIK3CD phosphoinositide-3-kinase, catalytic, delta polypeptide ILMN_1766275 NM_005026 1.42 0.018
PIK3R1 phosphoinositide-3-kinase, regulatory subunit 1 (p85 alpha) ILMN_1760303 NM_181504 1.35 0.003

PLCL2 phospholipase C-like 2 ILMN_1737025 NM_015184 1.38 0.030

PPP3CB protein phosphatase 3 (formerly 2B), catalytic subunit, beta isoform ILMN_1802669 NM_021132 1.11 0.032

PRKD1 protein kinase D1 ILMN_1785891 NM_002742 -1.21 0.017

RAC3 ras-related C3 botulinum toxin substrate 3 (rho family, small GTP binding protein Rac3) ILMN_1693340 NM_005052 -1.38 0.041

ROBO1 roundabout, axon guidance receptor, homolog 1 (Drosophila) ILMN_1806790 NM_133631 1.23 0.035

ROCK2 Rho-associated, coiled-coil containing protein kinase 2 ILMN_1659099 NM_004850 1.14 0.028

RTN4 reticulon 4 ILMN_1730611 NM_007008 -1.13 0.017

SEMA4F sema domain, immunoglobulin domain (Ig), transmembrane domain (TM) and short cytoplasmic domain, (semaphorin) 4F ILMN_1805007 NM_004263 -1.17 0.008

SLIT3 slit homolog 3 (Drosophila) ILMN_1811313 NM_003062 2.52 0.006
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Symbol Entrez Gene Name Illumina Probe ID GenBank Fold Change p-value

ACTB actin, beta ILMN_1343294 NM_001101 -1.09 0.00001

ARHGAP26 Rho GTPase activating protein 26 ILMN_1711490 NM_015071 2.00 0.002

ARPC2 actin related protein 2/3 complex, subunit 2, 34kDa ILMN_1792489 NM_005731 -1.14 0.005

ARPC4 actin related protein 2/3 complex, subunit 4, 20kDa ILMN_1707336 NM_001024959 -1.12 0.009

ARPC5L actin related protein 2/3 complex, subunit 5-like ILMN_1800844 NM_030978 -1.23 0.002

ATM ataxia telangiectasia mutated (includes complementation groups A, C and D) ILMN_1779214 NM_000051 1.25 0.003

CAPN2 calpain 2, (m/II) large subunit ILMN_1716057 NM_001748 1.13 0.037

CRK v-crk sarcoma virus CT10 oncogene homolog (avian) ILMN_1803302 NM_016823 -1.20 0.006

DOCK1 dedicator of cytokinesis 1 ILMN_1715789 NM_001380 1.25 0.005

FYN FYN oncogene related to SRC, FGR, YES ILMN_1781207 NM_153047 -1.22 0.004

GRB2 growth factor receptor-bound protein 2 ILMN_1742521 NM_002086 -1.11 0.035

GSK3B glycogen synthase kinase 3 beta ILMN_1779376 NM_002093 -1.20 0.028

HRAS v-Ha-ras Harvey rat sarcoma viral oncogene homolog ILMN_1773751 NM_176795 -1.18 0.040

ILKAP integrin-linked kinase-associated serine/threonine phosphatase 2C ILMN_1684647 NM_030768 -1.19 0.009

ITGA3 integrin, alpha 3 (antigen CD49C, alpha 3 subunit of VLA-3 receptor) ILMN_1685397 NM_002204 -1.29 0.039

ITGA8 integrin, alpha 8 ILMN_1660306 NM_003638 6.93 0.001

ITGB4 integrin, beta 4 ILMN_1666451 NM_001005619 1.59 0.040

MAPK1 mitogen-activated protein kinase 1 ILMN_1665276 NM_138957 -1.30 0.001

M-RIP myosin phosphatase-Rho interacting protein ILMN_1774547 NM_201274 -1.23 0.039

NCK1 NCK adaptor protein 1 ILMN_1778367 NM_006153 1.13 0.015

NCK2 NCK adaptor protein 2 ILMN_1724718 NM_003581 1.25 0.003

PAK1 p21/Cdc42/Rac1-activated kinase 1 (STE20 homolog, yeast) ILMN_1767365 NM_002576 1.15 0.045

PAK4 p21(CDKN1A)-activated kinase 4 ILMN_1728887 NM_001014832 -1.18 0.024

PARVB parvin, beta ILMN_1667592 NM_001003828 -1.44 0.001

PIK3CD phosphoinositide-3-kinase, catalytic, delta polypeptide ILMN_1766275 NM_005026 1.42 0.018

PIK3R1 phosphoinositide-3-kinase, regulatory subunit 1 (p85 alpha) ILMN_1760303 NM_181504 1.35 0.003

RAC3 ras-related C3 botulinum toxin substrate 3 (rho family, small GTP binding protein Rac3) ILMN_1693340 NM_005052 -1.38 0.041

RHOC ras homolog gene family, member C ILMN_1673305 NM_175744 -1.17 0.018

RHOJ ras homolog gene family, member J ILMN_1678215 NM_020663 -1.56 0.002

RHOT1 ras homolog gene family, member T1 ILMN_1731484 NM_001033568 -1.24 0.003

SRC v-src sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog (avian) ILMN_1729987 NM_005417 1.18 0.010

WIPF1 WAS/WASL interacting protein family, member 1 ILMN_1689645 NM_003387 1.80 0.0001

Supplementary Table 18. Components of the integrin signaling pathway that were dysregulated in schizophrenia. Altered gene expression were 

measured using Illumina microarray analysis followed by Ingenuity Pathway Analysis (p=0.001). Genes were arranged in alphabetical order based on 

‘Symbol’ name and presented as ‘Fold Change’ of Patient cell expression relative to Control cells. All data were adapted from Matigian et al. (2010). 
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Supplementary Table 19. Components of focal adhesion kinase (FAK) signaling pathway that were dysregulated in schizophrenia. Altered gene 

expression were measured using Illumina microarray analysis followed by Ingenuity Pathway Analysis (p=0.003). Genes were arranged in alphabetical 

order based on ‘Symbol’ name and presented as ‘Fold Change’ of Patient cell expression relative to Control cells. All data were adapted from Matigian 

et al. (2010). 

