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1. Introduction 

 

1.1 Schizophrenia 

1.1.1 Overview 

Schizophrenia is a chronic psychiatric disorder including symptoms that often have a major impact 

on the patient’s life. The chronic nature of the condition accompanied by challenging symptoms 

frequently result in decreased ability to work and sustain social relations (McCutcheon et al., 2020). 

The symptoms of schizophrenia are divided into three categories: positive, negative, and cognitive 

symptoms. Psychotic symptoms, including delusions and hallucinations, are the most acknowledged 

and characteristic symptoms of schizophrenia and defined as positive symptoms (Patel et al., 2014). 

Negative symptoms describe diminishing or loss of function, such as social withdrawal and 

anhedonia (McCutcheon et al., 2020). Cognitive symptoms include e.g. impaired working memory 

and disorganized speech. The symptoms are heterogenous, and schizophrenia manifests differently 

between individuals (Patel et al., 2014). 

Schizophrenia is diagnosed using the criteria established by The Diagnostic and Statistical Manual 

of Mental Disorders 5 (DSM-5). A patient must present with a 6-month period of continuous 

presence of symptoms, including a 1-month active period. The active period must include two or 

more of the following symptoms: delusions, hallucinations, disorganized speech, grossly 

disorganized or catatonic behavior or negative symptoms. At least one of the symptoms in the active 

phase must be delusions, hallucinations, or disorganized speech. No biomarkers to support 

diagnostics have been discovered (Black & Grant, 2014). 

The worldwide prevalence of schizophrenia is approximately 1% (Birnbaum and Weinberger, 2017), 

and the incidence of the disorder is 1,5 new cases in 10 000 people (Spencer et al., 2018). The 

prevalence is higher in males, and the disease onset occurs at a younger age as well (Patel et al., 

2014). Currently, the treatment of schizophrenia is focused on the use of antipsychotic drugs, which 

mainly treat the positive symptoms and can cause side effects, such as weight gain and 

extrapyramidal symptoms (Patel et al., 2014). Schizophrenia is associated with reduced life 

expectancy by 15 years and an increased risk of suicide (Hjorthøj et al., 2017) alongside 

comorbidities such as diabetes (Piotrowski et al., 2017). In addition to these harmful effects on the 
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individual, schizophrenia has a notable socioeconomic burden; schizophrenia was globally among 

the top 20 leading causes of years lived with disability in 2017 (Spencer et al., 2018). This, combined 

with the 1% prevalence, underlines the severity of the condition, and highlights the need for 

research into the etiology and treatment of schizophrenia. 

The biological mechanisms of schizophrenia are largely unknown, but several relevant findings exist 

that give clues of the pathophysiology (Birnbaum and Weinberger, 2017). Altered neurotransmitter 

function, such as dopamine, glutamate and Gamma-aminobutryic acid (GABA), have been observed, 

and the current pharmacological treatments mainly target dopamine receptors (Patel et al., 2014; 

McCutcheon et al., 2020). Besides neurotransmitters, other reported findings include slight 

volumetric changes in the brain visible in magnetic resonance imaging, neuroinflammation 

(Birnbaum and Weinberger, 2017), and a decrease in gray matter (McCutcheon et al., 2020). 

A prominent biological hypothesis is the neurodevelopmental origin of schizophrenia, which has 

gained support first through epidemiological and clinical evidence and later from genetic studies 

(Brinbaum and Winberger, 2017), which are described later in the text. Insults in early development, 

such as malnourishment during pregnancy, obstetric complications, and prenatal or early postnatal 

infections, have been shown to increase risk to develop schizophrenia. Additionally, cognitive and 

motor impairments appearing in childhood are typical in patients who have eventually developed 

schizophrenia (McCutcheon et al., 2020). A specific neurodevelopmental process, synaptic pruning, 

takes place from childhood until early adulthood and is thought to be increased in schizophrenia. 

Evidence supporting this theory include reduced synaptic density in patients and strong genetic 

association of pruning related C4 gene to schizophrenia (Birnbaum and Weinberger, 2017, 

McCutcheon et al., 2020). Intriguing findings can guide and inspire further research; however, they 

do not facilitate definitive or exhaustive conclusions on the biological mechanisms of schizophrenia. 

Furthermore, counterarguing reports exist. An example can be found with volumetric differences 

observed in magnetic resonance imaging, which are not confirmed by post-mortem studies 

(Birnbaum and Weinberger, 2017). 

Genetics play an important role in the pathogenesis of schizophrenia. Twin studies alongside family 

and adoption studies, have found early on that the development of schizophrenia cannot be 

explained by environmental factors only. (Giegling et al., 2017). In a recent large-scale twin study, 

the heritability of schizophrenia was estimated to be 60-80% (Hilker et al. 2018). In family studies, 

the risk for schizophrenia has been shown to increase with genetic proximity to a relative with 
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schizophrenia. While, first degree relatives have a 9% risk of schizophrenia, the risk is only 2% for 

third-degree relatives (Giegling et al., 2017). A recent estimate of the concordance rate for 

monozygotic twins is 33% and 7% for dizygotic twins (Hilker et al.,2018), which is similar to other 

first-degree relatives. The less than 100% concordance rate for monozygotic twins demonstrates 

the role of environmental factors in the pathogenesis. If liability to schizophrenia would be entirely 

genetically determined, a close to 100% concordance in monozygotic twins would be expected. 

Indeed, many environmental factors have been associated with increased risk for schizophrenia, 

especially early neurodevelopmental events discussed earlier (McCutcheon et al., 2020). 

 

1.1.2 Genetic background 

Schizophrenia is a complex polygenic disorder with both genetic and environmental factors affecting 

its susceptibility. The genetic mechanisms underlying schizophrenia can involve coding and 

regulatory effects of genetic variants, epigenetic changes, chromosomal events, and other genetic 

mechanisms such as gene x environment and gene x gene interactions (Giegling et al., 2017; 

Birnbaum and Weinberger, 2017). Genetic variants are often categorized by frequency to common 

(minor allele frequency, MAF > 1%), rare (MAF < 1%) and ultra-rare (MAF < 0.1%)(Singh et al., 2020, 

preprint; Bomba et al., 2017). This is foremost due to technical and statistical implications related 

to their study, as well as the evolutionary constraint between frequency and magnitude of 

associated risk. Low-risk common variants explain the majority of the genetic risk for schizophrenia. 

The risk builds from thousands of variants, each adding an incremental risk for developing 

schizophrenia (Giegling et al., 2017), as is postulated by the common disease common variant 

hypothesis (Bomba et al., 2017). The median effect size for common variants in a recent study was 

1,05 (The Psychiatric Genome Wide Association Study Consortium, PGC, 2020, preprint). A subset 

of patients has been found to carry highly penetrant variants, which remain rare in population due 

to negative selection pressure. Consequently, high-risk common variants do not exist in 

schizophrenia (Bomba et al., 2017). In comparison, low-risk rare variants are more difficult to 

discover due to power limitations in genetic studies (Giegling et al., 2017). 

Genome wide association studies (GWASs) have offered a high-throughput way to detect common 

variants in large sample sizes.  The number of detected associations have been increasing with 

enhanced power from larger sample sizes (Giegling et al., 2017). GWASs commonly use a case-
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control setting. The study participants are genotyped with single nucleotide polymorphism (SNP)-

arrays to determine which alleles of common variants are overrepresented in the case group. Rather 

than aiming to directly identify causative variants, the method relies on linkage disequilibrium 

between neighboring variants to detect ancestral haplotypes containing the causative variants. 

Therefore, an associated SNP implicates a genomic region that contains the causative variant in 

addition to other variants. The genomic region, referred to as locus, can often contain no protein 

coding genes at all, or conversely multiple genes. Therefore, the results can be difficult to interpret 

since recognizing the regulatory region’s target gene or the affected gene among many is 

complicated (Bomba et al., 2017). In addition to GWASs, next generation sequencing methods have 

been used to discover genes and their variants associated with schizophrenia. For example, exome 

sequencing studies have been used to identify specific genes and their rare coding variants 

associated with schizophrenia (Singh et al., 2020). 

The results from GWAS can be amounted to SNP-based heritability, which describes how much of 

the variation in a trait is explained by associated SNPs (Giegnling et al., 2017). The SNP-based 

heritability of schizophrenia was estimated to be 24% (SE 0,007) in a recent GWAS (PGC, 2020, 

preprint). This means that the heritability of schizophrenia cannot, yet, be explained by associated 

SNPs alone, a phenomenon also known as missing heritability. It is likely, that not all common 

variants have been found, and many rare variants are missing, which explains at least a part of the 

missing heritability. When the sample size in GWASs increase, the power increases to detect low-

frequency and low-effect variants, possibly allowing the SNP-based heritability to catch up (Bomba 

et al., 2017; Giegling et al., 2017). 

 

1.1.3 Genetic findings in schizophrenia 

The most recent and largest schizophrenia GWAS to date found 270 associated loci and used fine-

mapping to prioritize a subset of genes implicated by the association results. Many of the associated 

genes have roles in neuronal functions and development. Examples of these, likely affected genes, 

include GRIN2A, ADGRB3, and FOXP1 (PGC, 2020, preprint). ADGRB3 encodes a receptor that is 

linked to synaptogenesis and dendritic spine formation (The UniProt Consortium, 2021). FOXP1 

encodes a transcription factor affecting multiple developmental processes and is linked to 

neurodevelopmental disorders (The UniProt Consortium, 2021; Singh et al., 2020, preprint). GRIN2A 
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encodes a glutamatergic NMDA receptor subunit. The discovered association supports the 

hypothesis of dysregulation of the glutamatergic system in schizophrenia. Other glutamate signaling 

related genes have been associated, such as SP4, a transcription factor linked to NMDA receptor 

regulation and GRIA3, a glutamatergic AMPA receptor subunit (PGC, 2020, preprint; Singh et al., 

2020, preprint).  

A recent exome sequencing study identified 10 ultra-rare coding variants individually conferring a 

high risk to schizophrenia with odds ratios ranging from 3 to 50 (Singh et al., 2020, preprint). 

Interestingly, the results overlapped partially with the prioritized genes from common variant GWAS 

(PGC, 2020, preprint). For example, GRIN2A and SP4 were implicated in both studies. The exome 

sequencing study found that rare protein truncating mutations and damaging missense variants in 

GRIN2A predispose to a substantial risk, whereas the common variant association found in GWAS 

has only a small risk. Here, a damaging mutation confers a higher risk than an associated common 

variant. This suggests that the risk might grow with the invasiveness of the variant to the gene's 

function. Same dynamic can be seen with SP4 (Singh et al., 2020, preprint; PGC, 2020, preprint). 

Other genes implicated in this study include, for example, TRIO and SETD1A. TRIO regulates 

neuronal migration and synaptogenesis and is associated with neurodevelopmental disorders. It is 

also linked to glutamatergic neurotransmission. SETD1A is also linked to neurodevelopmental 

disorders, and the function of the encoded protein is linked to synapse formation and axonal 

branching (Singh et al., 2020, preprint). 

The major histocompatibility complex (MHC) region is one of the most consistently emerging results 

from GWASs, however, mainly in European ancestry (Lam et al., 2019; Giegling et al., 2017). The 

MHC region spans multiple megabases on chromosome six and contains several immune system 

related genes. However, due to the high linkage in this region, it is difficult to point out the exact 

variants that could increase the risk for schizophrenia. From the MHC genes, complement 

component 4 (C4) has been associated with schizophrenia (Coelewij and Curtis, 2018). The C4 

protein has a role in complement-mediated synaptic pruning, a process that is thought to be 

hyperactive in schizophrenia. The hypothesis is supported by the findings by Sekar et al. (2016) 

showing increased expression of C4 in patients with schizophrenia. 

