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ABSTRACT 

Schizophrenia spectrum disorders (SCZ) are severe and complex mental diseases with a 

multifactorial disease aetiology, which are characterized by the interplay of genetic (e.g. copy 

number variants) and environmental factors. One major theory in psychiatry proposes aberrant 

dopamine neurotransmission associated with a hyperdopaminergic state in the striatum and a 

hypodopaminergic state in the prefrontal cortex contributing to positive and negative/cognitive 

symptoms, respectively. Detailed mechanistic insight into hypodopaminergic signalling in the 

mesocortical pathway, particularly the interactions between dopaminergic and glutamatergic 

neurons, is widely lacking. Another popular hypothesis postulates an imbalance in excitatory 

and inhibitory signalling in the prefrontal microcircuitry, which is accompanied by aberrant 

synaptic connectivity and neuronal network deficits. These characteristic features, observed in 

patients with neuropsychiatric disorders such as SCZ, are thought to result in cognitive 

symptoms.  

To explore the interactions between dopaminergic and glutamatergic neurons in SCZ, a 

humanized iPSC-based in vitro co-culture model derived from patients with idiopathic SCZ was 

established. In addition, an isogenic co-culture model composed of iPSC-derived 

glutamatergic and GABAergic cortical neurons (E-I co-culture) carrying 15q13 and 22q11 

microdeletions, as genetic risk factors for SCZ, was employed to better understand excitation-

inhibition imbalance observed in SCZ and related neuropsychiatric disorders. 

Transcriptome analysis of SCZ dopaminergic neurons revealed downregulation of early 

transcription factors, dopamine metabolism genes, as well as the autoreceptor DRD2 

suggesting a hypodopaminergic phenotype and disinhibition of neuronal activity. Cell type-

specific analysis revealed increased neuronal activity in both dopaminergic and glutamatergic 

SCZ neurons in co-culture, which was found to be mainly driven by SCZ dopaminergic neurons 

and was rescued by a selective DRD2 agonist. In addition, an excess loss of glutamatergic 

synapses was observed in SCZ co-cultures, whereas dopaminergic synapses remained 

unaffected. In E-I co-cultures carrying 15q13 and 22q11 microdeletions, a synaptic shift 

towards increased inhibition was observed, which was accompanied by decreased network 

activity, but increased synchronicity.  

Overall, the established dopaminergic-glutamatergic co-culture model offers the possibility to 

study mutual interactions between dopaminergic and glutamatergic neurons in more detail and 

underpins the study of a hypodopaminergic phenotype in SCZ. Furthermore, findings of the 

microdeletion E-I co-culture system support the hypothesis of an excitation-inhibition 

imbalance. Although both co-culture systems comprised distinct neuronal compositions, 

aberrant excitatory synapse formation was identified as an overarching feature. 
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ZUSAMMENFASSUNG 

Das schizophrene Spektrum (SCZ) beinhaltet schwere und komplexe neuropsychiatrische 

Erkrankungen mit multifaktoriellen Ursachen, die durch ein Zusammenspiel von genetischen 

Faktoren (z.B. chromosomalen Duplikationen oder Deletionen), sowie verschiedenster 

Umweltfaktoren gekennzeichnet sind. Eine der wichtigsten Theorien in der Psychiatrie geht 

von einer gestörten dopaminergen Transmission aus, die mit einem hyperdopaminergen 

Zustand im Striatum und einem hypodopaminergen Zustand im präfrontalen Kortex einhergeht 

und damit jeweils zu positiven bzw. negativen/kognitiven Symptomen führt. Detaillierte 

mechanistische Einblicke zur hypodopaminergen Signalgebung im mesokortikalen Signalweg, 

insbesondere zu den Wechselwirkungen zwischen dopaminergen und glutamatergen 

Neuronen, fehlen weitestgehend. Eine weitere Hypothese postuliert ein Ungleichgewicht 

zwischen exzitatorischen und inhibitorischen Signalen in den Mikroschaltkreisen des 

präfrontalen Cortex, das zudem von einer aberranten synaptischen Konnektivität und Defiziten 

in neuronaler Netzwerkaktivität begleitet wird. Diese Merkmale sind charakteristisch für 

Patienten mit neuropsychiatrischen Störungen wie SCZ und äußern sich in kognitiven 

Symptomen. 

Um die Wechselwirkungen zwischen dopaminergen und glutamatergen Neuronen für SCZ zu 

untersuchen, wurde ein humanes iPSC-basiertes in vitro Ko-Kulturmodell bestehend aus 

Neuronen, die von Patienten mit idiopathischer SCZ abgeleitet wurden, entwickelt. Darüber 

hinaus wurde ein isogenes Ko-Kulturmodell aus iPSC-abgeleiteten glutamatergen und 

GABAergen kortikalen Neuronen (E-I Ko-Kultur) mit 15q13 und 22q11 Mikrodeletionen als 

genetische Risikofaktoren für SCZ eingesetzt. Mit Hilfe dieses Modells wird versucht, das 

beobachtete Ungleichgewicht zwischen exzitatorischen und inhibitorischen Signalen in SCZ 

und ähnlichen neuropsychiatrischen Erkrankungen besser zu verstehen. 

Die Transkriptomanalyse dopaminerger SCZ Neuronen ergab eine Herunterregulierung früher 

dopaminerg-spezifischer Transkriptionsfaktoren, Gene des Dopaminstoffwechsels, sowie des 

Autorezeptors DRD2, was auf einen hypodopaminergen Phänotyp und eine Disinhibition der 

neuronalen Aktivität hindeutet. Zelltypspezifische Analysen zeigten eine erhöhte neuronale 

Aktivität sowohl in dopaminergen als auch in glutamatergen SCZ-Neuronen in den Ko-

Kulturen. Diese erhöhte Aktivität war hauptsächlich auf dopaminerge SCZ Neuronen 

zurückzuführen und konnte durch einen selektiven DRD2 Agonisten ausgeglichen werden. 

Darüber hinaus wurde in den SCZ Ko-Kulturen ein übermäßiger Verlust glutamaterger 

Synapsen beobachtet, während dopaminerge Synapsen weitestgehend unbeeinflusst blieben. 

In den E-I Ko-Kulturen mit Neuronen, die eine 15q13 oder 22q11 Mikrodeletion tragen, zeigte 

sich eine synaptische Verschiebung hin zu verstärkter Inhibition, die von verringerter 

Netzwerkaktivität, jedoch erhöhter Synchronizität begleitet wurde. 
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Insgesamt bietet das neu etablierte, dopaminerge-glutamaterge Ko-Kulturmodell die 

Möglichkeit, gegenseitige Wechselwirkungen zwischen dopaminergen und glutamatergen 

Neuronen detaillierter zu untersuchen und bestätigt zusätzlich den hypodopaminergen 

Phänotyp in SCZ. Darüber hinaus stützen die Ergebnisse aus den E-I Ko-Kultursystemen mit 

beiden Mikrodeletionen die Hypothese einer Imbalance zwischen exzitatorischen und 

inhibitorischen Synapsen. Trotz der unterschiedlichen neuronalen Zusammensetzungen der 

beiden Ko-Kulturmodelle, konnte die aberrante Entwicklung exzitatorischer Synapsen als 

gemeinsames Merkmal identifiziert werden. 
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1. INTRODUCTION   

1.1 Schizophrenia spectrum disorder   

1.1.1 Clinical features  

Schizophrenia spectrum disorders (SCZ) are severe and complex mental diseases, which 

manifest in cognitive, perceptual, and emotional dysfunctions causing a major social burden. 