 

 

  

Symbol Entrez Gene Name Illumina Probe ID GenBank Fold Change p-value

ACTB actin, beta ILMN_1343294 NM_001101 -1.09 0.00001

ARHGAP26 Rho GTPase activating protein 26 ILMN_1711490 NM_015071 2.00 0.002

ATM ataxia telangiectasia mutated (includes complementation groups A, C and D) ILMN_1779214 NM_000051 1.25 0.003

CAPN2 calpain 2, (m/II) large subunit ILMN_1716057 NM_001748 1.13 0.037

CRK v-crk sarcoma virus CT10 oncogene homolog (avian) ILMN_1803302 NM_016823 -1.20 0.006

CSK c-src tyrosine kinase ILMN_1754121 NM_004383 -1.15 0.016

DOCK1 dedicator of cytokinesis 1 ILMN_1715789 NM_001380 1.25 0.005

FYN FYN oncogene related to SRC, FGR, YES ILMN_1781207 NM_153047 -1.22 0.004

GRB2 growth factor receptor-bound protein 2 ILMN_1742521 NM_002086 -1.11 0.035

HRAS v-Ha-ras Harvey rat sarcoma viral oncogene homolog ILMN_1773751 NM_176795 -1.18 0.040

ITGA3 integrin, alpha 3 (antigen CD49C, alpha 3 subunit of VLA-3 receptor) ILMN_1685397 NM_002204 -1.29 0.039

MAPK1 mitogen-activated protein kinase 1 ILMN_1665276 NM_138957 -1.30 0.001

PAK1 p21/Cdc42/Rac1-activated kinase 1 (STE20 homolog, yeast) ILMN_1767365 NM_002576 1.15 0.045

PAK4 p21(CDKN1A)-activated kinase 4 ILMN_1728887 NM_001014832 -1.18 0.024

PIK3CD phosphoinositide-3-kinase, catalytic, delta polypeptide ILMN_1766275 NM_005026 1.42 0.018

PIK3R1 phosphoinositide-3-kinase, regulatory subunit 1 (p85 alpha) ILMN_1760303 NM_181504 1.35 0.003

SRC v-src sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog (avian) ILMN_1729987 NM_005417 1.18 0.010
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Symbol Entrez Gene Name Illumina Probe ID GenBank Fold Change p-value

ACTB actin, beta ILMN_1343294 NM_001101 -1.09 0.00001

ARHGEF2 rho/rac guanine nucleotide exchange factor (GEF) 2 ILMN_1703477 NM_004723 -1.17 0.022

ARHGEF3 Rho guanine nucleotide exchange factor (GEF) 3 ILMN_1781010 NM_019555 1.65 0.003

ARPC2 actin related protein 2/3 complex, subunit 2, 34kDa ILMN_1792489 NM_005731 -1.14 0.005

ARPC4 actin related protein 2/3 complex, subunit 4, 20kDa ILMN_1707336 NM_001024959 -1.12 0.009

ARPC5L actin related protein 2/3 complex, subunit 5-like ILMN_1800844 NM_030978 -1.23 0.002

ATM ataxia telangiectasia mutated (includes complementation groups A, C and D) ILMN_1779214 NM_000051 1.25 0.003

CDC42EP2 CDC42 effector protein (Rho GTPase binding) 2 ILMN_1652777 NM_006779 1.29 0.024

CDC42EP5 CDC42 effector protein (Rho GTPase binding) 5 ILMN_1774982 NM_145057 1.61 0.0003

CDH11 cadherin 11, type 2, OB-cadherin (osteoblast) ILMN_1672611 NM_001797 1.19 0.014

CDH2 cadherin 2, type 1, N-cadherin (neuronal) ILMN_1779228 NM_001792 -2.37 0.001

CFL1 cofilin 1 (non-muscle) ILMN_1705617 NM_005507 -1.14 0.048

DIAPH3 diaphanous homolog 3 (Drosophila) ILMN_1695226 NM_030932 -1.69 0.006

FOS v-fos FBJ murine osteosarcoma viral oncogene homolog ILMN_1669523 NM_005252 2.90 0.003

GNA11 guanine nucleotide binding protein (G protein), alpha 11 (Gq class) ILMN_1739781 NM_002067 -1.13 0.008

GNAI1 guanine nucleotide binding protein (G protein), alpha inhibiting activity polypeptide 1 ILMN_1742044 NM_002069 1.21 0.037

GNG13 guanine nucleotide binding protein (G protein), gamma 13 ILMN_1730256 NM_016541 -1.16 0.025

ITGA3 integrin, alpha 3 (antigen CD49C, alpha 3 subunit of VLA-3 receptor) ILMN_1685397 NM_002204 -1.29 0.039

MAPK1 mitogen-activated protein kinase 1 ILMN_1665276 NM_138957 -1.30 0.001

MAPK9 mitogen-activated protein kinase 9 ILMN_1795411 NM_002752 -1.11 0.046

MYL6B myosin, light chain 6B, alkali, smooth muscle and non-muscle ILMN_1713450 NM_002475 1.20 0.015

NCF2 neutrophil cytosolic factor 2 (65kDa, chronic granulomatous disease, autosomal 2) ILMN_1796642 NM_000433 -2.22 0.005

PAK1 p21/Cdc42/Rac1-activated kinase 1 (STE20 homolog, yeast) ILMN_1767365 NM_002576 1.15 0.045

PAK4 p21(CDKN1A)-activated kinase 4 ILMN_1728887 NM_001014832 -1.18 0.024

PARD6A par-6 partitioning defective 6 homolog alpha (C. elegans) ILMN_1654112 NM_016948 -1.46 0.015

PIK3CD phosphoinositide-3-kinase, catalytic, delta polypeptide ILMN_1766275 NM_005026 1.42 0.018

PIK3R1 phosphoinositide-3-kinase, regulatory subunit 1 (p85 alpha) ILMN_1760303 NM_181504 1.35 0.003

PIP5K2A phosphatidylinositol-4-phosphate 5-kinase, type II, alpha ILMN_1751981 NM_005028 -1.38 0.003

PIP5K2B phosphatidylinositol-4-phosphate 5-kinase, type II, beta ILMN_1701213 NM_003559 -1.28 0.018

RHOC ras homolog gene family, member C ILMN_1673305 NM_175744 -1.17 0.018

RHOJ ras homolog gene family, member J ILMN_1678215 NM_020663 -1.56 0.002

RHOT1 ras homolog gene family, member T1 ILMN_1731484 NM_001033568 -1.24 0.003

ROCK2 Rho-associated, coiled-coil containing protein kinase 2 ILMN_1659099 NM_004850 1.14 0.028

SEP2 septin 2 ILMN_1740252 NM_001008491 1.07 0.040

WIPF1 WAS/WASL interacting protein family, member 1 ILMN_1689645 NM_003387 1.80 0.0001

Supplementary Table 20. Components of Rho family GTPases pathway that were dysregulated in schizophrenia. Altered gene expression were 

measured using Illumina microarray analysis followed by Ingenuity Pathway Analysis (p=0.003). Genes were arranged in alphabetical order based on 

‘Symbol’ name and presented as ‘Fold Change’ of Patient cell expression relative to Control cells. All data were adapted from Matigian et al. (2010). 
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Supplementary Table 21. Components of the regulation of actin-based motility by Rho pathway that were dysregulated in schizophrenia. Altered 

gene expression were measured using Illumina microarray analysis followed by Ingenuity Pathway Analysis (p=0.003). Genes were arranged in 

alphabetical order based on ‘Symbol’ name and presented as ‘Fold Change’ of Patient cell expression relative to Control cells. All data were adapted 

from Matigian et al. (2010). 