In addition to common variants and rare coding variants, eight copy number variants (CNVs) have 

been linked to schizophrenia. These risk CNVs consist of 1q21.1, 2p16.3, 3q29, 7q11.2, 15q13.3, 

distal 16p11.2, proximal 16p11.2 and 22q11.2. CNVs affect 2-3% of the patients (Coelewij and Curtis, 
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2018), and predispose to a high risk of developing schizophrenia. Most of these CNVs span multiple 

genes whereas a couple of them only affect one gene (Marshall et al., 2016). The first known risk 

variant for schizophrenia was the CNV in locus 22q11.2 (Giegling et al., 2017), where a deletion is 

associated with an increased risk and a duplication to a protective effect against developing 

schizophrenia (Marshall et al., 2016). An example of a CNV affecting only one gene is a deletion in 

locus 2p16.3 spanning the Neurexin 1 (NRXN1) gene. The protein product of this gene has an integral 

role in synaptic functioning, a pathway which has also been highlighted in further enrichment 

studies of overall CNV burden of the eight identified CNVs (Marshall et al., 2016). 

Many associated genes seem to relate to the brain and more specifically neurons and synapses. This 

impression is supported by further analysis done in the recent GWAS. The implicated genes had an 

enriched expression in brain tissue and the central nervous system. On the cellular level, cortical 

inhibitory neurons and excitatory neurons of cortical and hippocampal origin had heightened 

expression of the implicated genes. The functions of these genes were analyzed with gene ontology 

databases, which pointed to synapse and neuron related pathways, including neuronal 

development and structure, postsynaptic terms, trans-synaptic signaling and synaptic organization 

(PGC, 2020, preprint). Many genes also seem to have a neurodevelopmental implication, supporting 

the idea of neurodevelopmental origin of schizophrenia (Birnbaum and Weinberger, 2017). 

Interestingly, an overlap of genetic risk loci exists between schizophrenia and neurodevelopmental 

disorders, as well as autism spectrum disorder, bipolar disorder, and other psychiatric conditions 

(PGC, 2020, preprint). The overlap in genetic associations and even clinical features (McCutcheon et 

al., 2020), suggests that some common biological mechanism exists behind these conditions (PGC, 

2020, preprint). 

The genetic findings described here offer evidence on certain hypotheses of biological mechanisms 

underlying schizophrenia. These include the central nervous system (CNS) being a focal point of the 

pathology, the neurodevelopmental origin of schizophrenia, the glutamate hypothesis, and the 

importance of neurons and synapses (PGC, 2020, preprint; Singh et al., 2020, preprint; Marshall et 

al., 2016). Therefore, studying early neurons and specifically their synapses is well-grounded in the 

light of these results. Since the bulk of schizophrenia associated variants are common low effect 

variants, modeling the genetics of schizophrenia and its biological consequences does not 

necessarily benefit from focusing on individual variants. Similarly, rare variants might have a larger 

effect, but they do not account for the schizophrenia phenotype alone, and they are represented 
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only in a fraction of patients. To capture the complexity of the genetic architecture present in 

schizophrenia affecting the biological aspects, mere knock out or knock in neurons might not be 

ideal. Thus, an experiment utilizing neurons with diagnosed schizophrenia, and therefore containing 

the necessary genetic material to cause the development of the disease, is justifiable. 

 

1.2 iPSC technology 

1.2.1 iPSCs 

Studying disorders with underlying neurological mechanisms requires access to relevant cell types 

and tissues. Currently, accessing human brains with a known schizophrenia status is practically 

impossible, except for postmortem samples (Ho et al., 2015). While non-human model organisms 

offer the benefit of an in vivo environment, they may not be able to fully recapitulate the molecular 

mechanisms and interactions present in the highly evolved human brain. The relevant cell types, for 

example astrocytes (Leventoux et al., 2020), can differ in their biological properties when compared 

to their human counterparts. Induced pluripotent stem cells (iPSCs) provide a solution to this issue. 

iPSCs are a type of stem cell that are generated from somatic cells by reprogramming them back to 

an embryonic stem cell (ESC)-like pluripotency state. These cells can then be differentiated into any 

cell type in the body offering a renewable source of relevant cell types (Ho et al.,2015). iPSCs were 

first discovered by Takahashi and Yamanaka in 2006 when they produced ESC-like cells from 

fibroblasts by retrovirally transducing them with OCT3/4, SOX2, C-MYC and KLF4 (Takahashi & 

Yamanaka, 2006). IPSCs present many ESC-like traits such as morphological similarity, marker gene 

expression and pluripotency (Ho et al., 2015). 

iPSCs are used for modeling and studying diseases in vitro. In comparison to utilizing human 

embryonic stem cells, iPSC technology offers ethically a less controversial method for obtaining and 

culturing many different cell types from individuals. iPSCs offer an unlimited number of desired cell 

types that might not be accessible in other ways, such as neurons and astrocytes (Ho et al., 2015). 

In addition, access to phenotypic information of the donor allows for an advantageous set up for 

studying genetically complex diseases. When using iPSCs from a schizophrenia patient, the cells 

contain a natural genetic make-up known to be disease causing, at least in some environmental 

circumstances (Ho et al., 2015). Some challenges also exist, and the interpretation of results from 

iPSC studies can be difficult. It is not always clear to what degree cells differentiated from iPSCs are 
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representative of the desired cell type, for example neurons. The generalizability of results to in vivo 

circumstances is also unclear and can require further research (Birnbaum and Weinberger, 2017).  

In addition, reprogramming and culturing iPSCs expose the cells for artifact accumulation that can 

hamper the reliability of the results. The iPSC reprogramming and culturing has been observed to 

cause mutations, chromosomal aberrations, and X-inactivation erosion in the cells (Carter et al., 

2020; Ho et al., 2015). These artifacts can affect the observed biological characteristics of the cell 

thus affecting the results obtained from the experiment. When attempting to counter these 

problems, optimization of protocols and characterization of cultured cells are necessary. 

 

1.2.2 Neuronal differentiation 

A crucial step in iPSC-based studies is the differentiation of the cells into desired cell types. The 

differentiation of iPSCs into neurons was at first a laborious six-month effort resulting in a 

heterogenous culture of different types of neurons and glia. Since then, differentiation methods 

have evolved into two different approaches: directed differentiation and induction (Ho et al., 2015; 

Carter et al., 2020). Directed differentiation creates an environment in the cell culture that simulates 

in vivo patterning and specification. This is achieved through exposure to small signaling molecules 

that promote patterning and specification resembling embryonic development (Ho et al., 2015). 

Induction, however, can convert iPSCs or even differentiated cells into induced neural stem cells or 

induced neurons by forcing expression of specific key transcription factors (Carter et al., 2020). Both 

methods produce neuronal cultures quickly, induction being the faster method and producing more 

homogenous cultures out of the two. However, concerns about induction protocols exist regarding 

the forced expression of transcription factors. It has been speculated, that rapid conversion of cells 

into neurons might skip the phase where disease specific deficits develop, thus producing cells that 

have overcome their disease phenotype. However, counterarguing results exist where characteristic 

deficits have developed in neurons produced by induction (Ho et al., 2015). 

In directed neuronal differentiation protocols, dual SMAD inhibition is often utilized in the 

patterning of the cells. Dual SMAD inhibition refers to the inhibition of bone morphogenic protein 

(BMP) and transforming growth factor-β (TGFβ) signaling systems, which are pathways that result 

in activation of specific small signal transductor proteins called SMADs (Ho et al., 2015; The Uniprot 

Consortium, 2021). Chambers et al. (2009) reported after using a dual SMAD inhibition protocol that 
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ESCs and iPSCs could be differentiated into neuronal stem cells and neural precursor cells (NPCs) in 

11 days. These NPCs could then be further differentiated into different neuronal cell types, such as 

dopaminergic and motor neurons. 

Inhibition of another signaling pathway, Wnt pathway, promotes dorsal identity in cells (Ho et al., 

2015). The Wnt signaling pathway plays a role in embryonic brain development and patterning (The 

Uniprot Consortium, 2021). Mariani et al. (2012) introduced a directed differentiation protocol that 

used both dual SMAD and Wnt inhibition. The resulting cell cultures were heterogenous and 

contained NPCs and radial glia cells in addition to a variety of early neurons. Analysis and comparison 

between gene expression data revealed that the cell cultures after 50 days in vitro resembled the 

human cerebral cortex at 8-10 weeks post-conception. An advantage to plain dual SMAD protocol 

was that no hind brain markers were visible. 

Although directed differentiation protocols are faster than the first differentiation methods, 

induction protocols were created to accelerate the process even further. Different induction 

protocols exist that utilize overexpression of transcription factors that drive neuronal 

differentiation. These factors include brain-specific homeobox protein 2 (BRN2), achaete-scute 

family BHLH transcription factor 1 (ASCL1), and neuronal differentiation 1 (NeuroD1; Carter et al., 

2020; The UniProt Consortium, 2021). Neurogenin 2 (NGN2) encodes a transcription factor involved 

in neuronal differentiation (The UniProt Consortium, 2021), and overexpression of this factor is 

often used to differentiate iPSCs into neurons. Forced expression of NGN2 in iPSCs results in 

generation of neurons in less than a week. After day 21, the induced neurons are reported to express 

microtubule-associated protein 2 (MAP2), neuronal nuclei (NEUN), brain-specific homeobox protein 

2 (BRN2), Forkhead box G1 (FOXG1), and AMPA-type glutamate receptors characteristically for 

cortical superficial layer neurons. However, the induced neuronal cultures contain different types 

of neuronal cells. Recently, the expression of peripherin (PRPH) in some neurons has been of 

interest, since it could indicate that the protocol produces both peripheral and CNS identity neurons 

(Chen et al., 2020). 

Combining elements from directed differentiation and transcription factor overexpression has been 

shown to reduce the heterogeneity of neuronal cultures (Nehme et al., 2018; Chen et al., 2020). 

When NGN2 overexpression is combined with dual SMAD inhibition, the resulting neurons adopt a 

forebrain identity and the expression of PRPH is eliminated. Thus, the combination of these 

protocols steers the differentiation path into a more specific identity and reduces heterogeneity of 
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resulting neuronal cultures compared to the individual protocols. A combination of NGN2 

overexpression, TGFβ inhibition, and Wnt activation produced neurons that expressed hindbrain 

markers (Chen et al., 2020). A combination of NGN2 overexpression, dual SMAD inhibition and Wnt 

inhibition results in neurons exhibiting excitatory upper layer cortical forebrain identity. 

Importantly, the identity of the differentiated cells is homogenous, although the cells are of 

different stages of maturation. The resulting cell population resembles the prenatal brain, although 

the mature neurons have features of postnatal and adult brains (Nehme et al., 2018). 

 

1.2.3 Neuronal characterization 

An important step of differentiating iPSCs is the characterization of the resulting cells to ensure the 

culture represents the desired cell types. Hundreds of different mature neuronal cell types exist, 

with differing morphology, neurite organization, electrophysiological properties, and biochemical 

characteristics. These aspects, in addition to other defining factors such as regional specification, 

together form the identity of a neuron (Tanapat, 2013). Differentiation protocols produce neuronal 

cells of different maturity, from neuronal stem cells or neuronal precursor cells (NPCs) to mature 

neurons. An important characteristic of mature neurons is their post-mitotic nature, as NPCs can 

still mitotically divide (Chen et al., 2020). Immunocytochemistry (ICC) is a widely used method for 

characterization, as it is fast and cost-effective (Tanapat, 2013). The success of ICC depends on the 

selection of appropriate markers. Other methods for characterization exist, such as single cell RNA 

sequencing, which is becoming the golden standard method due to single-cell resolution and the 

ability to query the whole transcriptome at once (Haque et al., 2017). However, RNA sequencing is 

an expensive process, and ICC can offer information unavailable with RNA sequencing including 

peptide abundances and the subcellular localization of inspected gene products. Thus, ICC provides 

valuable insight into the identity of the cultured cells. 

Commonly used pan-neuronal markers that are used to confirm neuronal identity are class III β-

tubulin (B-TUB3) and MAP2. B-TUB3 is a part of the microtubule network specifically in neurons, 

and is localized in the cell bodies, dendrites, and axons. Glial cells can contain a specific type of B-

TUB3 but antibodies for B-TUB3 do not bind to it. MAP2 binds to microtubules and is produced 

specifically in neurons in the CNS. MAP2 localizes in the cell body and dendrites, but not axons. The 

expression of MAP2 is weak in NPCs but increases with maturation, which makes it an indicator of 
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maturation level as well (Tanapat, 2013; Lyck et al., 2008). Other pan-neuronal markers include 

Neuronal nuclei (NeuN) and doublecortin (DCX). NeuN is involved in mRNA splicing in all neurons 

and DCX is a microtubule associated protein expressed in post-mitotic neurons (Tanapat, 2013). 