The symptoms are relatively heterogenous and comprise three symptom clusters including  

positive symptoms (hallucinations and delusions), negative symptoms (anhedonia, avolition, 

emotional blunting) and cognitive impairments (deficits in attention, memory and planning) (1).  

SCZ is relatively frequent with a worldwide prevalence of 1 % showing a slightly higher 

incidence in men than in women (risk ratio men: women 1.4:1) (2, 3). The onset of the disease 

presents in late adolescence or early adulthood and differs between men and women. While 

the disease occurs in men between the ages 15-25, in women the onset is in the range of 25-

30 years (4, 5). Heart diseases (6) followed by suicide with a 10 % lifetime risk are the most 

frequent causes of death in SCZ patients (7).  

To date, numerous different subtypes of SCZ have been described in the diagnostic tool 

‘Diagnostic and Statistical Manual of Mental Disorders’ comprising paranoid, catatonic, 

disorganized, residual and undifferentiated SCZ. As patients are often diagnosed with more 

than one subtype, the latest version of the diagnostic tool DSM-5 has removed the 

classification into subtypes due to the absence of clear boundaries and defined ‘schizophrenia’ 

as ‘schizophrenia spectrum disorders’ (5, 8). Furthermore, various mental diseases including 

autism spectrum disorder (ASD), bipolar disorder and major depression share a subset of 

symptoms that complicate differentiation between them (8). This makes correct diagnosis and 

therapeutic intervention difficult, especially when the genetic heterogeneity of patients is taken 

into account. 

1.1.2 Current therapeutic strategies 

To date, patients with SCZ are treated by antipsychotic medications and clinicians can select 

from a plethora of approved drugs. However, existing antipsychotics for the treatment of SCZ 

have notable limitations. Current antipsychotics can be subdivided into two subclasses, typical 

first-generation (FGAs) and atypical second-generation antipsychotics (SGAs), both of which 

are selective DRD2 antagonists with an antipsychotic effect. A significant drawback of FGAs is 

the association with extrapyramidal side effects (e.g., motor side effects, hyperprolactinemia), 
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which result from the high affinity for DRD2 and the slow dissociation from the receptor leading 

to a disruption of the physiological dopamine transmission (9). Treatment with SGAs reduces 

extrapyramidal side effects by modulating mainly the dopaminergic and serotonergic 

neurotransmitter systems, with low-affinity for DRD2 and high-affinity for the serotonergic 

receptor 5-HT2A (10). While both FGAs and SGAs primarily alleviating positive symptoms, 

antipsychotics for treating negative and cognitive symptoms are still limited (11, 12). Although 

several studies with SGAs have shown amelioration in negative symptoms, the evidence on 

current treatment options remains unclear (13). A further challenge is the large variability in 

responsiveness and toleration of the antipsychotic treatment. In around 20-30 % of patients 

with SCZ, antipsychotic treatment is not effective, which is also due to the heterogeneous 

disease origin (14). Clozapine, a SGA, is regarded as the gold standard for the therapy of non-

responding SCZ patients due to its unique pharmacological profile and studies also reported 

reduced mortality rates (11, 14, 15). So far, antipsychotic treatment options for SCZ are limited 

as treatment resistance occurs in up to one third of the patients and treating the negative and 

cognitive symptoms remains a challenge. Thus, there is an urgent need for new drugs with 

improved efficacy and better tolerability.  

1.2 Dysfunctional neurotransmitter systems in SCZ  

1.2.1 The mesocorticolimbic system  

Higher cognitive processes, such as decision-making, reward, and working memory are 

regulated by the modulating neurotransmitter dopamine (16, 17). The ventral midbrain, in 

which the dopaminergic neurons are located, comprises three main areas: substantia nigra 

pars compacta (SNc, A9), ventral tegmental area (VTA, A10) and the retrorubal field (RRF, A8) 

(18). Dopaminergic neurons located in the VTA project rostrally towards limbic and cortical 

regions, thereby forming two major dopaminergic pathways, the mesocortical and the 

mesolimbic (19). The mesocortical pathway with dopaminergic projections to the prefrontal 

cortex (PFC) is essential for higher cognitive processes and emotional responses, whereas 

the mesolimbic pathway projecting to the nucleus accumbens (NAc) is regarded as reward 

system and is important for motivation (18, 20, 21). Together, the two pathways form the 

mesocorticolimbic system (22) and multiple lines of evidence suggests that malfunctions of 

dopaminergic signalling in these pathways are implicated in the pathogenesis of SCZ (23). 

So far, the mesolimbic pathway has been studied in greater depth, as VTA-NAc connections 

are pivotal in modulating reward and aversion, which also seem to be affected in patients with 

SCZ (24). Most striatal neurons are medium spiny neurons (MSN), a special type of inhibitory 

GABAergic projection interneurons, which serve as the primary target for VTA dopaminergic 
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neurons. These inhibitory projection neurons can be split into two subclasses based on their 

projection pattern, as well as their differential expression of either dopamine receptor D1 

(DRD1) or DRD2 (25, 26). Dopaminergic neurons with projections to the PFC form functional 

synapses with glutamatergic pyramidal neurons and GABAergic interneurons, particularly 

parvalbumin (PV)-positive fast-spiking interneurons. Expression of the two dopamine receptor 

types D1-like receptors (DRD1, DRD5) and D2-like receptors (DRD2, DRD3, DRD4) is found 

on both pyramidal and GABAergic interneurons (27, 28). In general, dopamine receptors are 

G protein-coupled receptors (GPCR) and have different modulating properties: D1-like 

receptors are stimulating as they are coupled to G proteins of the Gs subfamily (Gs and Golf) 

that activate the adenylyl cyclase (AC) and cAMP production. In contrast, D2-like receptors are 

coupled to inhibitory G proteins of the subfamily Gi (Gi and Go) that have an opposing effect on 

the downstream signalling cascade (29).  

1.2.2 The dopamine hypothesis   

One of the most accepted theories in psychiatry is the dopamine hypothesis. It was formulated 

in the 1960s by the discovery of antipsychotic drugs acting as DRD2 antagonists and thereby 

successfully treating the positive symptoms of SCZ (30). Additionally, findings that drug 

administration to promote the increase of extracellular dopamine, such as amphetamine, can 

induce psychotic symptoms similar to those observed in SCZ patients, whereas drugs that 

deplete dopamine levels can lead to reduced psychosis, formulated the hypothesis of excess 

dopamine signalling (hyperdopaminergia) (31, 32). Later, the dopamine hypothesis was 

reconceptualized as new insights from animal studies, as well as post-mortem and imaging 

data revealed regional distinct aberrations in dopamine signalling (33). Thus, the revised 

version posits a prefrontal hypodopaminergia resulting in negative symptoms of SCZ, in 

contrast positive symptoms are assumed to result from striatal hyperdopaminergia based on 

the response to antipsychotic drug treatment (33, 34, 35). Mainly the positive symptoms can 

be explained in accordance with the dopamine hypothesis. However, the dopamine hypothesis 

has its limitations and does not account for all symptom clusters of the disease. Treating 

negative and cognitive symptoms with antipsychotic drugs results in negligible effects (36). 

Additionally, neuroanatomical changes including cortical atrophy rather correlate with the 

severity of negative and cognitive symptoms, but not with psychotic symptoms (37). Thus, the 

complex psychopathology of SCZ cannot simply be explained by a dysfunction of the 

dopamine system (38).  