 

  

Symbol Entrez Gene Name Illumina Probe ID GenBank Fold Change p-value

ACTB actin, beta ILMN_1343294 NM_001101 -1.09 0.00001

ARPC2 actin related protein 2/3 complex, subunit 2, 34kDa ILMN_1792489 NM_005731 -1.14 0.005

ARPC4 actin related protein 2/3 complex, subunit 4, 20kDa ILMN_1707336 NM_001024959 -1.12 0.009

ARPC5L actin related protein 2/3 complex, subunit 5-like ILMN_1800844 NM_030978 -1.23 0.002

CFL1 cofilin 1 (non-muscle) ILMN_1705617 NM_005507 -1.14 0.048

M-RIP myosin phosphatase-Rho interacting protein ILMN_1774547 NM_201274 -1.23 0.039

MYL6B myosin, light chain 6B, alkali, smooth muscle and non-muscle ILMN_1713450 NM_002475 1.20 0.015

PAK1 p21/Cdc42/Rac1-activated kinase 1 (STE20 homolog, yeast) ILMN_1767365 NM_002576 1.15 0.045

PAK4 p21(CDKN1A)-activated kinase 4 ILMN_1728887 NM_001014832 -1.18 0.024

PIP5K2A phosphatidylinositol-4-phosphate 5-kinase, type II, alpha ILMN_1751981 NM_005028 -1.38 0.003

PIP5K2B phosphatidylinositol-4-phosphate 5-kinase, type II, beta ILMN_1701213 NM_003559 -1.28 0.018

RAC3 ras-related C3 botulinum toxin substrate 3 (rho family, small GTP binding protein Rac3) ILMN_1693340 NM_005052 -1.38 0.041

RHOC ras homolog gene family, member C ILMN_1673305 NM_175744 -1.17 0.018

RHOJ ras homolog gene family, member J ILMN_1678215 NM_020663 -1.56 0.002

RHOT1 ras homolog gene family, member T1 ILMN_1731484 NM_001033568 -1.24 0.003

WIPF1 WAS/WASL interacting protein family, member 1 ILMN_1689645 NM_003387 1.80 0.0001
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Supplementary Table 22. Components of the actin nucleation by ARP-WASP complex pathway that were dysregulated in schizophrenia. Altered 

gene expression were measured using Illumina microarray analysis followed by Ingenuity Pathway Analysis (p=0.002). Genes were arranged in 

alphabetical order based on ‘Symbol’ name and presented as ‘Fold Change’ of Patient cell expression relative to Control cells. All data were adapted 

from Matigian et al. (2010). 

 

  

Symbol Entrez Gene Name Illumina Probe ID GenBank Fold Change p-value

ARPC2 actin related protein 2/3 complex, subunit 2, 34kDa ILMN_1792489 NM_005731 -1.14 0.005

ARPC4 actin related protein 2/3 complex, subunit 4, 20kDa ILMN_1707336 NM_001024959 -1.12 0.009

ARPC5L actin related protein 2/3 complex, subunit 5-like ILMN_1800844 NM_030978 -1.23 0.002

GRB2 growth factor receptor-bound protein 2 ILMN_1742521 NM_002086 -1.11 0.035

HRAS v-Ha-ras Harvey rat sarcoma viral oncogene homolog ILMN_1773751 NM_176795 -1.18 0.040

ITGA3 integrin, alpha 3 (antigen CD49C, alpha 3 subunit of VLA-3 receptor) ILMN_1685397 NM_002204 -1.29 0.039

NCK1 NCK adaptor protein 1 ILMN_1778367 NM_006153 1.13 0.015

NCK2 NCK adaptor protein 2 ILMN_1724718 NM_003581 1.25 0.003

RHOC ras homolog gene family, member C ILMN_1673305 NM_175744 -1.17 0.018

RHOJ ras homolog gene family, member J ILMN_1678215 NM_020663 -1.56 0.002

RHOT1 ras homolog gene family, member T1 ILMN_1731484 NM_001033568 -1.24 0.003

ROCK2 Rho-associated, coiled-coil containing protein kinase 2 ILMN_1659099 NM_004850 1.14 0.028

WIPF1 WAS/WASL interacting protein family, member 1 ILMN_1689645 NM_003387 1.80 0.0001
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Supplementary Table 23. Components of the Reelin signaling in neurons pathway that were dysregulated in schizophrenia. Altered gene 

expression were measured using Illumina microarray analysis followed by Ingenuity Pathway Analysis (p=0.009). Genes were arranged in alphabetical 

order based on ‘Symbol’ name and presented as ‘Fold Change’ of Patient cell expression relative to Control cells. All data were adapted from Matigian 

et al. (2010). 

Symbol Entrez Gene Name Illumina Probe ID GenBank Fold Change p-value

APP amyloid beta (A4) precursor protein (peptidase nexin-II, Alzheimer disease) ILMN_1653283 NM_000484 1.25 0.029

ARHGEF2 rho/rac guanine nucleotide exchange factor (GEF) 2 ILMN_1703477 NM_004723 -1.17 0.022

ARHGEF3 Rho guanine nucleotide exchange factor (GEF) 3 ILMN_1781010 NM_019555 1.65 0.003

ATM ataxia telangiectasia mutated (includes complementation groups A, C and D) ILMN_1779214 NM_000051 1.25 0.003

FYN FYN oncogene related to SRC, FGR, YES ILMN_1781207 NM_153047 -1.22 0.004

GSK3B glycogen synthase kinase 3 beta ILMN_1779376 NM_002093 -1.20 0.028

ITGA3 integrin, alpha 3 (antigen CD49C, alpha 3 subunit of VLA-3 receptor) ILMN_1685397 NM_002204 -1.29 0.039

LRP8 low density lipoprotein receptor-related protein 8, apolipoprotein e receptor ILMN_1677765 NM_033300 -1.53 0.033