Paired-box 6 (PAX6) protein is a transcription factor involved in the development of the CNS (The 

Uniprot Consortium, 2021), and its expression is mainly limited to NPCs (Walther & Gruss, 1991). 

Another marker for determining the maturation of the cells is Ki-67, which is a protein involved in 

mitosis and thus a marker for proliferating cells (Lyck et al., 2008, The Uniprot Consortium, 2021). 

Depending on the purpose of the study, regional identity of the differentiated neurons can be of 

importance. The cerebral cortex is an important area of the brain linked to many disorders, such as 

autism, epilepsy, and neurodegenerative conditions (Shi et al., 2012). Evidence of decrease in 

cortical dendritic spines in patients demonstrates the relevance of the cortex in schizophrenia 

(Birnbaum and Weinberger, 2017), as well as enriched localized expression of associated genes 

(PGC, 2020, preprint). In the six layers of the cortex (I-VI), neurons express different markers 

depending on the layer and their identity (Hevner, 2007). Here, we will focus on cortical projection 

neurons. In the deepest layer, layer VI, T-Box Brain Transcription Factor 1 (TBR1) is expressed (Shi 

et al., 2012; Hevner, 2007). Next, in layer V, coup-TF-interacting protein 2 (CTIP2) is expressed 

(Hevner, 2007). When moving into more superficial layers, layers II-IV, cut-like homeobox1 (CUX1) 

and BRN2 are expressed, as well as Special AT-Rich Sequence-Binding Protein 2 (SATB2) in callosal 

projection neurons (Shi et al., 2012). Using these markers, the regional identity of a neuron can be 

determined, and information on the identity is gained in addition. 

A hallmark feature of mature neurons is the presence of synapses. The detection of structural 

synapses requires synaptic markers that target both pre- and post-synaptic sites. When pre- and 

post-synaptic markers colocalize, the likelihood of a functional synapse increases compared to a 

synaptic marker expressed individually. A commonly used pre-synaptic marker is synapsin, which is 

a membrane protein of small neurotransmitter vesicles found in the pre-synaptic axon terminal. 

Synapsin is expressed in nearly all brain-derived neurons (Thiel, 1993). Other pre-synaptic markers 

include Synaptophysin and Vesicular Glutamate Transporter (VGLUT) (Verstraelen et al., 2018). 

Post-synaptic markers include post-synaptic density protein 95 (PSD95) and synaptic Ras GTPase 

activating protein 1 (SYNGAP). PSD95 is a scaffolding protein expressed in the post synaptic density. 

It Interacts with many other proteins and is abundantly expressed, which makes it a useful marker 

for post-synaptic sites (Baucum, 2017). SYNGAP plays a central role in synaptic functioning and is 
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enriched at the post synaptic density. Its interactions with PSD95 are thought to assist the 

localization of SYNGAP to the site (Gamache et al., 2020). Some other post-synaptic markers include 

HOMER1 and Gephyrin (The Uniprot Consortium, 2021; Verstraelen et al., 2018). 

 

1.2.4 Astrocytes in neuronal maturation 

Astrocytes and other glia cells are known to influence neurons and their function; maturation and 

synapse formation in particular (Tang et al., 2013). Astrocytes specifically regulate blood flow, 

provide nutrients and energy to neurons, and play a role in neurotransmitter production. In the CNS, 

astrocytes are in direct contact with synapses and their processes seem to affect spine formation in 

dendrites. The interaction between astrocytes and neurons is facilitated with secretion of specific 

signaling molecules. An example molecule known to promote synapse formation is 

thrombospondin. Thrombospondins are extracellular matrix proteins secreted by astrocytes and are 

shown to increase synaptic formation in vivo and in vitro (Eroglu and Barres, 2010). 

When differentiating ESC or iPSCs into neurons, astrocytes have been shown to be critical for proper 

maturation of the cells and formation of functional synapses (Eroglu and Barres, 2010). Tang et al. 

(2013) compared iPSC-derived neurons co-cultured with astrocytes to iPSC-derived neurons without 

any glia cells. The results showed that the co-cultures were distinctly more mature. There was 

significantly more dendritic branching indicating morphological maturity, and the expression of ionic 

channels and neurotransmitter receptors was increased, specifically glutamate and GABA receptors. 

The frequency and amplitude of synaptic firing was increased as well. Similar results of co-culturing 

with astrocytes have been reported on multiple occasions (Eroglu and Barres, 2010; Nehme et al., 

2018), which is why co-culturing with astrocytes is frequently included in differentiation protocols 

(Zhang et al., 2013; Tang et al., 2013; Nehme et al., 2018; Eroglu and Barres, 2010). 

The source of the astrocytes has generally been rodents: mice and rats. This is due to easier 

availability of mature primary astrocytes compared to acquiring human primary astrocytes. Despite 

rodent astrocytes performing efficiently, they cannot offer an exhaustive model of human 

astrocyte-neuron interactions (Leventoux et al., 2020). Human astrocytes are more diverse, larger, 

and more ramified than rodent astrocytes (Eroglu and Barres, 2010). Furthermore, the dominant 

signaling pathways and molecular characteristics differ. Recent studies have inspected the 

possibility of using human iPSC-derived astrocytes in co-cultures with iPSC-derived neurons. The 
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advantage of using iPSC astrocytes, in addition to eliminating species related differences, is the 

availability of health status information on the iPSC donor. The results are promising: iPSC astrocytes 

exhibit similar function to human primary astrocytes. Importantly, iPSC astrocytes co-cultured with 

neurons promote synapse maturation (Leventoux et al., 2020). 

 

1.2.5 iPSC-derived models of schizophrenia 

The field of schizophrenia research has adopted iPSC technology as a tool for modeling the disorder. 

Schizophrenia is thought to have a developmental origin where symptoms manifest later in life. 

Therefore, iPSC-derived cultures present a possibility to study the predisposition to schizophrenia 

due to the maturational stage that the cultures resemble (Brennand et al., 2015; Nehme et al., 

2018). A variety of differentiation protocols have been used to obtain relevant cell types for 

schizophrenia, including directed differentiation methods and transcription factor overexpression 

(Brennand et al., 2011; Hoffmann et al., 2019). The experimental design of an iPSC-based study is 

dependent on the specific aspect being examined. In addition to conventional 2D cultures, the 

models have widened into 3D systems as well. Cerebral organoids can be produced from iPSCs to 

mimic more closely an in vivo environment and provide information on structural and organizational 

properties of the schizophrenia phenotype, whereas 2D cultures can be thought to be more focused 

on specific cell types. However, a more complex system presents additional challenges, such as high 

heterogeneity between organoids, difficulty to introduce specific patterning instead of global, and 

absence of vascularization. A step further into natural environment contains transplants and 

engraftments of 2D cultures and organoids into rodent brains. The obvious benefit of this approach 

is the more natural environment including proper structuring of the brain, vascularization, and the 

system’s exposure to natural stimuli. The process of engraftment studies is difficult and laborious, 

which limits the amount of data that can be gathered (Hoffmann et al., 2019). 

iPSC-based studies have successfully reported significant differences between iPSC neurons 

originating from patients with schizophrenia and healthy controls. Pioneering studies have found 

decreased neuronal connectivity and neurite number in iPSC neurons from patients compared to 

controls. Interestingly, this phenotype could be alleviated with loxapine treatment, a common 

antipsychotic drug (Brennand et al., 2011). Decreased cell migration in iPSC NPCs from schizophrenia 

patients has also been reported, along with increased markers indicative of oxidative stress. The 
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former finding was complemented with additional testing that pointed to defects in cellular 

adhesion rather than motility (Brennand et al., 2015). In an organoid study, the patient-derived 

organoids were reported to have disrupted neuronal differentiation and near complete depletion 

of the superficial cortical marker BRN2 compared to controls. Thus, defects specifically in upper 

layer cortical differentiation were suggested to be linked to schizophrenia (Notaras et al., 2021). In 

addition to these, defects in synaptic maturation, spontaneous network bursts and 

neurotransmitter secretion have been observed in patient-derived cultures (Hoffmann et al., 2019). 

A limiting factor in many of these studies is sample size, and it remains to be seen which findings 

are replicable and generalizable to schizophrenia. 

 

1.2.6 Synaptic assays 

The genetic evidence is pointing towards the synapse, and it is supported by other research such as 

post-mortem studies (PGC, 2020, preprint; Birnbaum and Weinberger, 2017). However, these 

findings alone do not explain the pathophysiological realities of schizophrenia. There is a need for 

scalable measures to assay potentially relevant cellular properties in vitro. Some schizophrenia 

related studies have surveyed the synaptic density in 2D iPSC-derived neuronal cultures, reporting 

reduced density in neurons derived from schizophrenia patients compared to controls (Ishii et al., 

2019; Naujock et al., 2020; Wen et al., 2014). To measure the synaptic density in neuronal cultures 

an assay designed for this purpose is required. Synaptic density in cultures is often determined by 

ICC staining of synaptic puncta and neurites, and then quantifying the number of near-neurite 

puncta. Some studies use only pre-synaptic markers (Naujock et al., 2020; Wen et al., 2014), 

whereas others co-localize pre- and post-synaptic markers (Ishii et al., 2019). The latter has the 

advantage of more reliable result as there is stronger evidence of a structurally correct synapse. 

Synaptic density is often calculated and reported as synaptic puncta per μm of neurite (Naujock et 

al., 2020; Wen et al., 2014). The usage of software to automatically detect neurites and puncta is 

used in some studies (Neujock et al., 2020), and has the advantage of reducing human error and 

variation. Constructing an assay for measuring synaptic density requires optimization and testing to 

achieve a usable product. 
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2. Aims 

 

Previous studies, including genetic studies, suggest that neurons and synapses are linked to 

schizophrenia pathogenesis (PGC, 2020, preprint; Birnbaum and Weinberger, 2017). I hypothesize 

that i. reduced synaptic density of superficial cortical neurons predisposes to a risk of developing 

schizophrenia, ii. the reduced density is visible already in early developmental phase, and iii. the 

reduction is at least partially caused by genetics. Previous observations of reduced synaptic density 

in patients and evidence of the neurodevelopmental origin of schizophrenia provide reasonable 

ground for this hypothesis (Birnbaum and Weinberger, 2017; McCutcheon et al., 2019). 

In order to study the genetic effect on synaptic density in the context of schizophrenia, an assay to 

quantify synaptic densities in patients and controls must be established. iPSCs offer an 

advantageous platform to model the genetic risk of schizophrenia by retaining the genetic 

architecture from patients with diagnosed schizophrenia. iPSCs can then be differentiated into 

neurons from which the synaptic density can be measured using ICC, imaging, and analysis software. 

Using monozygotic twins discordant for schizophrenia in addition to a control allows for the 

evaluation of donor effect. 

In this thesis, an NGN2-based differentiation protocol was used to produce upper layer cortical 

neurons in co-cultures with astrocytes. The overarching aim was to set up and optimize an ICC-based 

assay for measuring synaptic density and performing a test run by comparing cell lines with different 

clinical statuses regarding schizophrenia. The thesis was divided into three phases (Figure1). In the 

first phase, the objective was to test and select suitable characterization markers for ICC. In the 

second phase, the focus was on optimizing culturing conditions for the differentiation process, while 

also considering the suitability of the produced samples in ICC. In the final phase, a pilot study of 

the assay was performed with three cell lines (healthy control and monozygotic twin pair discordant 

for schizophrenia) that were characterized and their synaptic densities quantified for comparative 

analysis. The performance of the assay was then evaluated using the data gathered in the pilot 

study. 
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3. Materials and Methods 

 

3.1 Induced pluripotent stem cell lines 

The human iPSC lines used in this project were stored in liquid nitrogen. After thawing, the cells 

were maintained on Matrigel (Corning) -coated 3,5 cm diameter dishes (Sarstedt) in Essential 8 

medium (E8, Gibco). All cells were kept at +37°C and 5% CO2 atmosphere during culturing. 