Detailed anatomical and biochemical information of dopaminergic aberrations were provided 

by early post-mortem studies of SCZ patients that reported increased concentrations of 

dopamine specifically in the NAc and the dorsal striatum (39, 40). More recent studies 
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demonstrated a significant increase in the rate-limiting enzyme tyrosine hydroxylase (TH) 

throughout the striatum, which is involved in the synthesis of dopamine indicating elevated 

dopamine synthesis capacity (41). The strong association between DRD2 and SCZ revealed 

by genetics supports the idea that the expression of DRD2s is altered in SCZ patients (42). 

Evidence was provided by several post-mortem studies indicating an elevation in striatal DRD2 

binding capacity which was replicated by several in vivo imaging studies (43, 44). However, 

the picture remains complicated as initial findings were inconsistent with more recent results. 

For example, studies considering subgroups of antipsychotic-naïve patients found no 

consistent evidence for increased DRD2 expression, while patients who received long-term 

antipsychotic treatment demonstrated an elevated receptor density which was supported by a 

positron emission tomography (PET) imaging study comparing DRD2 binding potentials in 

naïve and treated SCZ patients (45).  

Although DRD1 is the major dopamine target in the PFC, the receptor has been less thoroughly 

studied. Studies focusing on receptor densities yielded heterogenous results. While most drug-

naïve patients showed elevated DRD1 density in the PFC (46, 47), chronically medicated 

patients depicted widespread cortical and striatal reductions (48). Despite the apparent 

inconsistencies in the reports of DRD1 densities, a link between altered DRD1 binding potential 

and impaired cognitive function has been hypothesized as manifested in impaired working 

memory (44). The concept of cortical hypodopaminergia in SCZ was supported by some post-

mortem studies demonstrating decreased expression of TH in the PFC (49) and additional PET 

analysis revealed blunted amphetamine-induced dopamine release capacity in the cortex of 

SCZ patients that correlated with cognitive deficits (50).  

1.2.3 The glutamate hypothesis 

A potential involvement of glutamate in the pathology of SCZ was first postulated in 1990 and 

built on the discovery that dissociative anaesthetics, such as ketamine and phencyclidine 

(PCP), induced SCZ-like symptoms that mimic not only positive, but also negative and 

cognitive symptoms in healthy volunteers and additionally worsened the effect in SCZ patients 

(38, 51, 52). The fact that ketamine and PCP are noncompetitive antagonists of the N-methyl-

D-aspartate receptor (NMDAR), which can cause psychosis, led to the assumption that SCZ 

might also be caused by NMDAR hypofunction (53). Meta-analysis of post-mortem studies 

revealed decreased transcript and protein expression of GluN1, a subunit of the NMDAR, in 

the PFC, dentate gyrus and left hippocampus of SCZ patients, whereas other subunits (GluN2, 

GluN3) remained unaltered (54, 55). Supporting evidence for the NMDAR hypofunction 

hypothesis can be found in numerous pharmacological, neurodevelopmental and genetic 

animal models. Administration of NMDAR antagonist results in cognitive and behavioural 
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features comparable to those observed in SCZ patients. Genetic animal models with a 

knockout in the SCZ risk gene SRR encoding the enzyme serine racemase (SR), 

demonstrated a significant lack of D-serine in the cortex contributing to cognitive symptoms 

comparable to those observed in SCZ (56). It is assumed that astrocytes are the primary 

source of L-serine, that is synthesized from glucose. At the postsynaptic densities, the 

transformation of L-Serine to D-Serine via SR occurs, a process referred to as ‘serine shuttle’. 

The accumulation of D-serine and SR at the postsynaptic sites in cortical neurons ensures 

proper NMDAR function (38). Finally, antagonism of the NMDAR has also been shown to 

reduce GABAergic interneuron activity resulting in an increased firing rate of pyramidal 

neurons due to disinhibition. However, the mechanism leading to reduced GABAergic activity 

has not been fully elucidated (57). 

Although recent evidence points towards aberrant signalling in dopaminergic, glutamatergic, 

serotonergic and γ-aminobutyric acid (GABA) signalling, the dopamine and glutamate 

hypothesis are still leading pathophysiological mainstays of SCZ and are not mutually 

exclusive (58). Both hypotheses were initially formulated based on pharmacological and post-

mortem studies and new evidence, particularly from in vivo imaging studies, refined the role of 

both neurotransmitters in the SCZ. While the evidence strongly supports presynaptic dopamine 

dysfunction and its association with psychotic symptoms, NMDAR hypofunction seem to better 

account for negative and cognitive symptoms. Thus, combinatory effects of both may account 

for clinical aspects of SCZ patients. One alternative explanation posits that dopaminergic 

alterations in the mesolimbic system occur secondary in response to altered cortical neuron 

function as glutamatergic neuron projections from the cortex regulate midbrain dopaminergic 

neurons. Altered microcircuits in frontal cortical regions could lead to disinhibition of 

mesolimbic dopaminergic neurons which in turn might induce psychotic symptoms (59).  

1.3 Aetiology and neurodevelopmental hypothesis   

Extensive evidence pinpoints towards a multifactorial combination of both genetic and 

environmental factors, that contribute to the aetiology of SCZ and thus making the study of the 

disorder more complicated. Meta-analysis based on twin and family studies of SCZ revealed 

a strong genetic impact with an estimated heritability ranging from 64-81 % (60, 61). Within the 

last ten years, genome-wide association studies (GWAS) identified over 200 genetic SCZ risk 

loci and shed light on the polygenic nature of SCZ. Some of the genes identified in these 

studies were linked to DRD2 and glutamatergic neurotransmission, while others were primarily 

involved in synapse organization, differentiation and transmission (62). However, none of the 

identified genes linked to SCZ were found to be sufficient to develop SCZ and therefore, 

several risk genes are combined to so called polygenic risk-scores (63, 64). Moreover, genetic 
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analysis have found several copy number variants (CNV) with differentially expressed genes 

being associated with SCZ and identified chromosomal deletions in the 1q21, 15q13 and 22q11 

loci to be addressed more detailed in section 1.4 (65, 66). Other genetic risk factors, that have 

been found to increase the risk of developing mental illnesses, are chromosomal 

translocations. One predominant translocation, which was originally discovered in a Scottish 

family with high rates of mental illnesses, affects the gene Disrupted-in-Schizophrenia 1 

(DISC1) (67). The scaffolding protein DISC1 plays fundamental roles in neurodevelopment 

and its large interaction network makes the protein an attractive target for extensive studies in 

both humans and animals (68).  

Despite the large genetic element, early and late environmental insults have been linked to an 

increased risk of developing SCZ. Prenatal factors such as complications during pregnancy 

(infection, malnutrition, psychosocial stress) (69), as well as childhood adversity and trauma 

(70) have been linked to an increased risk. Later environmental factors that favour the 

vulnerability to develop the neuropsychiatric disorder include childhood trauma, drug abuse 

and immigration (70, 71, 72). In 1986, Weinberger first introduced the neurodevelopmental 

hypothesis proposing an interplay of genetic and environmental factors leading to 

developmental abnormalities in the brain, while symptoms of SCZ first appear in early 

adulthood (73). A ‘two-hit’ model was raised assuming that the interplay between perinatal 

insults of genetic and/or environmental origin as ‘first hit’ results in a primed stage, while a 

‘second hit’ during essential brain development phases in young adulthood leads to an 

excessive loss of synapses and could thus explain dysfunctions in the brain (74). However, 

due to the complexity of the disease, the ‘two-hit’ hypothesis is considered as a too simplistic 

model to fully explain the aetiology. Recently, multifactorial conceptualizations have emerged 

that point to an interplay of multiple hits across major neurodevelopmental milestones as 

contributing factors to the development of SCZ (75, 76).  