MAPK9 mitogen-activated protein kinase 9 ILMN_1795411 NM_002752 -1.11 0.046

PIK3CD phosphoinositide-3-kinase, catalytic, delta polypeptide ILMN_1766275 NM_005026 1.42 0.018

PIK3R1 phosphoinositide-3-kinase, regulatory subunit 1 (p85 alpha) ILMN_1760303 NM_181504 1.35 0.003

RELN reelin ILMN_1800642 NM_005045 -4.15 0.013

SRC v-src sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog (avian) ILMN_1729987 NM_005417 1.18 0.010

YES1 v-yes-1 Yamaguchi sarcoma viral oncogene homolog 1 ILMN_1691466 NM_005433 1.27 0.00002
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Chapter 6. General Discussion 

An automated, high throughput method to measure cell 

movement 

The first aim of this thesis was addressed through development of a cell migration 

assay that records real time movement of individual live cells using high throughput 

microscopy. The technique utilized the Operetta High-Content Imaging System combined 

with the Harmony High-Content Analysis Software, which allowed accurate tracking of 

100 individual cells per cell line for a total of 18 cell lines and 4 coating conditions per 

ECM protein, all screened at the same instance in a 96-well plate format. Operetta was 

programmed to detect and track cell nuclei of individual cells stained with a non-toxic 

NucBlue dye. Tracking cell nuclei was important for accurate tracking of each individual 

cells because using the cytoplasm or cell boundary as a tracking reference point would 

lead to instances where the software will confuse two cells as one when they come into 

close proximity of each other. The strength of the Operetta platform was that it is fully 

automated and highly programmable to allow reproducible repetitions of the same assay 

protocol over different runs conducted on different days. Analysis of acquired tracking 

data were done using user-defined programs on the Harmony software, which can be 

saved and applied to subsequent analyses to standardize all assays. Taken together, both 

hardware and software components of our developed cell migration assay effectively 

removed user bias and human error while improving intra- and inter-assay reproducibility 

and reliability. Our developed cell migration assay was utilized in all three Research 

Chapters 1, 2, and 3, which helped further our understanding of the dysregulated cell 

migration phenotype in schizophrenia (Research Chapter 1), role of reelin in the 

neurobiology schizophrenia (Research Chapter 2) and altered mechanistic factors that 

control directional persistence and cell turning in schizophrenia (Research Chapter 3).  

Published literature collectively suggested global deficits to gene pathways that 

regulate cell migration in schizophrenia. Clusters of genes involved in neuronal 

migration, axon guidance, cytoskeleton remodeling and cell adhesion pathways were 

differentially expressed in schizophrenia samples (Matigian et al., 2010; Potkin et al., 

2010; Brennand et al., 2015; Vitale et al., 2017; Igolkina et al., 2018). To date, there is 

increasing evidence that global deficits in cell migration related gene pathways do 
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translate to observed differences in vitro using cell-based models derived from 

schizophrenia patients. Unique disease-dependent migration phenotypes were reported as 

reduced invasion of patient olfactory neural precursors measured using by transwell 

invasion assay (Munoz-Estrada et al., 2015), increased closure of the “wound” in the 

scratch wound/wound healing assay by patient hiPSC NPCs (Brennand et al., 2015), 

decreased displacement of patient hiPSC NPCs in microfluidics devices (Brennand et al., 

2015), decreased neuronal chain formation by patient hiPSC NPCs when cultured on 

coated laminin spots (Brennand et al., 2015) and reduced neurosphere sizes in outgrowth 

assays for patient hiPSC NPCs (Brennand et al., 2015; Topol et al., 2015; Casas et al., 

2018). Most of these migration assays, particularly the ones conducted on hiPSC NPCs, 

did not factor in the effects of cell proliferation towards their observations. DNA 

methylation of groups of genes involved in cell cycle regulation were altered in 

schizophrenia using patient-derived hONS cells and hiPSC models (Vitale et al., 2017). 

Interestingly, Brennand et al. (2015) also reported increased apoptosis in patient NPCs, 

to raise another possible factor that may need to be considered when measuring cell 

migration, that is, if reduced neurosphere outgrowth was impeded by both decreased cell 

motility and increased cell death. The total duration of the migration assays varied from 

48 h for neurosphere outgrowth (Brennand et al., 2015; Casas et al., 2018) and up to 5 

days for the microfluidics assay (Brennand et al., 2015). Patient hONS cells proliferated 

faster than control cells (Fan et al., 2012), hence, we controlled for proliferation by firstly 

synchronizing cells at G0/G1 through serum deprivation before tracking their movement 

(Fan et al., 2012; Fan et al., 2013) and completing the assay after 24 h, well before the 

cell divides (Fan et al., 2012). 

Another strength of our cell model is use of larger groups of patient-derived cells 

to arrive at our conclusions. A fixed set of 9 patient cell lines and 9 control cell lines were 

used in all of our cell migration assays, made possible by the high throughput nature of 

the tracking technique. The same cell lines were also used for all other experiments such 

as flow cytometry, microscopy, western blot and other techniques. For comparative 

purposes, Brennand et al. (2015) and Casas et al. (2018) used N=4 and N=3 patient cell 

lines respectively to arrive at their conclusions. Additionally, hONS cells were relatively 

straightforward to culture, expand and prepare before commencement of the migration 

assay, especially when compared to hiPSC NPC studies that require manual picking of 

individual neurospheres (Brennand et al., 2011; Brennand et al., 2015). Nevertheless, all 
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published cell-based models have collectively offered important insights into a congruent 

cell migration deficit, but the cellular phenotype to explain their observations remained 

elusive. Hence, the conception of Research Chapter 1, aimed to investigate further into 

the reasons for aberrant cell migration.     

Non-responsive cell migration phenotype in schizophrenia  

Patient hONS cells were more motile on Fibronectin as a result of faster focal 

adhesion disassembly to cause patient focal adhesions to be smaller and fewer (Fan et al., 

2013), which was the first time a schizophrenia cell-based model was used to show an 

example of altered cellular phenotype in focal adhesion dynamics to support the 

previously hypothesized dysregulation to FAK signaling based on gene network analyses 

(Matigian et al., 2010). Research Chapter 1 was developed to test if previously observed 

disease-dependent motility difference in Fan et al. (2013) were not just specific to 

Fibronectin, but instead part of a global deficit in cell migration response across many 

different types of ECM proteins. The only other comprehensive published study that 

looked into cell migration phenotypes in schizophrenia was Brennand et al. (2015), who 

used four different cell migration assays to arrive at seemingly conflicting conclusions. 