Cell lines are listed in Table 1 and are derived from one monozygotic twin pair discordant for 

schizophrenia and one healthy control. All cell lines were from age-matched female donors. The 

Positive and negative syndrome scale (PANSS) scores are also reported for each donor. From the  

 

Figure 1 The experimental design of the thesis project. The thesis was divided into three phases, all contributing to the construction 
of a synaptic assay. In all phases iPSCs were differentiated into neurons in co-cultures with astrocytes. In the first phase, suitable 
markers for immunocytochemistry (ICC) were tested and selected. In the second phase, culturing conditions were optimized by 
testing two different coatings of the culturing wells and two cell densities. In the third phase, the assay was tested by using the best 
suited culturing conditions and markers. Neurons were produced from different cell lines and characterized with ICC. The data 
obtained with the assay was then analyzed. PORN = polyornithine, PEI = polyethyleneimine, LA = laminin. Modified from Servier 
Medical Art (smart.servier.com). 
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Table 1 Cell lines used in this project. Details of the cell lines used in this project. 

 

twin pair, the affected individual represents the clinical condition, whereas the unaffected twin 

represents a healthy individual at risk for developing schizophrenia due to genetic disposition. 

All human cell lines have been deidentified and the donors have provided a written informed 

consent. The work has been approved by the Ethics Committee of the Helsinki University Hospital 

District, license number 262/EO/06. 

 

3.2 Neuronal differentiation 

The protocol used to produce superficial cortical layer excitatory neurons was a combination of 

directed differentiation and transcription factor reprogramming. It utilized induced NGN2 

expression with dual SMAD and WNT inhibition (Nehme et al. 2018). The advantages of this 

approach in comparison to conventional protocols are reduced time used for differentiation and 

increased homogeneity of the produced neurons. Prior to this work, the iPSC lines were infected 

with three lentiviral vectors: Tet-o-Ngn2-Puro, FUdeltaGW-rtTA and TetO-GFP (Alstem). During 

neuronal differentiation, the NGN2 expression was induced in the cells by tetracycline-controlled 

transcription activation using doxycycline (Biogems). Co-cultures with astrocytes were established 

to promote neuronal maturation. Astrocytes were provided by Marja Koskuvi (Koistinaho 

Laboratory, Neuroscience Center, University of Helsinki), and they were differentiated from iPSCs-

derived from the healthy control. The outline of the differentiation protocol is illustrated in Figure 

2. 

The neuronal differentiation was started on Day 0 by adding E8 medium supplemented with 2ug/ml 

doxycycline for iPSCs to activate the NGN2 expression. On Day 1, the medium was changed to N2 

medium (Table 2) supplemented with 2ug/ml doxycycline and patterning factors 10uM SB431542 

(SB, Sigma), 0,1uM LDN193189 (LDN, Sigma) and 2uM XAV939 (XAV, Biogems) to start the dual 

Cell line

Age at 

biopsy 

(years)

Sex
PANSS 

positive

PANSS 

negative

PANSS 

general

PANSS 

total

Healthy control 49 Female 7 7 16 30

Unaffected twin 47 Female 10 13 26 49

Affected twin 47 Female 27 32 54 113
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SMAD and WNT inhibition. Dual SMAD inhibition with SB and LDN was used to guide the neurons 

towards a forebrain identity, whereas WNT inhibition with XAV promoted dorsal identity.  

On Day 2, the medium was changed to N2 medium supplemented with 5uM SB, 0,05uM LDN, 1uM 

XAV, 2ug/ml doxycycline and 5ug/ml puromycin (MP biomedicals) to select for infected cells. On 

Day 3, the cells eliminated by puromycin were washed from the dish with Dulbecco’s modified eagle 

medium (DMEM/F-12, Gibco). The medium was changed to N2 medium supplemented with 10uM 

SB, 0,1uM LDN, 2uM XAV and 2ug/ml doxycycline.  

Table 2 Mediums Detailed description of mediums and the supplements used with them. 

Figure 2 The differentiation protocol timeline. Mediums and supplements are described for each day. On day 0 neural induction is 
started by adding doxycycline for infected iPSCs. Neuronal patterning by dual SMAD and WNT inhibition is done during a 3-day period 
after day 0. Puromycin selection is performed on Day 2. The neuronal precursor cells (NPCs) are plated with astrocytes on Day 4 for 
neuronal maturation. Proliferating cells are eliminated on Day 7 with FUDR that is removed from the medium the following day. After 
this, 50% medium changes are done every 2-3 days until Day 35 when the cells are fixed. Dox = Doxycycline, Puro = puromycin, FUDR 
= Floxuridine, FA = Formaldehyde. Modified from Servier Medical Art (smart.servier.com). 

Medium Content Supplements

50ml DMEM/F12 (Gibco) SB431542 (Sigma)

500ul Glutamax (Gibco) LDN193189 (Sigma)

750ul 20% Glucose (MP Biomedicals) XAV939 (Biogems)

500ul N2 (Gibco) Doxycycline (Biogems)

Puromycin (MP Biomedicals)

50ml Neurobasal medium (Gibco) B25 w/o A (Gibco)

500ul Glutamax (Gibco) BDNF (PeproTech)

750ul 20% Glucose (MP Biomedicals) GDNF ( PeproTech)

250ul MEM NEAA (Gibco) CNTF (PeproTech)

FUDR (Tocris)

Doxycycline (Biogems)

N2 Medium

NBM Medium
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On Day 4, the cells were plated on a 48-well plate for neuronal maturation. The phase-specific 

details including cell densities and different coatings are described in Table 3. The cells were 

detached with Accutase (Gibco) by incubating the dish for 3 minutes at +37°C, after which the cells 

were pelleted by centrifuging at 300rcf for 4 minutes. Supernatant was discarded and the cells were 

resuspended in Neurobasal medium (NBM) (Table 2). The cells were counted with a brightfield cell 

counter CellDrop BF (DeNovix). Depending on the experiment, the cells were plated at a density of 

60 000cells/cm2 or 40 000cells/cm2 (Table3) to coated wells containing glass coverslips. Astrocytes 

were plated in 1:1 ratio to designated wells. The wells contained NBM supplemented with 1:50 B27 

supplement (B27, Gibco), 10ng/ml brain-derived neurotrophic factor (BDNF, PeproTech), 10ng/ml 

glial cell-derived neurotrophic factor (GDNF, PeproTech), 10ng/ml ciliary neurotrophic factor (CNTF, 

PeproTech) and 2ug/ml doxycycline. 

On Day 7, 10uM Floxuridine (FUDR, Tocris) was used to eliminate proliferating cells from the 

cultures. A full medium change was performed on the following day of FUDR exposure. During 

neuronal maturation, 50% of the medium was changed every 2 to 3 days. The cells were fixed on 

Day 35 by incubating them in 4% Formaldehyde (Sigma) in phosphate buffered saline (PBS, Gibco) 

for 20 minutes, after which they were washed with, and left in PBS. 

 

3.3 Coating of the culturing plates 

Glass coverslips were placed in each well before cell plating to enable staining and imaging of the 

samples after neuronal maturation. The coating of the coverslips was started by incubating them in 

1M hydrogen chloride (HCl, Honeywell riedell) for 15 minutes at room temperature (RT). The 

coverslips were then washed twice with sterile water and air dried for 30 minutes. The first coating 

was done either with 0,5mg/ml polyornithine (PORN, Sigma) diluted in PBS or 10mg/ml 

Polyethyleneimine (PEI, Sigma) diluted in 50mM borate buffer (ThermoScientific). The plates were 

Table 3 The details of phases The coating and cell densities used during different phases 

 

Phase 1 Phase 2 Phase 3

Coating 0,5mg/ml PORN + 10-20ug/ml LA
0,5mg/ml PORN + 10-20ug/ml LA & 

10mg/ml PEI + 10-20ug/ml LA
0,5mg/ml PORN + 10-20ug/ml LA

Cells/cm2 60 000 60 000 and 40 000 40 000
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incubated for 2 hours in +37°C, after which they were washed and air-dried. The second coating was 

then done with 10-20ug/ml laminin (Engelbreth-Holm-Swarm murine sarcoma, Sigma) diluted in 

PBS. The laminin solution was incubated in the wells overnight at +4°C. 

 

3.4 Immunocytochemical staining 

The fixed cells were first permeabilized with 0,25% Triton X-100 (Sigma) in PBS for 1 hour at RT. 

After this, the unspecific binding sites were blocked with 5% normal goat serum (NGS, Sigma) in PBS 

for 1 hour at RT. The primary antibodies (Table 4) were diluted in 5% NGS and pipetted to designated 

wells. After this, the plate was wrapped and kept in tin foil. The samples were incubated with the 

antibody mixture overnight at +4°C on a mixer.  

Next day, the samples were washed with PBS with one quick wash and 2x 10-minute washes. 

Secondary antibodies were diluted in PBS and added to designated wells. The samples were 

incubated for 2 hours at RT on a mixer. The wells were then washed with PBS with one quick wash 

and one 10 minute-wash. DAPI (Sigma) was diluted 1:2000 in PBS and added in all the wells. The 

plate was incubated for 10 minutes at RT on a mixer. The wells were washed with and left in PBS. 

The glass coverslips in the wells were mounted on glass slides with Fluoromount-G mounting 

medium (Southern Biotech), and stored in a dark box at +4°C. The primary and secondary antibodies 

that were used in the experiments are presented in detail in Table 4. All the listed markers were 

tested in phase 1, and a subset of them were selected for use in phase 3, indicated in the last column. 

Table 4 ICC Markers Details of the markers tested in phase 1. 

 

 

Marker Primary Ab Host Manufacturer Dilution Secondary Ab Chosen

MAP2 Chicken Abcam 1:500 AlexaFluor 568 yes

B-TUB3 Mouse Biolegend 1:1000 AlexaFluor 568 no

CUX1 Mouse Abcam 1:500 AlexaFluor 633 yes

BRN2 Rabbit Abcam 1:500 AlexaFluor 568 no

Deep cortical layer neurons CTIP2 Rat Abcam 1:500 AlexaFluor 568 yes

NPC PAX6 Rabbit Thermofisher 1:200 AlexaFluor 647 yes

Synapsin oyster 650 Mouse Synaptic systems 1:500 - yes

Synapsin Mouse Synaptic systems 1:1000 AlexaFluor 633 no

PSD95 Rabbit Cell signalling 1:300 AlexaFluor 568 yes

SynGAP Rabbit Invitrogen 1:1000 AlexaFluor 568 no

Nuclei DAPI - Sigma 1:2000 -

Pan-neuronal

Upper cortical layer neurons

Pre-synaptic

Post-synaptic
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3.5 Imaging  

The imaging of the ICC-stained samples was done with Zeiss Axio Observer Z1 widefield microscope 

using 10x air objective (NA = 0,3). In addition, the synaptic markers were imaged with a 40x oil 

immersion objective (NA = 0,75). Specific laser intensities and exposure times were set for each 

marker and are presented in detail in Table 5. 

Images of the degree of clustering for phase 2 were taken with Evos XL Core brightfield microscope 

(Invitrogen) with 10x objective (NA = 0,25). The exposure setting was set to 27%. 

Imaging of synaptic markers in phase 3 was done with Andor Dragonfly spinning disk confocal 

microscope (Oxford Instruments) with 60x water immersion objective (NA = 1,2). The exposure time 

was 200ms for all channels, light intensity was 15% for GFP, 15% for Synapsin (oyster 650) and 30% 

for PSD95. 

 

3.6 Evaluation of neuronal clustering 

In the second phase, the degree of neuronal clustering in the co-cultures was evaluated. Each 

sample was imaged four times once a week for 5 weeks. The images were analyzed by evaluating 

the degree of clustering in each image. The indexes used to evaluate the clustering are as follows: 0 

= no clustering, 1 = some clustering, 2 = large clusters, and 3 = completely detached. Reference 

images for the indexing are illustrated in Figure 3. 