1.4 CNVs as genetic risk factor for neuropsychiatric disorders 

In general, CNVs refer to changes in the number of copies of particular genome segments that 

can either be repeated or deleted (duplications and deletions) and can differ from one individual 

to another. As consequence, different effects were reported ranging from no effects, through 

morphological and metabolic alterations to significant contribution to both rare and common 

genetic disorders (77). As outlined above, the aetiology of SCZ is multifactorial and based on 

complex genetic and environmental interactions. Among various genetic alterations identified 

in SCZ patients, recent studies suggest that CNVs are the most common genetic alterations 

that may play an important role in vulnerability to the disorder (78, 79). Although there are 

some basic criteria such as defined size (50 bp to 3 Mb), the definition of CNVs is quite 
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ambiguous due to their heterogenous occurrence (80). It has been demonstrated that some 

CNVs are heritable, whereas de novo CNVs can occur spontaneously (81, 82). In recent years, 

technological advances improved the resolution for detection of genetic variations, revealing 

that 70 % of all individuals possessed at least one rare CNV (83). Interestingly, genome-wide 

scans have demonstrated a twofold increase of rare and de novo CNVs in patients with SCZ 

and ASD in comparison to healthy individuals (84), and an even higher rate in 

neurodevelopmental and intellectual disability disorders (85). To study the association between 

neuropsychiatric disorders and pathogenic CNVs in specific regions, large sample sizes are 

indispensable. In 2017, a genome-wide study that including more than 20.000 SCZ cases and 

controls identified several CNV loci that were linked to SCZ, such as for example 15q13 and 

22q11 (86). It is worth mentioning that CNVs associated with SCZ lack diagnostic specificity 

and many can increase the risk for other neuropsychiatric disorders such as ASD, attention-

deficit hyperactivity disorder and intellectual disability (87).  

1.4.1 The 15q13 microdeletion syndrome 

The proximal part of chromosome 15q contains the most genetically unstable region with a 

size of 2.5 Mb due to the six low-copy repeat elements between breakpoints (BP) 1-6. 

Recurrent deletions between BP1 or BP2 and BP3 can lead to Prader-Willi syndrome or 

Angelman syndrome, respectively, whereas 15q13 microdeletions occur more distally, typically 

at BP4-BP5 (88). This rare microdeletion is strongly linked with numerous neurodevelopmental 

disorders (intellectual disability, ASD and SCZ) and can increase the risk for developing SCZ 

by the factor ten (89, 90, 91). Typically, patients are heterozygous for the 15q13 microdeletion, 

spanning two putative pseudo genes, one microRNA gene and six protein-coding genes, 

among which, the two protein-coding genes OTUD7A and CHRNA7 were identified as possible 

SCZ risk genes (92). OTUD7A encodes a deubiquitinase that is found to regulate spine 

formation of cortical neurons. Animal studies including mice deficient in Otud7a depicted 

decreased dendritic spine density as well as reduced excitatory postsynaptic current (93) and 

similar results were obtained from a study of iPSC-derived excitatory cortical neurons with a 

loss of function mutation in OTUD7A demonstrating reduced dendritic complexity, low level of 

synaptic proteins like GluA1 and PSD95 and disturbed neuronal network formation (94). 

Originally, the cholinergic receptor nicotinic alpha 7 subunit (CHRNA7) was considered as 

major genetic driver due to its function as neuronal ligand-gated ion channel and the 

observation that receptor agonists improved cognition in SCZ patients (95). However, mice 

deficient in Chrna7 were not able to fully reiterate neuropsychiatric and behavioural 

phenotypes observed in humans (96). Additionally, several heterozygous 15q13 microdeletion 

mouse models (Df(h15q13)/+) according to the human CNV were generated revealing 
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phenotypes similar to those observed of SCZ patients for example, neuronal excitability 

changes, memory deficits and increased sensitivity to stress (97, 98).  

1.4.2 The 22q11 microdeletion syndrome  

The 22q11 microdeletion syndrome, also referred to as velocardiofacial syndrome or Di George 

syndrome, represents the most prevalent microdeletion syndrome, occurring at an incidence 

rate of 0.0025 % (99). This microdeletion syndrome is characterized by a relatively large 

hemizygous deletion (up to 3 Mb) in genomic sequences of chromosome 22 including 35-60 

known genes (100, 101). Most strikingly, patients that carry a 22q11 microdeletion have a 20-

25 % elevated risk of developing SCZ, which is also increased for other neurodevelopmental 

disorders including intellectual disability (~ 45%), attention deficit- hyperactivity disorder 

(~ 35%), anxiety disorder (~ 35%) and ASD (10–40%) (102). Typical hallmarks for the 22q11 

microdeletion syndrome are learning difficulties, cardiac anomalies, immune deficiencies and 

endocrine abnormalities (103). Several genes encompassed by the microdeletion have been 

proposed as potential candidate genes. One of those candidate genes is COMT encoding the 

catabolic enzyme catechol-O-methyltransferase, which is involved in dopamine inactivation 

and degradation. Mutations in the COMT gene are believed to elevate the risk of SCZ and may 

contribute to its pathogenesis, as a poor clearance function of dopamine in the PFC has been 

reported (104). Another gene located in the 22q11 microdeletion loci is DGCR8. The gene is 

important for mi-RNA processing and was linked to SCZ based on findings in hemizygous 

Dgrc8 deficient mouse models that depicted incomplete dendritic spine structure and reduced 

numbers of cortical neurons in the prefrontal cortex (105). Deficits in DGCR8 were observed 

to lower miRNA processing resulting in reduced development of dendritic spines in the 

prefrontal cortex and hippocampus and can lead to altered synapse morphology in the 

thalamocortical pathway, hippocampus and prefrontal cortex (106, 107). Other genes found in 

the deleted chromosomal region that were linked to SCZ are for example PRODH, that 

encodes the mitochondrial membrane enzyme proline oxidase (POX) important for converting 

proline into glutamate, and additionally ZDHHC8 encoding a palmitoyl transferase and DGCR2 

that encodes a adhesion receptor protein (108, 109, 110). Furthermore, mouse models 

carrying a hemizygous chromosomal deficiency (Df(16)A+/-) comparable to the human 22q11 

deletion were created and thoroughly studied. Behavioural and morphological characterization 

of deficient mice revealed specific abnormalities in working memory and fear conditioning, as 

well as less dendritic complexity and spine density and were able to recapitulate most of the 

hallmarks observed in 22q11 carriers (111).  
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1.5 Excitation-inhibition imbalance in prefrontal cortical microcircuitry in 

SCZ 

The human cerebral cortex is organized into six different cortical layers (layers I-VI) in which 

neurons with unique properties are residing (112). During neurogenesis, neurons generated in 

the ventricular zone migrate to their appropriate cortical layer with deep layer neurons (layer 