For example, patient hiPSC NPCs were less motile in their microfluidics devices but more 

motile when measured using the scratch assay (Brennand et al., 2015). A plausible 

explanation to this phenomenon is that cells were cultured on very different coatings of 

ECM proteins across different assays. Their neurosphere outgrowth assays were 

conducted on Matrigel that comprises of an ECM protein mix containing Type IV 

Collagen and Laminin (Hughes et al., 2010), microfluidics assay on poly-L-lysine and 

scratch assay on poly-ornithine/Laminin. Thus, leading to our hypothesis that there was 

much more to the schizophrenia-dependent phenotype than just the simple “more motile” 

or “less motile” observations, and that both Fan et al. (2013) and Brennand et al. (2015) 

did not necessarily contradict each other, but instead highlighted a broader common 

deficit, which was covered in Research Chapter 1 of this thesis. 

 To quantify motility responses, cells were tracked on increasing concentrations of 

commonly used commercial ECM proteins in Types I and IV Collagens, Fibronectin, 

Laminin, Vitronectin, Tenascin-C and Thrombospondin, which covered a wide range of 

binding ligands for a broad range of integrin receptors. Patient cells expressed key cell 

surface integrin receptors that allows them to recognize ECM proteins tested in all assays 
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in Research Chapter 1. Despite expressing the necessary receptors to bind all tested ECM 

proteins, patient cells were still non-responsive towards their microenvironment stimulus, 

which shifted our attention to intracellular components that may be dysregulated in 

schizophrenia. Patient cells had similar cytoskeletal content with the same levels of F-

actin and microtubule fibers as control cells at baseline on TCP, but disease difference in 

cytoskeletal content became increasingly apparent after ECM proteins were introduced 

to the extracellular microenvironment. Although patient cells were able to adjust their 

cytoskeletal content through the same trends as control cells, fiber content levels were 

consistently lower in patient cells. Our findings suggest that there could be an issue with 

actin remodeling in patient cells, which encompasses actin nucleation, polymerization 

and depolymerization (Katsuno et al., 2015).  Indeed, gene network pathways relating to 

“Regulation of Actin-based Motility” (16 genes) and “Actin Nucleation by ARP-WASP 

Complex” (13 genes), were dysregulated in the same patient cells (Matigian et al., 2010). 

Since actin remodeling is a highly dynamic process, it would be interesting to use live 

cell imaging techniques in the future as a follow on study to further our understanding of 

actin turnover through real-time tracing of actin fluorescent probes (Vallotton et al., 2004; 

Van Goor et al., 2012) and fluorescence correlation spectroscopy (Raz-Ben Aroush et al., 

2017). Additionally, future studies can also look into globular actin (G-actin), which 

forms the individual monomers in F-actin polymer fibers, because of G-actin’s emerging 

role in actin remodeling and cytoskeletal dynamics (Davidson & Wood, 2016; Skruber et 

al., 2018).   

 Findings presented in Research Chapter 1 also confirmed broader deficits to focal 

adhesions in patient cells, that were not confined to just Fibronectin (Fan et al., 2013), 

may be one of the plausible causes for the non-responsive migration phenotype. Patient 

cells have consistently less FAK even after encountering high concentrations of various 

coated ECM proteins. Coupled to previously reported dysregulation to the “Focal 

Adhesion Signaling” gene network pathway (Matigian et al., 2010), our data showed that 

disease difference to focal adhesion density and sizes were exacerbated upon contact with 

ECM proteins, to cause reduced traction and finally, the inability to modulate their 

motility in defined microenvironments (Kim & Wirtz, 2013). We propose that deficits to 

actin cytoskeleton and incorrect focal adhesion responses recorded here were direct 

causes of previously reported aberrant expression of a large library of genes important in 

normal cytoskeletal function (Matigian et al., 2010; Vitale et al., 2017; Igolkina et al., 
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2018). In healthy control cells, actin and focal adhesions work together to orchestrate 

correct cell positioning through a functional lamellipodia (Alexandrova et al., 2008; 

Johnson et al., 2015). Disease-dependent differential regulation of cell cytoskeleton and 

focal adhesions in patients cells resulted in reduced cell spreading and having less 

protrusions. Patient cells were also unable to increase spread area at the correct rates when 

in contact with ECM proteins, which could be another cause of their non-responsive 

migration phenotype as cell size and shape are key modulators of migration (Driscoll et 

al., 2012; Sheets et al., 2013; Zhong & Ji, 2013).  

Disrupted cytoskeleton and focal adhesions causes non-

responsive reelin-dependent migration phenotype in 

schizophrenia 

  Reelin is an important regulator of neuronal migration during brain development 

(Deguchi et al., 2003; Tkachenko et al., 2016), and is found to be reduced in post-mortem 

brain samples from patients with schizophrenia (Fatemi et al., 2000; Guidotti et al., 2000; 

Fatemi et al., 2001; Abdolmaleky et al., 2005; Grayson et al., 2005; Habl et al., 2012). 

To date, the majority of published research that attempted to link reelin to schizophrenia 

were either post-mortem expression studies or use of schizophrenia animal models 

(Teixeira et al., 2011; Sakai et al., 2016). Behavioral studies conducted on single gene 

mutant mice does not accurately model a uniquely human, polygenic and multifactorial 

disorder in schizophrenia. Research Chapter 2 was formulated to offer some insights into 

reelin-dependent cell pathology in the context of schizophrenia. In addition to reduced 

reelin gene and proteins expression in patient hONS cells, gene network pathways that 

regulate “Reelin Signaling” were also dysregulated in patient cells (Matigian et al., 2010), 

which translated as a non-responsive cell migration phenotype when tracked using the 

migration assay we developed (Tee et al., 2016). Patient cells expressed the correct reelin-

binding receptors VLDLR and ApoER2, as well as the important Dab1 accessory protein 

complex in the reelin signaling pathway, which means they can bind to extracellular 

reelin. This study also strengthened the case for a global deficit to cytoskeletal content 

irrespective of the extracellular stimulus. Patient cells had consistently lower levels of F-

actin and stable microtubules, while expression remained unaffected after reelin 

stimulation. Hence, it is likely that innate abnormalities in cytoskeletal regulation were 

already present in patient cells, and not the cell’s inability to produce more or less F-actin, 
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partly led to our observed non-responsive migration phenotype. Interestingly, reelin is 

reported to stabilize F-actin in neurons to inhibit lamellipodial formation (Chai et al., 

2009), to give rise to an ongoing hypothesis that reelin triggers a “stop signal” (Chai et 

al., 2009; Zhao & Frotscher, 2010). When tracked on extracellular reelin, healthy control 

cells reduced their motility to suggest that reelin acted as an inhibitory “stop signal”. In 

contrast, patient cells failed to respond to reelin by moving the same track lengths before 

reelin stimulation. We demonstrated that this disease difference is caused by patient cell’s 

inability to increase their focal adhesion sizes upon contact with reelin through a defective 

reelin signaling pathway. Therefore, our findings confirmed the importance of proper 

regulation of focal adhesions, especially in reelin-dependent size changes (Le Devedec et 

al., 2012; Kim & Wirtz, 2013; Cao et al., 2017), towards correct cell movement. 