 

Antibody Exposuretime Light intensity

PAX6 500ms 66.90 %

CTIP2 500ms 100 %

B-TUB3 300ms 66.90 %

MAP2 100ms 100 %

CUX1 400ms 66.90 %

BRN2 1000ms 100 %

Synapsin (oyster) 400ms 66.90 %

Synapsin 1000ms 66.90 %

PSD95 1000ms 100 %

SynGAP 500ms 100 %

DAPI 150ms 60.20 %

GFP 100ms 35 %

Table 5 Microscope settings The microscope 

settings detailed for each antibody in phase1 
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3.7 Image analysis 

Image analysis was performed using in-house customized ImageJ (NIH) macros. In the analysis, GFP 

channel was used to separate neurons from astrocytes by selecting DAPI-positive nuclei that co-

localized with GFP. The selected neuronal nuclei were then co-localized individually to MAP2, CUX1, 

PAX6 and CTIP2 channels. The percentage of GFP-positive neurons that were positive for a selected 

marker was counted. The thresholds for all channels are listed in Table 6. MAP2 threshold was 

lowered for second batch due to lower signal emission, which was clearly distinguishable from 

background noise, but not as bright as in the first batch. 

The quantification and co-localization analysis for synaptic markers was done with Imaris 9.5 

(BITPLANE). Example images of the Imaris process are shown in Figure 4. First, approximately 300-

550µm of neurite extending from somas were semi-automatically selected with the “Filaments” -

function. The neurite diameter was set to 1µm. Next, post- and pre-synaptic markers were identified  

Figure 3 Clustering categories An image panel showing the reference pictures for each clustering category. 0 = no clustering, 1 = some 
clustering, 2 = large clusters, and 3 = completely detached. 

Macro Marker Threshold

GFP 480

DAPI 780

MAP2 800*

CUX1 260

GFP 480

DAPI 780

PAX6 650

CTIP2 800

1

2

*Threshold was adjusted to 200 in the 

second batch

Table 6 ImageJ thresholds The 

thresholds used in imageJ. 

analysis software Image 
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using the “Spots” -function. Threshold for synapsin was set to 87,6 and for PSD95 it was 118 in the 

first batch and 95,8 in the second. The adjustment done for the second batch was due to differences 

in signal intensity between batches. The spot diameter was set to 1µm in the XY-plane, and to 1,5µm 

in the Z-axis due to greater point spread function in the vertical direction. After setting the values 

for each parameter, the pre- and post-synaptic spots were co-localized individually to filaments 

using “Find spots close to filaments” -function, with the maximum distance set to 0,5µm. The pre- 

and post-synaptic spots close to neurite where then colocalized to each other using “Colocalize 

spots” -function with maximum distance set to 0,5µm. This gave the number of co-localized synaptic 

markers, putative synapses, per 100µm of neurite. 

 

3.8 Statistical analysis 

In phase 2, Fisher’s test was used to compare the performance of different coating materials 

(porn60 vs pei60, porn40 vs pei40) and cell densities (porn60 vs porn40, pei60vs pei40). The data 

was gathered from 2 samples per each condition, from which 4 measurements were taken every 

week for five weeks. The tests were done in RStudio (R version 4.1.3) with parameters set to default. 

Bonferroni correction for 4 tests was applied for adjusting p-values. 

In phase 3, statistical analysis was done for both the identity characterization marker data and 

synapse marker data. The identity and synapse marker data were gathered in two batches. In one 

batch there was one well of each cell line and 4 measurements per well. The same was true for 

synapse data, although 7 measurements were done per well. Two-way analysis of variance (ANOVA) 

with default parameters was used in RStudio for identity and synapse data to estimate differences 

between groups. Statistical significance was estimated by F-test in ANOVA and the p-values were 

adjusted for 4 tests in identity characterization data and 3 tests in synapse data (Bonferroni). The 

model included covariates for cell line and batch that were fitted as fixed effects (    cell line + batch). 

Each characterization marker was analyzed separately for differences in the percentage of GFP 

positive cells that were positive for a specific marker. Positive pre- and post-synaptic puncta per 

100µm of neurite were analyzed individually in addition to the colocalization data. In addition, the 

proportion of variances explained by different experimental and biological sources were estimated 

for the synapse data using restricted maximum likelihood model (RELM) using lmer function in the 

lme4 package (version: 1.1.28) in R. For variance estimation, the covariates were fitted as random  
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Figure 4 Imaris examples Example images from Imaris showing the process of image analysis on a healthy control 
sample. A: An image panel of GFP, PSD95 and Synapsin channels and the corresponding filaments and spots 
generated with Imaris. B: The final co-localized synaptic marker spots near neurite. 
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effects (     (1|cell line) + (1|batch)) and including an additional interaction term for batch effect and 

cell line (~ (1|cell line) + (1|batch)+ 1|batch:cell.line).  

A power analysis was performed in RStudio using pwr package (version 1.3.0). Statistical power (1-

β) was estimated and plotted for four different effect sizes: 2, 1.5, 1.25, and 1.05 with the 

significance level (α) being 0.05. Statistical power was estimated for different sample sizes ranged 

from 2 to 150. An estimate for standard deviation was derived from the colocalization data 

generated for the pilot data set. Then, required sample sizes for obtaining 80% power (α < 0.05) 

were calculated for the selected effect sizes. 

 

4. Results 

 

4.1 Marker selection for neuronal characterization 

The aim of phase 1 was to test and select antibody-based markers for neuronal ICC characterization 

in co-cultures with astrocytes. The characteristics that were under investigation in the cultured 

neurons were maturity, neuronal identity, and superficial cortical identity. At least one marker was 

selected for each qualification. The sought-out qualities in the markers were brightness, correct 

localization, and low background noise. To evaluate the specificity of the antibodies to their target 

proteins, undifferentiated iPSCs were used as negative controls for the staining. 

 

4.1.1 Neuronal identity 

Pan-neuronal markers were needed for confirming that the differentiation protocol produced 

neurons from iPSCs. The markers tested to confirm neuronal identity were antibodies against 

microtubule-associated protein 2 (MAP2) and class III β-tubulin (β-TUB3). The staining with MAP2 

antibody resulted in a strong bright signal in the neuron-astrocyte co-cultures (Figure 5A). Based on 

the signal co-localization with GFP-positive cells, the marker was specific for neurons. The antibody 

localized expectedly in the neurites and somas indicating a successful differentiation. In the negative 

control images, very little background noise was observed.  
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In the co-culture images of β-TUB3 (Figure 5B) positive signal was clearly visible and localized 

correctly to the neuronal processes. However, the negative control revealed off-target staining and 

background signal. Although both MAP2 and β-TUB3 antibodies fulfilled the requirements for a 

neuronal identity marker, MAP2 was chosen for neuronal characterization instead of β-TUB3 due to 

lower amount of background noise. In addition, the localization of MAP2 antibody to the somas of 

the cells was preferable regarding the image analysis method. 

 

4.1.2 Superficial cortical identity 

To gain more specific information of the identity of the produced neurons, a marker for regional 

identity was needed. As the hypothesis details upper layer cortical neurons, this was the desired cell 

type and what the differentiation protocol had been reported to produce. The markers tested to 

confirm the superficial cortical identity of the neurons were antibodies against Cut Like Homeobox1 

(CUX1) and Brain-specific Homeobox/POU domain protein 2 (BRN2). In the co-culture images of 

CUX1 (Figure 6A) positive signal was clearly visible and localized mostly to the nuclei of the GFP-

positive neurons. The larger nuclei that were thought to belong to astrocytes, were less brightly 

stained with CUX1. Although some background signal was observed in the negative control image, 

it was not excessive. BRN2 staining in the co-cultures (Figure 6B) was not as bright as CUX1 staining 

even after considerably increasing the brightness of the images during post-processing. The staining 

was, however, distinguishable from the background noise that was nearly nonexistent in the control 

image. The marker also localized correctly to the nuclei. CUX1 was, nevertheless, chosen for 

neuronal characterization due to stronger signal.  

Figure 5 MAP2 and B-TUB3 ICC stainings A: An image panel of MAP2 ICC staining. The upper row has neuron astrocyte co-cultures. 
The bottom row has undifferentiated iPSCs as a negative control. B: An image panel of B-TUB3 ICC staining. The upper row has neuron 
astrocyte co-cultures. The bottom row has undifferentiated iPSCs as a negative control. Scale bar = 100μm. 
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4.1.3 Markers for excluding undesirable qualities 

In addition to confirming desired qualities in the differentiated neurons, markers for undesired 

qualities were also necessary. Paired box protein (PAX6) is a marker for NPCs, and Coup-TF-

interacting protein 2 (CTIP2) is a marker for deep cortical layer neurons. These two markers were 

tested for ruling out the presence of immature and non-superficial layer neurons in the cultures. To 

test the PAX6 antibody, both positive and negative control samples were prepared. Figure 7A 

presents three types of cultures that were stained and imaged: neuron astrocyte co-cultures, 

negative control samples, and DIV7 neuronal cultures serving as positive controls. Almost no PAX6 

signal was visible in the first two types of cultures, but in the DIV7 cultures, positive signal was 

detectable. The higher expression of PAX6 in immature neurons compared to 5-week-old co-

cultures indicates that the co-cultures did not contain differentiation-resistant NPCs, and that PAX6 

was an effective indicator of maturation stage. 

The performance of CTIP2 antibody is presented in Figure 7B. Almost no signal was visible in co-

culture images or negative control images. This was expected, as there should not be any CTIP2 

present in the co-cultures or iPSCs. CTIP2 and PAX6 were both selected for further use as they 

functioned as expected. A positive control for CTIP2 would have been a beneficial addition for the 

evaluation, however no cultures of deep cortical layer neurons were available for testing at this 

time. 

Figure 6 CUX1 and BRN2 ICC stainings A: An image panel of CUX1 ICC staining. The upper row has neuron astrocyte co-cultures. The 
bottom row has undifferentiated iPSCs as a negative control. B: An image panel of BRN2 ICC staining. The upper row has neuron 
astrocyte co-cultures. The bottom row has undifferentiated iPSCs as a negative control. Scale bar = 100μm. 
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4.1.4 Pre-synaptic sites 

Two different antibodies against Synapsin were tested for labeling pre-synaptic sites. The specificity 

of the staining was evaluated based on several criteria. First, the staining should be distinguishable 

form the background signal. Second, the synaptic elements should be expressed as round puncta. 

Third, the synaptic proteins should be localized in proximity to neurites. From the two pre-synaptic 

markers, Synapsin Oyster 650 had a fluorescent conjugate attached to the primary antibody. The 

images of Synapsin Oyster 650 (Figure 8A) showed some unspecific staining by localizing also to the 

neurites in the co-culture. However, Synapsin Oyster 650-positive puncta were detectable from the 

background noise and localized along the neurites. In the negative control images, no background 

noise was visible. 

For the second Synapsin antibody, positive puncta were visible in the co-culture images (Figure 8B) 

but not as clearly as in images with Synapsin Oyster 650. There was also more background signal 

and fogginess in the images. The negative control images did not contain background noise. 

Synapsin Oyster 650 was chosen for synaptic characterization over Synapsin since there was less 

background signal and fogginess in the co-culture images. The positive signal in Synapsin Oyster 650 

images was easier to distinguish from the background.  

Figure 7 PAX6 and CTIP2 ICC stainings A: An image panel of PAX6 ICC staining. The upper row has neuron astrocyte co-cultures. The 
middle row has undifferentiated iPSCs as a negative control. The bottom row has DIV7 neurons as a positive control. B: An image 
panel of CTIP2 ICC staining. The upper row has neuron astrocyte co-cultures. The bottom row has undifferentiated iPSCs as a negative 
control. Scale bar = 100μm. 
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4.1.5 Post-synaptic sites 

Post-synaptic density protein 95 (PSD95) and synaptic Ras GTPase activating protein 1 (SYNGAP1) 

were tested for labeling post-synaptic sites. Staining with PSD95 antibody resulted in considerable 

amount of background signal (Figure 9A). However, the PSD95-positive puncta were distinguishable 

from the background and localized along neuronal processes. Counterstaining PSD95 with Synapsin 

Oyster 650 revealed co-localization of the two markers confirming their association with synapses 

(Figure 8A and 9A). The positive PSD95 signal is shown with white arrows in the image. 