IV-VI), as the first neurons generated followed by upper layer neurons (I-III) (113). In vivo, 

dopaminergic neurons within the mesocortical pathway project to the prefrontal cortex with 

highest innervation density observed in layer II and layer V-VI forming symmetric synapses 

with excitatory pyramidal neurons, as well as interneurons (114). In the cortex, excitatory 

glutamatergic pyramidal and inhibitory GABAergic interneurons are the two main neuronal 

populations found (ratio excitatory: inhibitory 80:20) (115). Cortical interneurons are divers and 

differ in morphology, their connectivity to pyramidal neurons, and expression of subtype 

specific molecular markers. The largest group of cortical interneurons are PV-positive 

interneurons, followed by a subtype of interneurons that are positive for the neuropeptide 

somatostatin (SST) (116, 117). In healthy brains, the balance of excitatory and inhibitory 

information is precisely regulated by various developmental processes that are crucial for 

proper synapse formation and function of cortical microcircuits (118). Increasing evidence 

points towards a deficit in the precisely regulated cortical balance between excitation and 

inhibition (E-I) as one biological consequence in SCZ, referring to disproportions in excitatory 

and inhibitory synaptic inputs which is supported by post-mortem, genetic and 

electrophysiological studies. For example, several post-mortem studies have demonstrated 

reduced levels of the neurotransmitter GABA in the cerebrospinal fluid (CSF) of patients with 

SCZ in comparison to healthy controls (119). In contrast, heterogenous findings of glutamate 

concentrations in the CSF of SCZ patients were reported. While first studies demonstrated 

reduced CSF glutamate levels (120, 121), a recent meta-analysis comprising 230 SCZ patients 

and 294 healthy controls reported significantly increased glutamate levels (122). Additionally, 

synaptic protein levels as well as dendritic spine densities have been investigated showing 

significantly lower protein levels of the major synaptic vesicle protein synaptophysin found in 

presynaptic terminals, and reduction in postsynaptic markers such as PSD95  in frontal cortical 

regions in post-mortem brains (123, 124). Altered expression levels of genes involved in 

glutamate and GABA neurotransmission were identified for the vesicular glutamate 

transporter-1 (vGLUT1) and glutamic acid decarboxylase 67 (GAD67), the GABA synthesizing 

enzyme, which were both downregulated in SCZ patients (119, 125). On network level, cortical 

fast-spiking PV-positive interneurons provide inhibitory input to pyramidal neurons and are the 

major driver of γ-oscillations (126). Abnormal γ-band frequencies can contribute to impaired 
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working memory as well as sensory processing, which has already been observed in SCZ 

patients (127, 128).  

Based on these findings, it has been assumed that a local imbalance of excitatory and 

inhibitory synaptic input might lead to a more global impairment in network activity and 

synchronicity (129). The understanding of how E-I imbalance contributes to the symptoms of 

SCZ, could lead to improvements in innovative treatment options and diagnostic targets.  

1.6 Disease modelling using human iPSC-based in vitro model systems   

Until recently, patient studies comprising post-mortem tissue samples and brain imaging, as 

well as numerous animal models contributed to valuable findings in SCZ but have their 

limitations. Post-mortem studies only provide a snapshot at the time of death and cannot 

capture dynamic alterations in the brain. Chronic antipsychotic treatment during the patient’s 

lifetime may heavily influence the outcomes as well (130). One major critical aspect in human 

disease modelling is the requirement of physiologically relevant in vivo or in vitro model 

systems that accurately recapitulate the underlying disease pathophysiology. Hence, animal 

models are used most frequently as they allow for a more dynamic investigation throughout 

different developmental stages and can link cellular and molecular mechanisms to behavioural 

observations. However, most studies make use of rodent models, which are unable to fully 

reflect the complexity of the human brain and additionally, inherited differences between rodent 

and human can be found in transcriptomic signatures (131). Consequently, high failure rates 

in pharmacological research and development are reported due to difficulties in the translation 

from rodent models to humans (132). One powerful approach for the in vitro study of 

neurodevelopmental and neuropsychiatric disorders is represented by induced pluripotent 

stem cells (iPSC), that offer hope for regenerative and personalized medicine (133). 

1.6.1 Characteristic features of human iPSC 

Pluripotent stem cells possess the ability to continuously self-renew and can differentiate into 

cells from all three germ layers: mesoderm, ectoderm and endoderm (134). These cells are 

derived from the inner cell mass of the blastocyst, which will later form the complete embryo 

(135). In 1981, first isolation and cultivation of pluripotent stem cells was achieved by using in 

vitro cultures of mouse blastocysts that were assigned as embryonic stem cells (ESC) (136). 

As research with human ESC faces ethical and political challenges, new techniques have been 

established to generate pluripotent stem cells (137). In 2006 and 2007, important 

breakthroughs in stem cell research were achieved by Takahashi & Yamanaka, who showed 

successful reprogramming from human somatic cells into iPSC by artificial overexpression of 
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four transcription factors, the so called ‘Yamanaka factors’: OCT4, SOX2, cMYC and KLF4 

(138, 139). Nowadays, iPSC can be derived from almost every somatic cell type including 

fibroblasts, blood cells and keratinocytes and additionally, various reprogramming strategies 

such as integrative and non-integrative, viral and non-viral are described (140, 141, 142). The 

fact that iPSC conserve the genetic background of a donor and cells can be differentiated into 

various disease-relevant cell types has made stem cell research indispensable for in vitro 

disease modelling.  

1.6.2 In vitro disease modelling using human iPSC 

For the identification and characterization of common disease-related phenotypes, there are 

two different strategies using in vitro iPSC models. First, iPSC can be derived from genetically 

heterogenous patients, which is of great importance when studying diseases with a polygenic 

architecture, such as SCZ. However, the considerable high variability among the individual 

patients makes the study of SCZ challenging. Usually, these studies benefit from large cohort 

sizes comprising numerous donors as well as several clonal lines to detect small effects and 

to increase statistical power (143). To circumvent patient line variations, isogenic iPSC lines 

can be used to identify phenotypic features of a disease-relevant gene mutation or 

chromosomal deletions/duplications of interest. Recent advances in the field of gene editing 

offer new possibilities, for example clustered regularly interspaced short palindromic repeats 

(CRISPR)-Cas9, which can be employed to introduce or correct mutations while preserving 

the basic genetic framework (132). 

1.6.3 Differentiation of iPSC-derived neurons  

Up to now, a plethora of protocols for the differentiation of iPSC into numerous neuronal cells 

have been established that hold immense potential for the study of the underpinning disease 

pathophysiology. The right choice of differentiation protocol is relatively important, as 

reproducibility and patterning consistencies are most critical for the field. Additionally, 

homogenous neuronal populations are of great importance, especially when comparing 

differentiated neurons from healthy controls versus patients (144). Two main approaches can 

be employed for the differentiation of iPSC into neurons. The first approach (‘directed 

differentiation’) is based on the defined addition of growth factors and cytokines at a specific 

time manner that aims to mimic signalling processes in vivo. Although patterning and 

specification of neural cells can be pursued more closely, these cultures often result in 

heterogeneous cell populations containing a mixture of different types of neurons and glial 

cells. In addition, huge variability among differentiations can be observed which often lack 
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defined ratios of generated neurons and usually, these cultures require a significant longer 

differentiation period. In contrast, the second approach requires a manipulation in gene 

expression as differentiation is forced via overexpression of lineage-specific transcription 

factors. This differentiation process is much faster than the chemically induced one and yields 

more homogeneous neural populations. Moreover, this artificial overexpression represents a 

versatile method as is can be reversible or irreversible and persistent or transient (145).  