 One question that could be addressed in the future is that if hONS cells secrete 

intracellularly expressed reelin into their surrounding microenvironment, which could 

potentially be a factor that may amplify or dampen our present observations. Reelin is a 

secreted glycoprotein that are predominantly secreted by a small niche of neuronal cells 

such as the Cajal-Retzius cells (D'Arcangelo et al., 1995; D'Arcangelo et al., 1997; 

Goldowitz et al., 1997). Patient cells have less full-length intracellular length reelin based 

on our measurements, and if we assume all reelin expressed were secreted, patient cells 

would also secrete less reelin compared to control cells. Hence, the total reelin 

concentration, both extracellularly coated and secreted form, would be markedly lower in 

patient microenvironments. Nonetheless, the assumption was that our observations were 

based on cellular responses to predominantly extracellular reelin introduced to their 

normal cell culture conditions.  

We also noted that patient cells were previously more motile than control cells on 

uncoated TCP (Tee et al., 2017), but were now less motile than control cells on Mock 

conditioned medium in the reelin experiments (Tee et al., 2016). Extracellular reelin was 

produced by HEK293 immortalized cell lines that were transfected with the widely 

published full length reelin plasmid pCrl developed by Tom Curran (D'Arcangelo et al., 

1997). The same HEK293 cell line was used in all other reelin-related studies to produce 

recombinant reelin into conditioned medium (D'Arcangelo et al., 1999; Britto et al., 2014; 

Matsunaga et al., 2017; Wang et al., 2018), where similar protocols and comparative 

methods between Mock and Reelin conditioned medium were replicated in this thesis. 
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There is a possibility that HEK293 cells may produce other factors that affects cell 

motility into their conditioned medium, but we assumed that observed effects were 

mainly caused by the recombinant reelin in abundance, and that all experiments were 

controlled with Mock conditioned medium as the appropriate negative control. As 

explained in the next sections, despite not altering their motility, patient cells do respond 

mechanistically to reelin, but at an opposite manner to control cells.  

 From our study, we postulated that the deficits in cellular responses to 

extracellular reelin may be representative of events in neurodevelopment, where correct 

neuronal migration is vital for formation of brain structures such as the cerebral cortex 

(Deguchi et al., 2003). Importantly, reports showed that reelin is localized predominantly 

in the ECM microenvironment of a developing fetal brain compared to adult brains 

(Roberts et al., 2005), to suggest that reelin may be one of many important regulators that 

works together to orchestrate neuronal migration in the developing brain. A single reelin 

gene knockdown in the reeler mutant mouse model showed the extreme cases of an 

inverted lamination of the neocortex (Katsuyama & Terashima, 2009; Michetti et al., 

2014), which would be fatal in humans, hence, we predict that reduced reelin in human 

brains may be compensated by other cell migration-related proteins and expect the lack 

of extracellular reelin in patient brains coupled to reduced sensitivity of early born 

neurons to reelin to play a part role in disrupted organization of the temporal lobe, frontal 

lobe and thalamus (McCarley et al., 1999; DeLisi et al., 2006). 

Altogether, findings in both Research Chapter 1 and Research Chapter 2 revealed 

the highly complex extent of disruptions to cell migration modeled using our hONS cell 

model for schizophrenia. Published papers from work conducted in this thesis in Tee et 

al. (2016) and Tee et al. (2017) demonstrated a common cellular phenotype that showed 

reduced cytoskeletal content and focal adhesion properties such as size and density, to 

enact correct cell migration in response to their ECM microenvironment. Dysregulated 

gene pathways important for normal cell migration led to observations of abnormal 

motility in vitro as observed in this thesis, which was supported by similar aberrant 

motility observed using other schizophrenia cell models (Brennand et al., 2015; Munoz-

Estrada et al., 2015; Topol et al., 2015; Casas et al., 2018). It is important to note that 

gene pathway analyses are predictive at best despite giving us a fair idea of which specific 

cellular pathways that are of particular interest in schizophrenia, such as cell migration. 
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Further research work is warranted to confirm that dysregulated gene pathways do indeed 

translate as altered signaling at the protein and molecular level, which will be a complex 

task due to the polygenic nature of schizophrenia. When taken together, published gene 

expression and gene pathway analysis studies on patient cell models highlighted the 

complexities of the field as well as the polygenic nature of schizophrenia.   

To further our understanding of this cell migration phenotype in schizophrenia, 

Research Chapter 3 was developed to investigate mechanistic parameters during 

movement to take the cell from one trajectory to the next trajectory in real-time by 

utilizing the strengths of our hONS cell model coupled to the high throughput cell 

tracking assay and in silico analysis of directional persistence and cell turning.  

Non-responsive cell migration phenotype in schizophrenia is 

linked to mechanistic changes in directional persistence and 

turning 

In Research Chapter 1, we discovered a cell migration phenotype dependent to 

schizophrenia, which caused patient cells to move in a non-responsive manner when 

encountering ECM proteins in their microenvironments. Our findings suggest that the 

non-responsive phenotype was due to disrupted cell cytoskeleton and focal adhesions. To 

further elucidate the link between extracellular movement phenotype with intracellular 

modulators, we quantified four mechanistic cell migration variables in the directionality, 

persistence, and tendencies of the cell to pause and turn.  

Firstly, we measured patient cell movement variables at baseline, which was prior 

to addition of any ECM protein stimulus in the cell’s surrounding microenvironment. 

Patient cells were more motile than control cells, but being more motile does not 

necessarily mean the movement patterns were normal. In Tee et al. (2017) of Research 

Chapter 1, increased cell motility was coupled to decreased FAK protein expression, 

which we demonstrated in Research Chapter 3 to be translated as patient cells needing 

more time to reduce the straightness and direction of their movement trajectories. Patient 

cells also paused less and took smaller turns when moving from one point to another. 