Staining with SYNGAP1 antibody resulted in lower background noise in co-culture image as well as 

in the negative control image in comparison to PSD95 (Figure 9B). However, SYNGAP1-positive spots 

localized in the somas instead of neurites in contrast to the rest of the synaptic markers that were 

tested. PSD95 was chosen for synaptic characterization despite the background noise, as clearly 

defined PSD95-positive puncta could be detected, and they localized near the neurites and pre-

synaptic sites. 

Figure 8 Synapsin Oyster 650 and Synapsin ICC stainings A: An image panel of Synapsin Oyster 650 ICC staining. The upper row has 
neuron astrocyte co-cultures. The bottom row has undifferentiated iPSCs as a negative control. B: An image panel of Synapsin ICC 
staining. The upper row has neuron astrocyte co-cultures. The bottom row has undifferentiated iPSCs as a negative control. Scale bar 
= 30μm. 
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Figure 9 PSD95 and SYNGAP ICC stainings A: An image panel of PSD95 ICC staining. The upper row shows neuron-astrocyte co-
cultures. The bottom row shows undifferentiated iPSCs as a negative control. B: An image panel of SYNGAP ICC staining. The 
upper row shows neuron-astrocyte co-cultures. The bottom row shows undifferentiated iPSCs as a negative control. Arrows 
point to positive signal spots. Scale bar = 30μm. 
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4.2 Optimization of culturing conditions 

After testing antibodies, the next step was to reduce the clustering and detachment of the co-

cultures by optimizing the culturing conditions. Clustering of the cells complicates image analysis, 

as it is difficult to distinguish individual cells in clusters and to show which markers they express. In 

addition, the cells should remain attached in the culture platform until they have reached a desired 

level of maturation. The areas of the culture that are detached cannot be used in image analysis.  

Two factors that were surveyed to improve the culturing conditions were different coating reagents 

and cell densities, as coating reagents can have toxic properties to cells (Vancha et al., 2014; Calvo-

Garrido et al., 2021) and the plating density has been shown to affect culturing (Biffi et al., 2013). 

PORN and PEI coatings were tested with 60 000 neurons + astrocytes/cm2 and 40 000 neurons + 

astrocytes/ cm2 densities resulting in 4 different culturing conditions (PORN60, PORN40, PEI60, 

PEI40). The clustering and detachment of the cells was evaluated visually using indexing from 0 to 

3, greater values indicating stronger clustering (0 = no clustering, 1 = some clustering, 2 = large 

clusters, 3 = detachment; Figure 3). Here, cultures with the degree of clustering in the scale of 0-1 

were considered suitable for image analysis. The cultures were indexed each week during a 5-week 

period. 

The progression of the experiment in each culturing condition is visible in Figure 10 containing bar 

plots from a 5-week period of culturing. The figure shows how cultures with higher cell densities 

started clustering faster during the first weeks. However, each PORN60 data points stayed in 

category 2 of clustering at week 5 despite the fast clustering during the first weeks. For PEI60, 3 out 

of 8 data points indicated complete detachment of the culture at the 5-week time point. PEI40 

cultures underwent strong clustering at weeks 4 and 5 with all data points showing detachment at 

5-weeks. Interestingly, PORN40 cultures underwent slow clustering, being the only condition with 

any data points in the clustering category 1 at week 5. Thus, PORN40 cultures clustered the slowest 

with least clustering out of all data points at week 5 time point. 

Given that the differentiation protocol requires 5 weeks to produce mature neurons, the outcome 

at 5-week timepoint was the most relevant for the project (Table 7). When looking at the number 

of usable and ruined data points in cultures with 40 000 neurons + astrocytes/ cm2 density, PORN 

coating significantly outperformed PEI (padj. = 0.028). When the cell density was increased, the 
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differences between coatings diminished and were not found to differ significantly (padj. = 0.8). There 

was also a significant difference between the different cell densities in PEI coating (p = 0.026), which 

became unsignificant after correcting for 4 tests (padj. = 0.1). There was no significant difference in 

the performance of PORN between different cell densities. 

PORN60 was the only culturing condition not to have any data points in category 3, meaning that 

no detaching was present in PORN60 cultures. However, the clusters in these cultures were large, 

and individual cells were difficult to tell apart. In contrast, PORN40 cultures had only 2 data points 

with index 3, but mostly developed smaller clusters that suited better the image analysis. Therefore, 

PORN coating and 40 000 neurons + astrocytes/ cm2 density were chosen for the last phase. 

Table 7 The distribution of clustering data points at 5-week timepoint 

Figure 10 Degree of clustering in each condition over time Bar plots depicting the progression of clustering at weeks 1-5. Blue 
indicates PEI coating, green PORN coating. The darkness of the color indicates cell density (light for lower and dark for higher). Counts 
of data points in each category are on the y-axis, clustering categories on the x-axis. 
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4.3 Characterization of co-cultures from monozygotic twins discordant for 

schizophrenia 

In phase 3, the selected ICC markers and optimized culturing conditions were put in use by 

characterizing neurons from three different cell lines, thus testing the synaptic assay constructed 

here. First, the identity of the neurons in astrocyte co-cultures was characterized with the ICC 

markers chosen in phase 1. Second, the synaptic density was determined by visualizing pre- and 

post-synaptic puncta in the differentiated neurons with ICC and co-localizing them to quantify the 

number of structurally mature synapses. Two of the cell lines were derived from monozygotic twins 

discordant for schizophrenia and one from an unrelated healthy control subject. The results were 

compared between cell lines to assess the sources of variance and reproducibility of the experiment. 

 

4.3.1 Characterization of identity 

Characterization of the patient and unaffected neurons was performed with MAP2, CUX1, CTIP2, 

and PAX6 antibodies (Figure 11A-B). Similarly with phase 1, the positive signal of MAP2 and CUX1 

was clearly visible in the cultures, whereas the signal from CTIP2 and PAX6 staining was mostly 

undetectable. There was some PAX6-positive signal in the samples resembling that in the positive 

Figure 11 Example images of identity characterization in phase 3 A: An image panel of MAP2 and CUX1 ICC staining. The upper 
row has images of unaffected twin cell line, the middle row has images of the affected twin cell line, and the bottom row has images 
of the healthy control cell line. B: An image panel of CTIP2 and PAX6 ICC staining. The upper row has images of the unaffected twin 
cell line, middle row has affected twin, and the bottom row has healthy control. Scale bar = 100μm. 
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control used in phase 1 (Figure 7). However, the PAX6-positive cells presented in Figure 11B were 

not positive for GFP. In contrast, there was high CUX1 and MAP2 expression in the GFP-positive 

cells, indicating desired neuronal identity of the differentiated cells. 

After staining the cultures, the number of neurons positive for each marker was quantified and 

compared between cell lines and batches using two-way-ANOVA. On average, MAP2 was expressed 

by 80% to 90% of the neurons in all cell lines (Figure 12). The highest MAP2 expression was detected 

in neurons derived from the unaffected twin (91%) and the lowest in healthy control neurons (80%). 

Despite the high average expression in all cell lines, in the healthy control cell line some 

measurements were as low as 56%. CUX1 was expressed by approximately 90 % of the neurons in 

nearly all cell cultures with no significant differences between cell lines. The only deviation from this 

was detected in the neurons derived from the twin with schizophrenia with one data point below 

75%. The CTIP2 and PAX6 signals were virtually undetectable in all cultures. To conclude, the 

majority of the neurons in the co-cultures had features of superficial layer cortical neurons, and the 

Figure 12 Identity characterization quantification Box plots visualizing the percentage of GFP positive cells that were expressing a 
specific marker. The percentage is on the y-axis, and cell line on the x-axis. Batches are color-coded. 
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neuronal identity was not affected by the clinical status of the donors. Using ANOVA’s F-test, no 

significant differences in marker expression between cell lines or batches were detected after 

correcting for 4 tests. Only CUX1 expression had a significant batch effect before correction (p = 

0.047). 

 

4.3.2 Synapses 

Synapses were identified by staining pre- and post-synaptic sites using Synapsin Oyster 650 and 

PSD95 antibodies (Figure 13). The synaptic quantification involved detection of synaptic puncta near 

neurites and co-localization of pre-synaptic puncta with post-synaptic puncta to find structurally 

mature synapses. Statistical analysis was done with two-way-ANOVA and restricted maximum 

likelihood model. 

The mean Synapsin puncta density varied approximately from 6 to 10 puncta/100μm neurite 

between the cell lines (Figure 14, Table 8), the neurons from the affected twin expressing the highest 

density (9.6 puncta/100μm). In addition, the data points from the affected twin were most spread 

out. The healthy control cell line had the lowest mean pre-synaptic puncta density (5.7 

puncta/100μm). A significant difference between experimental batches was observed (padj. = 

0.0004). The means for PSD95 puncta density were approximately between 2 and 3 puncta/100μm 

neurite. No statistically significant differences were found between cell lines (padj. = 0.96). However, 

similarly to the pre-synaptic data, a significant difference between batches was detected (padj. = 

0.01). The healthy control cell line had the lowest mean puncta density (1.9 puncta/100μm) and the 

unaffected twin cell line had the highest mean post-synaptic puncta density (3.1 puncta/100μm).  

Figure 13 Example images of ICC synapse staining. An image panel of PSD95 and Synapsin ICC staining on the healthy control cell 
line. Scalebar = 50μm. 
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After co-localizing the pre- and post-synaptic puncta, highly similar results were obtained between 

the cell lines, all of which expressed on average approximately 1 synapse/100μm neurite (Figure 15, 

Table 8). No statistically significant differences were found between cell lines (padj. = 1) or batches 

(padj. = 0.72; Table 8). In more detail, the means for synapse densities were 0,95 synapses/100μm 

neurite in the healthy control, 0,98 synapses/100μm neurite in the unaffected twin, and 1,07 

synapses/100μm neurite in the affected twin. 

Restricted maximum likelihood model was used to assess sources of variance. For the pre-synaptic 

data, only 7% of variance was explained by cell line, whereas 42% was explained by experimental 

batch (Table 8). Strikingly, in the post-synaptic data, cell line explained only 1% of variance while the 

experimental batch explained 29% of the total variance. Similarly, in the colocalization data, cell line 

explained 0% of the variance and batch only 2%. The residual variance is notable in all categories 

and explains majority of the variance in the colocalization data. When an interaction term 

(1|batch:cell.line) was included in the model to capture possible variance introduced by inconsistent 

cell line reactions to batches, it was evident that the cell lines were affected substantially and in 

different ways by the batches. Importantly, the interaction term captured all variance related to the 

cell lines. 

Figure 14 Boxplots of individual synaptic markers in phase 3 A: A boxplot visualizing the number of Synapsin-expressing puncta per 
100μm neurite in each cell line. The count of puncta is on the y-axis, and cell lines on the x-axis. B: A boxplot visualizing the number of 
positive Synapsin-expressing puncta per 100μm neurite in each cell line. The count of puncta is on the y-axis, and cell lines on the x-
axis. 
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Figure 15 Colocalized synaptic markers A boxplot visualizing the number of co-localized 
pre- and post-synaptic markers per 100μm neurite. The number of colocalized synaptic 
markers is on the y-axis, cell line on the x-axis, and batches are color coded. 

Pre-synaptic Post-synaptic Colocalized

Control 5.7 1.9 0.95

Healthy twin 6.8 3.1 0.98

Sick twin 9.6 2.7 1.07

Cell line padj. = 0.18 padj. = 0.96 padj. = 1.00

Batch pa dj. = 0.0004 pa dj. = 0.01 padj. = 0.72

Cell line 7 % 1 % 0 %

Batch 42 % 29 % 2 %

Residual 51 % 71 % 98 %

Interaction 24 % 6 % 11 %

Cell line 0 % 0 % 0 %

Batch 35 % 27 % 0 %

Residual 41 % 68 % 89 %

Mean puncta density

Statistical significance of differences between groups

Sources of variance

Interaction co-variate is included

Table 8 Summary of phase 3 results  
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4.4 Power analysis 

After performing a pilot with the constructed synaptic assay, the next step was to investigate what 

would be an appropriate sample size to detect statistically significant differences. A power analysis 

was performed using the standard deviation observed in the colocalization measurements (sd = 

0.91). Different effect sizes (2, 1.5, 1.25, and 1.05) were used with α = 0.05. When effect size 

decreased, the required sample size increased. If the effect size was 2, the required sample size was 

11, but when the effect size decreased to 1,5 the required sample size was 38. When the effect size 

further decreased to 1,25 or 1,05 the required sample size increased to 147 and 3652, respectively. 