While recent studies that focus on cortical glutamatergic and cortical GABAergic neurons make 

use of induced differentiation by overexpression of lineage-specific transcription factors, only 

few studies reported the generation of dopaminergic neurons by this artificial approach. 

Cortical glutamatergic and cortical GABAergic neurons are generated by overexpressing the 

respective lineage-specific transcription factors Neurogenin 2 (NGN2) (146) and ASCL1+DLX2 

(AD2) (147), while dopaminergic neurons can be induced by the combined overexpression of 

the transcription factors ASCL1+LMX1B+NURR1 (ALN) (148). In these differentiation 

protocols, transient overexpression of respective transcription factors is based on the Tet-On 

expression system that can be induced by adding doxycycline. The addition of doxycycline 

leads to a binding of the reverse tetracycline transactivator (rtTA) to the response element 

(TRE), which initiates gene transcription and thus allows for precise induction (149). Another 

advantageous aspect of induced differentiations is the possibility of incorporating an antibiotic 

resistance gene into the plasmid, which makes it possible to select only transduced cells during 

differentiation and thus yielding more homogenous neuronal populations.  

1.6.4 State-of-the-art - Modelling neurodevelopmental disorders using iPSC 

Besides many advantages, iPSC models represent an appropriate in vitro model system, 

especially suitable for neurodevelopmental and early onset disorders such as SCZ. In 

principle, neural cells derived from iPSC can faithfully mimic certain aspects of human 

embryonic brain development, which was confirmed by RNA expression profiling (150, 151).  

Over the past decade, numerous studies have generated iPSC-based neuronal models that 

has helped to improve the understanding of SCZ-related phenotypes. The focus of these 

studies varies including neurons derived from patients with idiopathic SCZ as well as isogenic 

models with specific genetic alterations such as CNVs or mutations in DISC1 (152). Several 

approaches comprising functional and morphological assays, transcriptome profiling, and 

many other experiments were carried out on neural progenitor cells (NPC), mixed neural 

populations, as well as more homogenous neural subpopulations, mainly on NGN2-derived 

glutamatergic neurons (153).  
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Studies focusing on forebrain NPC derived from patients with idiopathic SCZ identified several 

phenotypic features during early neurodevelopment such as perturbed WNT signalling (154), 

abnormalities in the FGFR1 pathway (155), as well as neural migration deficits and increased 

oxidative stress (156). Following a directed differentiation strategy, neural cultures often 

comprise a mixture of various neuronal cell types such as glutamatergic, GABAergic and 

dopaminergic neurons (157). One major finding in these neural cultures were deficits in neurite 

length and outgrowth as an important aspect in neurodevelopment. In addition, reduced 

neuronal connectivity as shown by decreased expression of synaptic puncta markers, altered 

WNT signalling and reduced calcium activity has been described in SCZ neurons (157, 158). 

Alterations in spontaneous neuronal activity and excitability of 2D neural cultures enriched for 

glutamatergic neurons and 3D organoids has also been reported in a study with patients 

diagnosed with 22q11 microdeletion syndrome (159), which was accompanied by aberrant 

gene expression of genes involved in essential processes such as apoptosis, cell cycle and 

the MAPK pathway (160). An important aspect to consider is that excitatory glutamatergic 

neurons are the major neuronal subtype generated in these mixed cultures, thus allowing to 

mainly study glutamatergic phenotypes, but are less suitable to study other SCZ-relevant 

neural subtypes (152). In recent years, the number of SCZ iPSC studies focusing on NGN2-

derived glutamatergic neurons (161, 162, 163) and AD2-derived GABAergic interneurons (164, 

165) has increased, demonstrating differences in their transcriptomic profile as well as 

alterations in synapse formation. Additionally, co-cultures comprising defined ratios of NGN2 

and AD2 neurons as well as neurons and glial cells have emerged, that allow to study SCZ 

characteristic features in a more physiologically relevant culture system (164, 165, 166).   

Although aberrant dopamine signalling has also been implicated in the pathophysiology of SCZ 

and current antipsychotic treatments interfere with the dopamine system, less is known about 

disease-related alterations of iPSC-derived dopaminergic neurons and their interactions with 

other neuronal cell types. So far, only few studies made use of dopaminergic neuronal cultures 

to study SCZ, which resulted in inconsistent and unreproducible results, most likely due to the 

low differentiation efficiencies reported. These findings ranged from no differences between 

CTR and SCZ dopaminergic neurons to differentiation deficits and increased dopamine 

release in SCZ neurons (167, 168, 169). To date, there is no known study that has analysed 

the transcriptomic profile of iPSC-derived dopaminergic SCZ neuron. Thus, there is a 

tremendous lack of available data from SCZ studies focusing on iPSC-derived dopaminergic 

neurons and their interactions with other neuronal cell types. The use of more robust 

differentiation protocols for the generation of dopaminergic neurons will help to open new 

avenues and to identify and characterize dopaminergic neuron-specific abnormalities in SCZ.  
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1.7 Aim of this thesis  

As described, SCZ is a complex and heterogenous neuropsychiatric disorder with a 

multifactorial disease aetiology. Several hypotheses propose early neurodevelopmental 

alterations, as well as aberrations in neurotransmitter signalling and neuron-neuron 

interactions, which might result in aberrant neuronal functionality and synapse formation. The 

aim of this thesis is to study the reciprocal neuron-neuron interactions between dopaminergic 

and glutamatergic neurons as well as glutamatergic and GABAergic neurons, in order to 

identify and characterize functional and morphological SCZ and other neuropsychiatric 

disease-related phenotypes. For this purpose, two iPSC-based in vitro co-culture model 

systems derived from idiopathic and isogenic iPSC lines that differ in their neuronal 

composition will be employed. 

 

To decipher possible disease-related features, the focus of this study will be on the following 

aspects: 

1) Identification of a dopaminergic differentiation protocol yielding homogenous 

dopaminergic neuron populations. Using iPSC lines with distinct genetic backgrounds, 

two dopaminergic differentiation strategies will be evaluated and characterized regarding 

differentiation efficiency and reproducibility. Homogenous neuronal populations are of great 

importance, especially when comparing neurons from healthy controls versus patients. 

Therefore, this experiment is an important groundwork for following experiments.  

 
2) Analysis of the dopaminergic neuron transcriptome to determine the 

neurodevelopmental state and to identify deregulated genes in SCZ neurons. 

Although multiple lines of evidence suggest aberrations in the dopaminergic system in 

SCZ, so far only few studies focused on iPSC-derived dopaminergic neurons. To shed light 

on the developmental state and to identify possible differentially expressed genes in SCZ 

dopaminergic neurons, RNA sequencing will be employed. This is particularly relevant, as 

potential deregulated genes might result in SCZ-related phenotypes.  

 

3) Analysis of aberrant neuronal activity in dopaminergic-glutamatergic SCZ co-

cultures. Previous iPSC-based research has been mainly focusing on neuronal cells 

cultured individually, whereas less is known on the interaction between dopaminergic and 

glutamatergic neurons. For this purpose, an iPSC-based co-culture system comprising 

dopaminergic and glutamatergic neurons at defined ratios will be established and used to 

study functional phenotypes in SCZ. In addition, putative functional consequences of 
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aberrant gene expression in SCZ patient-derived dopaminergic neurons will be studied. 

Cell type-specific spontaneous single-cell activity will be measured in dopaminergic and 

glutamatergic neurons cultured individually, as well as in dopaminergic-glutamatergic co-

cultures.  