These intricate changes to directional persistence were caused by intracellular signaling, 

more specifically via the FAK signaling pathway (Rhoads & Guan, 2007; Weiger et al., 

2010), which was dysregulated in the hONS cell model for schizophrenia (Matigian et 
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al., 2010; Fan et al., 2013; Tee et al., 2017). Gene network pathway analysis highlighted 

changes to expression of ECM proteins such as Laminin, Types I and IV Collagens, and 

Thrombospondin (Matigian et al., 2010), which are produced intracellularly and secreted 

by cells into their surrounding microenvironments (Brown, 2011). Indeed, recently 

published secretome studies using stem cell types from the same olfactory source showed 

that olfactory stem cells do secrete a range of ECM proteins such as Fibronectin, 

Vitronectin and Collagens (Ge et al., 2016; Girard et al., 2017). Therefore, we 

hypothesize that aside from a defective cytoskeleton and FAK signaling pathway, patient 

cells may not be able to regulate their ECM space through self-secreted ECM proteins. 

This could be an interesting follow on study to characterize the secretome of patient 

hONS cells to see if they secrete ECM proteins differentially than healthy control cells, 

which may play a part to lead to our observations at baseline. 

 When mechanistic variables were quantified on increasing concentrations of five 

commonly used ECM proteins, the immediate observation is that cellular responses were 

uniquely different on different ECM proteins. Findings in Research Chapter 3 further 

strengthened our previous assessment of the seemingly contradictory cell motility 

findings for different schizophrenia cell-based models and when measured using different 

migration assays in Brennand et al. (2015). Directional persistence of cells were 

dependent on the ECM they were moving on due to differential binding to different 

combinations of integrin receptors (Flate & Stalvey, 2014; Ramos Gde et al., 2016; 

Ozcelikkale et al., 2017; Piotrowski-Daspit et al., 2017). Despite the differences in how 

patient cells moved across different cell-based models for schizophrenia and migration 

assays, all published studies point towards a common disease-dependent deficit in the 

way patient cells respond to ECM proteins. In the overarching relevance to brain 

development and the neurodevelopmental hypothesis of schizophrenia, ECM protein 

content is altered in post-mortem brains in schizophrenia (Pantazopoulos et al., 2010; 

Berretta, 2012; Pantazopoulos et al., 2013; Berretta et al., 2015; Pantazopoulos et al., 

2015; Chelini et al., 2018). A limitation of the use of post-mortem brain tissues is that it 

may not fully recapitulate the ECM compositions in the fetal brain during embryogenesis 

as well as during adolescence at the onset of the disorder, as protein expressions change 

with age (Vegh et al., 2014). The emergence of laboratory grown human brain organoids 

from pluripotent stem cells provides an attractive model to study fetal brain ECM 

composition (Amin & Pasca, 2018; Trujillo & Muotri, 2018; Pasca, 2019), especially the 
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possibilities to compare brain organoids from patients with schizophrenia and healthy 

controls using cells derived from living human participants (Stachowiak et al., 2017).  

 In the short term, it would be interesting to see how existing published 

schizophrenia cell-based models, especially patient hiPSC NPCs in Brennand et al. 

(2015), would respond when cultured in defined increasing ECM protein concentrations 

and tracked using our high throughput assay, similar to work done in this thesis, coupled 

to the in silico DiPer and cell turning computer programs developed by Gorelik & 

Gautreau (Gorelik & Gautreau, 2014; Gorelik & Gautreau, 2015). There is a huge follow 

up potential to expound on further from our newly discovered cell migration response 

phenotype into other cell models and even brain organoids derived from patients with 

schizophrenia. Future quantification of directional persistence in 3D brain organoids 

would require different computational approaches as cells do not move according to the 

“persistent random walk” model (Wu et al., 2014; Ribeiro et al., 2017), which was more 

relevant to cells moving in 2D in the case of monolayer hONS cell model used in this 

thesis.  

 Finally, despite the complexities in the mechanistic variable data, there was an 

interesting trend that we observed in the persistence variable, where greater positive 

responses to persistence times with increasing ECM protein concentration resulted in a 

positive cell migration responses by healthy control cells, but persistence times increased 

at a lesser magnitude, which could explain failure of patient cells to response similarly 

due to either a delayed response or lack of response. As discussed in Research Chapter 3, 

we postulated that patient cells were non-responsive because of a global deficit to 

different intracellular components that modulates cell movement, such as the focal 

adhesions, actin cytoskeleton, lamellipodia and FAK complexes. Combinatorial defects 

of all those components causes patient cells to make less turns, spend abnormal lengths 

of time in the same trajectory and less time pausing.  

Reelin-dependent migration phenotype in schizophrenia is 

caused by aberrant movement trajectories and turn angles 

 Patient cells were unable to respond to extracellular reelin, which we showed to 

act as a “stop signal” to decrease movement of healthy control cells (Tee et al., 2016). In 

Research Chapter 3, we showed that the negative response to cell migration in control 
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cells can be explained by control cells being stimulated by reelin to decrease both the rate 

of reductions to their directionality and turn angles over the full tracking duration, to 

arrive at straighter final trajectories. Cells also remained more persistent on reelin, which 

meant they were less inclined to make changes to their migration trajectories. In contrast, 

patient cells responded in the opposite manner by making larger turns to arrive at less 

straight trajectories and spent more time making random changes to their trajectories. As 

explained in our manuscript in Research Chapter 3, this phenomenon is likely to be caused 

by opposite responses in patient cells to decrease both their focal adhesion sizes and 

densities. Taken together, Research Chapter 3 showed that despite the non-responsive cell 

migration phenotype reported in Tee et al. (2016), patient cells were actually able to 

respond to extracellular reelin to alter trajectory-related mechanistic variables such as 

their movement directionality, persistence and turning. However, our observations 

indicated that something went wrong intracellularly to cause the inverse responses and 

ultimately the non-responsive phenotype in a reelin-rich microenvironment.  

 Our findings in Research Chapter 3 provided yet another example of the 

importance of correct focal adhesions to modulate cell migration responses, which was 

lacking in patient cells when in contact with reelin (Tee et al., 2016). A published study 

on reeler mutant brain slice cultures reported three modes of migration demonstrated by 

newborn granule cells – tangential followed by radial migration, tangential only and radial 

only migration types (Wang et al., 2018). During brain development, early born neurons 

move long distances via tangential movement to arrive at the cortical regions (Marin & 

Rubenstein, 2001; Sun et al., 2015), after which cells move radially towards the marginal 

zone to form the various layers of the neocortex (Tan & Shi, 2013). Normal brain 

development follows an “inside-out” layering of neurons that move up radial glial fibers, 

turn away from their radial tracks and settle to finally form the layers of the neocortex 

(Cooper, 2008; He et al., 2015). In the absence of reelin such as in the reeler neocortex, 

neurons were unable to layer properly that led to an inverted lamination phenomenon 

(Badea et al., 2007; Britto et al., 2011; Britto et al., 2014; Castagna et al., 2014), which 

appears as though neurons have lost their sense of direction and were highly 

uncoordinated in their movement trajectories.  