When only half standard deviation was used in the analysis the required sample sizes decreased. 

For effect sizes 2, 1.5, 1.25, and 1.05 the respective required sample sizes were 4, 11, 38 and 914. 

 

 

 

 

 

Figure 16 Power analysis A power analysis graph visualizing the required sample size (n) with different effect sizes. 
Power is on the y-axis, sample size on the x-axis, and effect sizes are color coded. 
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5. Discussion 

 

5.1 Experiments 

5.1.1 Testing and selection of ICC markers 

The construction of the synaptic assay was started with testing and selecting suitable antibodies for 

the characterization of iPSC-derived neurons with ICC. The markers needed to confirm the neuronal 

identity of differentiated neurons co-cultured with astrocytes, as the desired neuronal type was 

upper layer cortical, excitatory, and past NPC-phase neuron. Importantly, the markers were also 

needed to label their pre- and post-synaptic elements. Pan-neuronal markers tested were MAP2 

and B-TUB3, from which MAP2 was chosen. The localization of MAP2 was in dendrites and somas, 

and the signal was bright with little background noise. B-TUB3 also localized correctly in the neurites. 

However, there was a significant amount of background noise in the co-cultures and in the iPSC 

cultures that were acting as a negative control. There is previous reporting on B-TUB3 staining 

varying amounts of undifferentiated iPSCs (Kuang et al., 2019). However, B-TUB3 does not seem to 

be expressed in embryonic stem cells before forming the ectoderm layer (Li et al., 2017). Thus, iPSCs 

in general might occasionally have some similarities to ectodermal stem cells. One explanation could 

be spontaneous differentiation by the accumulation of mutations. The most likely explanation, 

however, is the usage of ROCK inhibitor during standard culturing. ROCK inhibitor has been reported 

to promote iPSC differentiation into ectodermal lineage (Jiang et al., 2022). MAP2 was more suitable 

as a pan-neuronal marker than B-TUB3, since there was no off-target staining and the signal was 

correctly localized and bright. 

The superficial cortical identity markers tested were CUX1 and BRN2, from which CUX1 was chosen. 

Both antibodies stained neuronal nuclei but also astrocyte nuclei. Astrocytes have been reported to 

express CUX1, but in lower amounts than in neurons. BRN2 on the other hand, has been reported 

to be expressed in higher amounts in astrocytes than in neurons (The Human Protein Atlas, v21.0). 

In this experiment, CUX1 seemed to stain neuronal nuclei brighter than those of astrocytes, which 

is in line with these previous expression level observations. CUX1 was chosen due to distinctly 

brighter signal, although BRN2 could have served as a superficial cortical marker as well. The 
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brighter signal could be due to higher expression levels for CUX1 compared to BRN2, which are 

reported in the Human Protein Atlas (v21.0). 

Two markers for out ruling undesired qualities were tested: deeper layer cortical marker CTIP2 and 

neuronal progenitor marker PAX6. Both were selected for use in further experiments. PAX6 had 

nearly no positive signal at all in the mature co-cultures or iPSCs, however, clear positive signal was 

detectable in multiple neuronal nuclei of DIV7 neuronal cultures. This indicates that the marker was 

working and staining the NPCs in the culture. There was some unspecific binding and background 

signal from PAX6. CTIP2 did not give any signal in co-cultures or iPSCs. However, the absence of 

positive control prevents the complete evaluation of the marker’s performance, and thus needs to 

be considered when interpreting the results. For example, it is possible that the antibody used was 

defective and would not give visible signal even with CTIP2+ cells. Nevertheless, using the data 

available, CTIP2 marker performed as expected. 

Two different Synapsin antibodies were tested as markers for pre-synaptic sites. The antibodies 

were from the same manufacturer, but one of them was labeled with Oyster 650nm fluorescent 

conjugate. The labeled Synapsin was selected for further use. Both antibodies had clear positive 

signal puncta that localized correctly along the neurites, yet both antibodies also had off-target 

binding and background noise. The unlabeled Synapsin had more background signal and fogginess, 

and the puncta were dimmer. The most likely explanation for this is the dynamic of two antibodies 

and indirect signal versus one antibody and direct signal. Indirect signal is known to pose more of a 

risk for background signal due to more opportunity for unspecific binding. Other known causes for 

background include antibody excess, antibody cross-reaction with the cells, insufficient blocking, 

and insufficient washing (ICC Handbook, Novus Biologicals, 2017). The staining protocol was the 

same for all markers, therefore other than antibody specific issues are unlikely explanations.  

For post-synaptic sites, two markers were tested: PSD95 and SynGAP, from which PSD95 was 

selected. PSD95 had a high amount of background noise and unspecific staining. The reason for 

excessive background noise is unknown. The manufacturer recommends using the antibody with 

frozen samples, which were not used here. The most common sources of background noise 

mentioned above do not directly fit here either, except for antibody specific reasons, such as cross-

reaction with something in the cell. Regardless, the positive signal was recognizable and localized 

correctly near the neurites. In contrast, SynGAP had low background noise, but the puncta were 

localized in the somas of the neurons. All isoforms of SynGAP have been reported to localize in the 
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post synaptic density (Gamache et al., 2020), which makes this result abnormal. Interestingly, 

SynGAP isoform α1 is exclusively localized to excitatory synapses (Gamache et al., 2020), which 

raises the question whether these neurons could be in fact inhibitory. However, the differentiation 

protocol has been thoroughly tested and the produced neurons exhibit a clear excitatory identity 

(Nehme et al., 2018). Another supposition is the relative immaturity of the cells, and if post-synaptic 

localization of SynGAP could be related to more mature neurons. The explanation could also lie in 

iPSC technology, meaning that differentiated neurons might not exhibit identical features to primary 

neurons. 

 

5.1.2 Optimization of culturing conditions 

After selecting suitable antibodies, the optimization of culturing conditions was necessary, as the 

cells were observed to cluster and detach during the differentiation protocol. Clustering complicates 

the analysis of images of ICC stainings, as it is difficult to tell individual cells apart and count them. 

Neuronal clustering can be related to poor attachment to the culturing surface or cell density 

(Vancha et al., 2014). Thus, two parameters were examined: different cell densities (40 000 + 40 000 

and 60 000 + 60 000 neurons + astrocytes /cm2) and coating options for the culturing wells in 

addition to laminin (PORN and PEI). These amounted to 4 different culturing conditions (PORN60, 

PORN40, PEI60, PEI40) in which cells were imaged and the degree of clustering/detachment was 

evaluated during five weeks. PORN40 was the condition that was selected for further use. 

The cultures with 60 000 cells/cm2 started clustering faster than cultures with 40 000 cells/cm2 until 

week 3 (Figure 10). However, after this in weeks 4 and 5, PEI40 cultures had the most clustering and 

detachment. Thus, early clustering seems to not be fully indicative of the clustering outcome at the 

end of the differentiation protocol. The early clustering of the higher cell density cultures might be 

due to the cells settling and finding their place in respect to each other, resulting in clusters simply 

because there is more opportunity for cell-to-cell contact. This way, the effect would be more 

moderate in the lower cell density. PORN40 was clearly trailing behind regarding the progression of 

clustering during the differentiation protocol, but some data points ended up detached in the last 

timepoint. PEI40 cultures progressed similarly to PORN40 cultures until week 3, after which PEI40 

cultures progressed rapidly to detachment. In the end (Table 7), PORN60 had all data points in 
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category 2, PORN40 data points were scattered across categories 1, 2, and 3, PEI60 had data points 

in categories 2 and 3, and PEI40 data points were all in category 3. 

Based on the progression of clustering, in addition to the higher cell density promoting clustering 

early on, lower cell density seems to increase the risk of severe clustering or detaching at later 

timepoints. This could be due to the lower total number of astrocytes in the co-culture, since 

astrocytes are thought to anchor neurons to the culturing surface (Eroglu and Barres, 2010), and 

astrocytes were added in 1:1 ratio with neurons when plating. The higher number of astrocytes 

would mean larger astrocyte coverage of the well area, which could have then led to the cultures 

not detaching as often. This effect might be visible in PEI performance, which improved when the 

cell density was increased. Perhaps a similar effect exists with PORN, since none of the higher cell 

density cultures detached, whereas 2 data points were in the detached category of the lower cell 

density cultures at the last timepoint. The effect of cell density in neuronal cultures have been 

studied, and 60 000 cells/cm2 has been reported to have longer stability in comparison (Biffi et al., 

2013). Nevertheless, the PORN40 cultures had the least clustered data points of all culturing 

conditions despite the few detached data points. In summary, even if the lower cell density 

increased risk of detachment, the cultures that did not detach seemed to be less clustered. 

From the coatings, PORN performed better than PEI. The differences between PORN and PEI 

performance in the higher cell density were not as striking and did not reach statistical significance. 

Both are synthetic cationic polymers, but more literature seems to exist about PORN. In the 

manufacturer’s description, PORN is descried as a popular choice for coating especially for neuronal 

cell cultures; it could be that neuronal cultures prefer PORN over PEI for an unknown reason. Both 

polymers have been reported to be toxic to cells if not washed properly (Vancha et al., 2014; Calvo-

Garrido et al., 2021). PEI was used in higher concentration than PORN, which could potentially leave 

more toxic residue if washing was not satisfying. Other sources for worse performance of PEI could 

include degeneration due to shelf life or a defective batch. 

 

5.1.3 Testing the synaptic assay: characterization of identity 

With the selected antibodies and optimized culturing conditions, the synaptic assay could be tested. 

Three cell lines were differentiated from iPSCs into neurons in co-cultures with astrocytes. First, the 

identity of the differentiated neurons was determined with ICC. The identity characterization was 
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performed with MAP2, CUX1, CTIP2 and PAX6 ICC markers, by quantifying the percentage of GFP+ 

neurons positive for a specific marker. All cell lines had a high percentage of GFP+ neurons positive 

for MAP2 and CUX1 (Figure 12). For both CTIP2 and PAX6 the average percentage of positive GFP+ 

neurons was less than 2%. These results indicate that the differentiated neurons were mainly of 

upper cortical layer identity and past the precursor phase. It seems that the protocol performed as 

expected and produced neurons of desired identity, which is in line with previous reports (Nehme 

et al., 2018; Chen et al., 2020). These results also indicate that all cell lines differentiated similarly. 

There was some batch effect observable in the data, as well as during imaging. For example, some 

batch effect is visible in CUX1 and MAP2 expression (Figure12). During imaging, the batch effect in 

MAP2 signal intensity was so notable that the threshold needed to be adjusted in image analysis. In 

batch 1, MAP2 was very bright, whereas in batch 2 the signal was clearly positive but not as strong. 

The effect was visible in all cell lines. The reason for batch effect in the percentage of CUX1 or MAP2 

positive cells might be due to accidental differences in the differentiation process, such as the iPSC 

cultures being in different status due to previous passages or confluence, or exposure time to 

selective reagents varying by a couple of hours. The difference in MAP2 brightness between batches 

could be due to forementioned culturing related circumstances, as well as variables in ICC staining, 

such as bleaching. 

Another interesting notable phenomenon was the unfortunate decrease in GFP expression in cells 

over the differentiation process. As is seen in Figure 11, relatively few cells are expressing GFP, 

although at the start of differentiation GFP expression was very high. In theory, half of the cells 

should be GFP+ since neurons and astrocytes were plated in 1:1 ratio. There are previous reports 

on loss of GFP expression in cell cultures over time, owing to silencing of unnecessary or of unknown 

origin genes in the cells (Kaufman et al., 2008). The loss of GFP hinders the analysis of the results 

since a part of the differentiated neurons are not recognized. Even so, GFP selection is a necessary 

step in the analysis of neurons so that astrocytes in the culture can be excluded from the analysis 

and the maturational status of the neurons can be evaluated. 