 
4) Analysis of aberrant synapse formation in SCZ co-cultures. To gain further insight into 

dopaminergic-glutamatergic neuron interactions and to identify possible synaptic 

phenotypes, synapses were analysed in a cell type-specific manner to decipher the 

neuronal origin of potential alterations. Aberrant synapse formation and destabilization may 

contribute to putative functional aberrations.  

 

5) Analysis of aberrant synaptic connectivity and neuronal functionality in an isogenic 

microdeletion disease model as genetic risk factor for SCZ. In the second part of this 

thesis, isogenic disease models carrying a 15q13 and a 22q11 microdeletion as a high-risk 

factor for SCZ will be employed. Excitatory-inhibitory imbalances in the developing cortical 

microcircuitry are thought to contribute to the pathology of neuropsychiatric disorders. To 

this end, an iPSC-based co-culture system comprising glutamatergic and GABAergic 

interneurons will be used to decipher synaptic phenotypes and functional abnormalities on 

single-cell and network level.  

 

 

 

 

 

 

 

 

 

 

 



2. MATERIAL AND METHODS  

2.1 Material  

2.1.1 iPSC lines  

Table 1. iPSC lines used in this study. All iPSC lines were fully characterized. iPSC lines (CTR1, CTR2, 

CTR3, SCZ1, SCZ2, SCZ4, SCZ5) have a unique cell line identifier number and are listed in the Human 

Pluripotent Stem Cell Registry (Charité, Berlin, www.hpscreg.eu). 

 

2.1.2 General material and equipment  

Table 2. General material  

Consumables  Manufacturer  

37 µM Reversible Strainers  STEMCELL Technologies, Canada 

40 µM Cell Strainer  Greiner Bio-One, Germany 

96 well µClear® half-area plate, black Greiner Bio-One, Germany 

96 well μClear® plate, black Greiner Bio-One, Germany 

iPSC 
line 

Gender Age at 
donation 

Source cell type Unique cell line identifier/Source 

CTR and idiopathic SCZ iPSC lines 

CTR1 female neonate cord blood-derived 
CD34+ progenitors 

TMOi001-A 
 

CTR2 female 28 fibroblast of dermis NMIi001-A 

CTR3 male 49 peripheral blood-derived 
CD34+ hematopoietic 
stem/progenitor cells 

NMIi010-A 
 

SCZ1 male 37 fibroblast of dermis NMIi002-A 

SCZ2 female 54 fibroblast of dermis NMIi003-A 

SCZ4 male 50 fibroblast of dermis NMIi004-A 

SCZ5 female 27 fibroblast of dermis NMIi006-A 

Isogenic CTR and PINK1 KO iPSC lines 

HC1 female 

not 
stated 

fibroblast of dermis 

doi:  
10.1371/journal.pone.0059252 
 
doi: 
10.1016/j.isci.2020.101797 
 

PINK1 
KO  
Δ 8.9 

female 

PINK1 
KO 
Δ40.7 

female 

Isogenic CTR and 15q13 and 22q11 deletion iPSC lines 

CTR 
Stable NGN2 and AD2 iPSC lines of one isogenic control and three microdeletion 
lines. Detailed information of the iPSC lines (gender, age at donation, source cell 
type, generation of microdeletions) can be requested from Prof. Dr. Moritz Rossner 
(Department of Psychiatry and Psychotherapy, LMU University Hospital, LMU 
Munich). 

15q13 

22q11 
clone1 

22q11 
clone2 
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AggreWell™800 STEMCELL Technologies, Canada 

Cell culture flasks (25, 75, 175 cm2) Corning Inc., USA 

Cryo tubes  Greiner Bio-One, Germany 

Eppendorf Tubes (1.5, 2 ml)  Eppendorf AG, Germany 

Falcon Tubes (15, 50 ml) Greiner Bio-One, Germany 

Optical 96 well plates, MicroAmpTM Thermo Fisher Scientific, USA 

Optical adhesive covers Thermo Fisher Scientific, USA 

Parafilm  Pechiney Plastic Packaging 

Petri dishes  Greiner Bio-One, Germany 

Pipette reservoir (50 ml) Cole-Parmer Essentials, USA 

Pipettes CELLSTAR® (5 ml, 10 ml, 25 ml, 50 ml) Greiner Bio-One, Germany 

Pipette tips (10 µl, 100 µl, 1000 µl) TipOne STARLAB GmbH, Germany 

Ultra-low attachment plates  Greiner Bio-One, Germany 

Well plates (96, 48, 24, 12, 6 well)  Corning Inc., USA 

 

Table 3. Equipment (instruments and devices)  

Instruments/Devices Manufacturer  

Axiovert 200M microscope Carl Zeiss Microscopy GmbH, Germany 

Centrifuge 5804 R Eppendorf AG, Germany 

Centrifuge 5415C Eppendorf AG, Germany 

CO2 incubator CB 150 WTC Binder, Germany 

Eppendorf Research® plus Mechanical Pipette Eppendorf AG, Germany 

Freezer –20 ºC Liebherr, Switzerland 

Freezer –80 ºC Sanyo, Japan 

Freezer –150 ºC PHCbi, Japan 

Gel electrophoresis chamber HU13 Thermo Fisher Scientific, USA 

GelDoc Go Imaging System Bio-Rad Laboratories, USA 

ImageXpress Micro Confocal High-Content 
Imaging System 

Molecular Devices, USA 

IncuCyte Sartorius AG, Germany 

Mr. Frosty™ Freezing Container ThermoFisher Scientific, USA 

Multipette® plus Repeater® plus Eppendorf AG 

Nanodrop, Spectrophotometer ND-100 Thermo Fisher Scientific, USA 

Nucleocounter NC-200 Chemometech A/S, Denmark 

pH meter Mettler Toledo, Germany 

Pipette (0.5-10 µl, 10-100 µl, 100-1000 µl) Eppendorf AG, Germany 

Pipetboy Integra Biosciences GmbH, Germany 

Primovert inverted cell culture microscope Carl Zeiss Microscopy GmbH, Germany 

Spinning Disk Confocal Microscope, 
Cell Observer SD 

Carl Zeiss Microscopy GmbH, Germany 

StepOnePlus TM Real-Time PCR System Applied BiosystemsTM, USA 

Tecan Plate reader Tecan Trading AG, Switzerland 

Thermocycler Biometra TOne  Analytic Jena AG, Germany  

Thermomixer (comfort) Eppendorf AG, Germany 

Ultracentrifuge Sorvall™ MX Plus Mikro Thermo Fisher Scientific, USA 

Vortex Genie 2 Scientific Industries Inc., USA 

Water bath WBT 6 Carl Roth GmbH 
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2.1.3 Chemicals and reagents  