To our knowledge, findings from both Research Chapters 2 and 3 were novel in 

the schizophrenia field, especially in the area of cell-based disease models, as this was 
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the first time the link between reelin and schizophrenia was confirmed. Based on 

observations using our hONS cell model, we propose a few modes of migration that may 

play a part role to give rise to the disordered schizophrenia brain. 

Firstly, patient neurons were not inhibited by reelin, instead it was almost as 

though they were insensitive to reelin stimulation due to altered genes in reelin signaling 

pathways in patient hONS cells (Matigian et al., 2010). Multiple published studies have 

agreed on the “stop signal” role by extracellular reelin to reduce or inhibit cell migration 

(Yip et al., 2011), suggested to be caused by binding to integrin 31 receptors (Dulabon 

et al., 2000), which were found on membrane surfaces of our hONS cell model (Tee et 

al., 2017). Despite expressing the correct integrin receptors, patient cells still lacked 

migration response, which we expect to follow the FAK signaling and actin cytoskeletal 

remodeling pathways similar to other ECM proteins in Tee et al. (2017). By not 

responding to this “stop signal”, it is possible that patient cells would move to the wrong 

locations in the developing brain to give rise to differences in brain weight (Harrison et 

al., 2003), brain volume (Boos et al., 2007; Haijma et al., 2013; van Erp et al., 2016) and 

cytoarchitectural structures (DeLisi et al., 2006; Vita et al., 2006; Glahn et al., 2008; De 

Peri et al., 2012) in the schizophrenia brain.  

Secondly, patient cells were unable to turn correctly in response to reelin. In the 

developing neocortex, radially moving neurons needed to turn laterally to form the many 

layers of the neocortex (Cooper, 2008). Sideways movement is a hallmark of reelin-

directed cell migration (Vaswani et al., 2019). In Research Chapter 3, we showed that 

patient cells responded to turn in larger angles, instead of reducing their turn angles. Both 

mechanistic changes to cell migration may collectively lead to incorrect lamination of 

brain regions during development.  

Thirdly, patient cells could not modulate the straightness of their movement tracks 

by being insensitive to reelin when directionality was measured. Patient cells also spent 

more time making random and uncontrolled changes to trajectory indicated by their 

inability to remain persistent longer. Again, this is a hallmark of the highly disorganized 

“traffic jam” seen in the neurons of the reeler brain that were bumping into each other in 

the absence of reelin (Caviness & Sidman, 1973; Badea et al., 2007).  
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A caveat of focusing on single genes of interest and specific pathways, such as 

reelin signaling, is that our observations were likely to also be influenced by other 

dysregulated molecules and pathways relating to cell migration due to the polygenic 

nature of schizophrenia. Neuregulin 1 signaling is affected in schizophrenia (Harrison & 

Law, 2006; Law et al., 2012) and also modulates cell adhesion and cell motility (Kanakry 

et al., 2007; Sei et al., 2007). Another gene that is repeatedly linked to schizophrenia is 

DISC1 (Hennah et al., 2006), which also orchestrates neuronal migration (Chen et al., 

2011; Tomita et al., 2011; Steinecke et al., 2012). Hence, it is very likely that observations 

of cell motility deficits in cell-based models were not caused by only one signaling 

pathway or one single molecule, but instead many dysregulated pathways not functioning 

correctly in concerto with each other. Despite that, a strength of patient-derived cell-based 

models is that they carry the full genetic abnormalities specific to schizophrenia, which 

provides a closer representation to the disorder compared to models that genetically 

modify only single genes of interest. 

Another important caveat of our findings relating to mechanistic differences in 

how patient cells responded to extracellular reelin was that observations made in the dish 

will not fully represent what is occurring during neurodevelopment or in the patient brain. 

Our cell motility assay does not replicate radial nor tangential migration but instead, was 

developed as a means to compare patient cells with control cells, and to see if patient cells 

responded to reelin or not. Neuronal migration in the human brain involves more complex 

interactions between different neuronal cell types, brain ECM proteins and numerous 

chemoattractant cues (Nadarajah et al., 2003; Kanatani et al., 2005; Ayala et al., 2007; 

Cooper, 2008; Evsyukova et al., 2013), which could not be replicated in a dish. 

Similar to the previous Research Chapters 1 and 2, we propose the reasonable next 

step for the future work in elucidating the link the plausible links between reelin and 

schizophrenia would be track individual neurons as they move in brain organoids 

generated from patients with schizophrenia. Tracking cells in organoids would be a more 

accurate representation 3D neuronal migration in the schizophrenia brain, as opposed to 

published patient cell migration assays and our own cell tracking assay that measured 

migration in 2D. Early indicators suggest that brain organoids would possess 

representative regions of the developing human brain, such as the neocortex. As 

researchers in that field continue to improve the organoid development phase, it would 
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be interesting to follow up our study with organoids. We predict that cell migration of 

neurons in patient organoids would be different to that from healthy controls, but it 

remains elusive as to how different would it be. It would be informative to see how brain 

development works in a dish, and if supplementation of molecules of interest, such as 

extracellular reelin, to various compartments of the brain organoid would alter neuronal 

migration.  

Final remarks 

In conclusion, this thesis has successfully combined the use of a viable patient 

cell-based disease model for schizophrenia and applications of cutting edge technologies 

to uncover new leads into cell migration, hence adding to the emerging trend in the 

disease modeling field to strengthen the case for dysregulated cell migration, focal 

adhesion signaling and cytoskeletal remodeling in schizophrenia. A non-responsive cell 

migration phenotype was discovered to be part of a global deficit via the integrin and 

FAK signaling pathway, which was also observed through patient cell response deficits 

to extracellular reelin. The use of published in silico programs allowed deeper 

understanding of the mechanistic causes of our observed non-responsive migration 

phenotype, which was predominantly caused by defective turning and problems with 

directional persistence in patient cells. Altogether, work completed in this thesis provided 

important insights into a few aspects of the global dysregulation of cell migration in 

schizophrenia, and would also offer important techniques (single cell tracking assay) and 

regulatory pathway leads (Reelin signaling and FAK signaling) for further investigations 

into the future to hopefully one day elucidate the complex cellular etiology of the 

neurobiology of schizophrenia. 
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