Peculiarities in PAX6 expression are in relation to the decrease in GFP expressing cells over time. In 

Figure 11B, positive signal for PAX6 is visible in some neuronal nuclei, which resemble the DIV7 

positive control neurons for PAX6 in phase 1 (Figure 7). These PAX6 positive cells are likely neuronal 

progenitor cells, which indicates heterogeneity in the cell culture. Interestingly, the vast majority of 

the cells positive for PAX6 are not positive for GFP. There are a few possibilities for this. For one, the 
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lack of GFP expression could be due to not being infected with the GFP containing plasmid in the 

first place or losing it during the differentiation process. However, the fact that these cells were in 

addition less mature than the other cells, it suggests that these cells could have lost expression of 

both the GFP and NGN2 containing plasmids during the differentiation process. This could have then 

left the cells at a less mature stage. 

 

5.1.4 Testing the synaptic assay: synaptic density 

After confirming the identity of the differentiated neurons, the synaptic density was examined. The 

number of synapses per 100μm of neurite was defined for each cell line through co-localization of 

pre- and post-synaptic markers synapsin and PSD95. The density of pre- and post-synaptic puncta 

differed between cell lines, but after co-localization all cell lines had approximately 1 

synapse/100μm of neurite. The test run revealed some caveats in the assay. First, there was a 

significant batch effect visible in the individual pre- and post-synaptic puncta (Figure 14, Table 8). 

The effect did decrease with co-localization; however, it is something to consider. The proportion 

of variance accounted by batch was notable in the pre- and post-synaptic puncta data, suggesting 

that both cases and controls might need to be included in all batches to count for the effect. 

Second, the largest source for variance was residual, which suggests great technical variance and 

possibly decreased reproducibility. Technical variance can also be seen in the box plots (Figure 14 

and 15), where technical replicates are highly scattered. Here, the data points in the same batch 

should cluster together as they are technical replicates. This is partly explained by the heterogeneity 

of the cell cultures produced and imaged. As can be seen from the example images of the cultures 

(for example, Figure 11A) the cells in the culture wells are not evenly and homogenously distributed. 

Thus, it is reasonable to assume that the synapses are not evenly distributed either.  When imaging 

with a confocal microscope, only a small section of the culture is being imaged, and the sections can 

differ vastly from one another. When extrapolating the synaptic density from a small image, the 

result can differ depending on whether the image happens to be from a crowded or sparse location 

in the culture. One solution to this is to use high-content imaging, that allows for analyzing larger 

areas, even whole culturing wells, to avoid small-scale heterogeneity to introduce variance in the 

data (Naujock et al., 2020). In addition to uneven distribution of cells in the culture, the reason for 

heterogeneity in the images can include differing expression levels of NGN2 resulting in differing 
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phenotypes between individual cells. This can be due to e.g., gene silencing over time (Kaufman et 

al., 2008). 

Third, the variance explained by the cell line was low in the individual pre- and post-synaptic puncta 

data, and nonexistent in the colocalization data. This is unexpected and undesirable when trying to 

study cell line related effects. When an interaction term was included, the proportion of variance 

explained by the cell line dropped to 0% in all pre-, post-synaptic and colocalized data, which means 

that no effect for the donor could be detected in the experimental system. The interaction term 

captured all variance related to the cell lines, which suggests that the majority of variance associated 

with the cell lines is related to experimental inconsistencies between batches. Part of the variance 

depicted by the interaction term can be explained with the iPSCs being in different states regarding 

e.g., confluency and previous passages, at the start of the differentiation in different batches. The 

nonexistent donor effect could also point to differences in synaptic density between cases and 

controls being small. This concords with the fact that the schizophrenia related common variants, 

which form the bulk of associated risk variants, have low effect sizes. In conclusion, if changes in 

synaptic density are associated with schizophrenia, this assay might not be able to recognize it due 

to excessive technical variance burying the signal, which might be weak due to only small differences 

between cases and controls. However, a larger sample size is needed to confirm this. 

 

5.1.5 Power analysis 

The results from the test run showed notable undesired variation in the assay, in addition to the cell 

lines having little differences in their synaptic density. This inspired me to execute a power analysis 

to estimate the required sample sizes to obtain statistically significant results in different effect sizes 

using the standard deviation observed in the data. The results of the power analysis demonstrated 

how the required sample size increases when the effect size decreases (Figure 16). It is difficult to 

estimate from this project what the effect size is expected to be, since the differences between cell 

lines were trivial and the sample size very small. This could suggest, however, that the effect size 

might be relatively small. 

In a meta-analysis of post-mortem studies, 1.36 -fold difference was found between means of 

cortical synaptophysin levels in schizophrenia patients and controls (Osimo et al., 2018). In the 

power analysis 1.25 effect size points to 147 replicates and 1.5 effect size to 38 replicates. This 
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suggests that with 1.36 effect size the number of biological replicates might need to be as high as 

100 or even more. Common variants form the bulk of the genetic susceptibility variants linked to 

schizophrenia, and the latest estimate of the median effect size was found to be 1.05 (PGC, 2020, 

preprint). Therefore, in theory, to detect the effects of a common variant a sample size of 3652 

would be needed. However, focus should also be directed towards reducing noise in the assay. 

When the variation can be reduced to the point where standard deviation is half, the required 

sample size notably decreases. For example, for the effect size of 1.05 a sample size of 914 would 

suffice. Thus, both increasing the sample size and decreasing variation are essential for ideal 

performance of the assay. 

 

5.2 Limitations 

 

The most obvious limitation in this thesis is the small sample size as is evident from the power 

analysis. Furthermore, the differentiation protocol presents some challenges. The nature and 

duration of the protocol, albeit shorter than many other preceding protocols, set a cap on the 

sample size. Increasing the sample size in the hundreds or thousands can result in an unreasonably 

laborious project. The duration of the differentiation protocol also allows for accumulation of slight 

variations between batches. This could lead to batch effect, which can complicate the analysis of 

the results. Some of the batch effect visible in this project could be due to this. In addition, the 

noticeable decrease in GFP expression and possible decrease in NGN2 expression over time due to 

e.g., gene silencing can complicate analysis and result in more heterogenous cultures. Induction 

protocols have also raised concerns whether developmental defects can be modeled since some 

steps in the developmental process are “skipped” (Ho et al., 2015). It remains to be seen whether 

forced expression of NGN2 evens out differences in synaptic density between case and control iPSC-

derived neurons. 

Clear positive controls would have brought important insight into the ICC marker testing and 

characterization of the differentiated co-cultures in phases 1 and 3, respectively. This is true 

especially with PAX6 and CTIP2, which were both expected to be negative in the co-cultures. It is 

difficult to confirm whether the marker or specific antibody in question is viable without a positive 

control. Positive controls, such as primary cultures, for other markers would have allowed for 
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further analysis on whether the iPSC-derived neurons have the desired qualities and cellular 

identity. Primary cultures are closer, though not necessarily fully identical, to the in vivo neurons 

that are attempted to be modeled with iPSC-derived cultures. Comparison could provide deeper 

insight of the precision and accuracy of the differentiation protocol. 

iPSC technology is relatively new, and some open questions remain. One of the most prominent 

uncertainties with iPSCs is how much the differentiated cells resemble the desired cell type. Most if 

not all cell culture -based set ups aiming to model neural conditions lack the equivalent 3D 

environment with its mix of different cell types, molecules, and structures. It is unclear whether the 

absence of the in vivo elements can be fully compensated. This inevitably restricts the conclusions 

which can be drawn from the results. Thus, phenomena observed in iPSC-derived cultures cannot 

be automatically generalized to depict the disorder phenotype in vivo without further confirming 

research. The uncertainties with X-inactivation erosion, mutations and enduring epigenetic states 

add to the issue (Carter et al., 2020; Ho et al., 2015). However, consistent and significant differences 

observed between case and control cell cultures have to be associated with the donor’s health 

status. These kinds of results can give clues of the biological qualities associated to the disorder. 

The astrocytes used in this project were iPSC-derived astrocytes from healthy human controls. Using 

human astrocytes offers advantages compared to traditionally used rodent astrocytes, since there 

are many key differences including differential signaling pathways (Leventoux et al., 2020), size, and 

morphology (Eroglu and Barres, 2010). However, the iPSC origin could introduce some 

disadvantages as well. The same issues apply here as before, that the degree to which iPSC-derived 

astrocytes function like primary astrocytes is unclear. In addition to this, a concern arises whether 

the relatively young maturational stage iPSC-derived astrocytes can maintain their identity intact 

during the neuronal differentiation protocol. One theory for the late-stage detachment of the co-

cultures in phase 2 could be that the astrocyte functionality declines during the neuronal 

differentiation. The health status of the astrocytes could have affected the absence of differences 

between cell lines. In theory, use of healthy astrocytes should allow for inspecting neuron specific 

phenomena related to the disorder phenotype. In practice, however, healthy astrocytes might 

compensate for the possible defects in the neurons. 

Lastly, the usage of scripts and automated image analysis present some questions. Using automated 

image analysis offers more consistent analysis compared to human evaluation, which is more prone 

to subjectivity. The scripts used in this project have strict threshold values for interpreting signal 
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either positive or negative, which can become an issue with differing batches. ICC in general is only 

semiquantitative meaning that the batches are not entirely comparable without further processing 

i.e., normalizing (Chang et al., 2020). In this project, some thresholds were adjusted between 

batches if it seemed necessary. However, it is recommended to adjust all thresholds between 

batches. Adjusting thresholds also carries the risk of subjectivity and error, which is why a 

normalization step could be useful (Chang et al., 2020). 

 

5.3 Conclusions and future prospects 

Schizophrenia is a polygenic disorder with a complex etiology. Exciting genetic associations and 

causalities have been discovered that support a neurodevelopmental origin of schizophrenia, also 

implicating the CNS, neurons, and their synapses. The genetic findings need to be translated into 

biological findings to understand the underlying mechanisms and sequentially to discover new 

treatments. In this thesis, a synaptic assay was established which quantified the synaptic density in 

2D iPSC-derived neuron-astrocyte co-cultures using ICC. The results of the assay's test run revealed 

some room for improvement in the assay. The main issue was high undesired variation in the assay 

having the potential to drown out differences between cell lines. The sources for this variation 

included technical variation, batch effect and small-scale heterogeneity in the cell cultures. 

The effect sizes of associated common variants are miniscule (PGC, 2020, preprint). In addition, the 

differences that have been found in patient brains compared to controls are small, meaning that 

schizophrenia is impossible to diagnose or detect from a simple brain imaging test or post-mortem 

analysis (Birnbaum and Weinberger, 2017). Therefore, it is reasonable to assume that the biological 

differences observable in iPSC-derived models are also small. Thus, utilizing a large enough sample 

size and decreasing noise in the assay are crucial for obtaining valid results. The assay constructed 

here was similar to previous synaptic assays used to report differences in synaptic densities (Ishii et 

al., 2019; Naujock et al., 2020; Wen et al., 2014). Many exciting results have been reported from 

iPSC-based studies, however, it remains to be seen which findings can be replicated. Small sample 

sizes and noise in the utilized assays can result in skewed results. 

iPSC technology is relatively new and carries heaps of promise for neurobiology-related disorders. 

The field is developing quickly and continues to offer improved and more specific protocols. 

Currently, open questions remain regarding differentiation protocols and the cells that are 
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produced as a result. It is not entirely clear how representative the produced cells are of the desired 

cell types, and the cultures often contain heterogeneity to some extent (Ho et al., 2015). Therefore, 

the findings made with iPSCs need to be carefully interpreted, as the generalizability to 

schizophrenia is unclear. In the future, it is expected that the complexity of iPSC-derived models 

increases, as different structures and cell types are introduced to the system. This offers more 

dimensions and possibly a wider view into the biological mechanisms, however, it potentially also 

increases sources of variation that must be considered. iPSC technology provides access to 

previously impossible experimental designs and research questions, but not without its challenges. 
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