Table 4. Chemicals and reagents  

Chemicals/Reagents  Manufacturer Catalogue number  

1 kb Plus DNA Ladder New England Biolabs, USA N3200 

Accutase Sigma-Aldrich, USA A6964 

Agarose Broad Range Carl Roth GmbH + Co. KG, 
Germany 

T846 

AgeI-HF New England Biolabs, USA R3552 

Ara-c Sigma-Aldrich, USA C6645 

B-27™ Supplement (50X), 
minus Vitamin A 

Thermo Fisher Scientific, USA  12587010 

Blocking Reagent BMB Roche, Switzerland 11112589001 

Bovine Serum Albumin (BSA) 
Fraction V 

Carl Roth GmbH + Co. KG, 
Germany 

1ETA.4 

BstBI New England Biolabs, USA R0519 

Cal-520TM AM AAT Bioquest Inc., USA ABD-21130 

Calbryte 590TM AM AAT Bioquest Inc., USA ABD-20701 

Chemically-Defined Lipid 
Concentrate 

Thermo Fisher Scientific, USA 11905031 

CHIR99021 Tocris Bioscience, UK 4423 

CloneRTM 2 STEMCELL Technologies, 
Canada 

100-0691 

Collagenase IV STEMCELL Technologies, 
Canada 

07909 

CutSmartTM Buffer New England Biolabs, USA B6004S 

DAPT Sigma-Aldrich, USA D5942 

Dimethylsulfoxid (DMSO) Carl Roth GmbH + Co. KG, 
Germany 

A994.1 

DNase Stop Solution  Promega GmbH, Germany Z312C-C 

Dorsomorphin dihydrochloride Bio-techne, USA 3093 

dNTPs New England Biolabs, USA N0447 

Doxycycline Sigma-Aldrich, USA D9891 

Dulbecco's phosphate buffered 
saline (DPBS) 

Thermo Fisher Scientific, USA 14190094 

Fetal Bovine Serum (FBS) Thermo Fisher Scientific, USA 102700106 

Fibronectin Sigma-Aldrich, USA F1141 

G418 Carl Roth GmbH + Co. KG, 
Germany 

2039 

Gel Loading Dye, Purple (6X)  New England Biolabs, USA B7024S  

Glucose solution Thermo Fisher Scientific, USA A2494001 

GlutaMAX (100X) Thermo Fisher Scientific, USA 35050038 

HEPES (1M) Thermo Fisher Scientific, USA 15630056 

Laminin Sigma-Aldrich, USA L2020 

L-Ascorbic acid Sigma-Aldrich, USA A2078 

LDN193189 STEMCELL Technologies, 
Canada 

72147 

Lipofectamine™ 2000 Thermo Fisher Scientific, USA 11668019 

Matrigel ® hESC-qualified 
Matrix 

Corning Inc., USA 354277 

Midori Green Advance  NIPPON Genetics EUROPE 
GmbH, Germany  

MG04 
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N2 Supplement (100X) Thermo Fisher Scientific, USA  17502048 

N6,2′-O-Dibutyryladenosine 
3′,5′-cyclic monophosphate 
sodium salt (dbcAMP)  

Sigma-Aldrich, USA D0627 

Non-essential amino acids 
(NEAA) 

Thermo Fisher Scientific, USA 11140035 

Nuclease-free water New England Biolabs, USA B1500S 

One ShotTM Top 10 chemically 
competent E. coli 

Thermo Fisher Scientific, USA C404003 

Paraformaldehyd (PFA) Carl Roth GmbH + Co. KG, 
Germany 

0335 

PD0325901 Sigma-Aldrich, USA PZ0162 

Penicillin-Streptomycin (100X) Thermo Fisher Scientific, USA 15140122 

Platinum II Taq Hot-Start DNA 
Polymerase, Platinum II PCR 
Buffer (5X), Platinum GC 
Enhancer 

Thermo Fisher Scientific, USA 14966001 

Poly-L-ornithine hydrobromide Sigma-Aldrich, USA P3655 
Poly-L-ornithine solution Sigma-Aldrich, USA P4957 

Pramipexole dihydrochloride MedChemtronica AB, Sweden HY-17355 

Primer „random“ (dN6-Primer) Roche, Switzerland 11034731001 

Propidium Iodide solution BioLegend, USA 421301 

Purmorphamine (PMA) Enzo Biochem Inc., USA ALX-420-045 

Puromycin Thermo Fisher Scientific, USA 11113803 

Ready-to-Use Packaging 
Plasmid Mix (pCPack2 
Lentiviral Packaging Plasmid 
Mix) 

Cellecta, Inc., USA CPCP-K2A 

RNAse A New England Biolabs, USA T3018L 

RQ1 DNase 10X Reaction 
Buffer 

Promega GmbH, Germany M198A-C 

RQ1 RNase-free DNase Promega GmbH, Germany M6101 

SB431542 STEMCELL Technologies, 
Canada 

72232 

SCH 39166 hydrochloride MedChemtronica AB, Sweden HY-14689 

SKF 38393 MedChemtronica AB, Sweden HY-12520A 

Sodium pyruvate (100 mM) Thermo Fisher Scientific, USA 11360070 

STEMdiff™ Neural Rosette 
Selection Reagent 

STEMCELL Technologies, 
Canada 

05832 

SU05402 Sigma-Aldrich, USA SML0443 

Sulpiride MedChemtronica AB, Sweden HY-B1019 

Triton-X-100 Carl Roth GmbH + Co. KG, 
Germany 

3051 

Trypsin/EDTA 0.025 % Thermo Fisher Scientific, USA 25300054 

T4 DNA Ligase, T4 DNA 
Ligase Reaction Buffer 

New England Biolabs, USA M0202 

XAV939 Sigma-Aldrich, USA X3004 

Y-27632 STEMCELL Technologies, 
Canada  

72304 

https://www.medchemexpress.com/pramipexole-dihydrochloride.html
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2.1.4 Cytokines 

Table 5. Cytokines  

Cytokine Manufacturer Catalogue number  

Recombinant Human BDNF PeproTech, Inc., USA 450-02 

Recombinant human CNTF PeproTech, Inc., USA 450-13 

Recombinant Human GDNF PeproTech, Inc., USA 450-10 

Recombinant Human FGF-8a PeproTech, Inc., USA 100-25A 

Recombinant Human TGF-β3 PeproTech, Inc., USA 100-36E 

 

2.1.5 Cell culture media composition 

Table 6. Commercially available media  

Medium  Manufacturer Catalogue number  

BrainPhys Neuronal Medium STEMCELL Technologies, Canada 05790 

DMEM, high glucose, 
GlutaMAX™ supplement 

Thermo Fisher Scientific, USA 10566016 

DMEM/F12, no glutamine Thermo Fisher Scientific, USA 21331020 

mTeSRTM Plus STEMCELL Technologies, Canada 100-0276 

NeurobasalTM medium Thermo Fisher Scientific, USA 21103049 

NeurobasalTM-A medium Thermo Fisher Scientific, USA 10888022 

Opti-MEM™ Thermo Fisher Scientific, USA 31985070 
STEMdiff™ Neural Induction 
Medium  

STEMCELL Technologies, Canada 05839 

STEMdiff™ Neural 
Progenitor Medium 

STEMCELL Technologies, Canada 05833 

 

Table 7. Astrocyte cultivation medium 

Component Final concentration  

DMEM, high glucose, GlutaMAX™ supplement 1 X 

FBS 10 % 

Penicillin-Streptomycin 1 % 

Sodium pyruvate 1 % (1mM) 

GlutaMAX 1 % 

 

Table 8. HEK293FT culture and transfection media 

Component Final concentration  

Culture medium 

DMEM, high glucose, GlutaMAXTM supplement 1 X 

FBS 10 % 

NEAA 1 % 

Penicillin-Streptomycin 1 % 

G418 500 µg/ml 

Transfection medium 

Opti-MEMTM 1 X 

https://www.thermofisher.com/order/catalog/product/31985070


 

21 
 

FBS 5 % 

Penicillin-Streptomycin 1 % 

 

Table 9. smNPC differentiation and maintenance media (iPSC → smNPC) 

Component Final concentration  

Basal medium  

DMEM/F12 50 % 

NeurobasalTM-A medium 50 % 

GlutaMAX 1 % 

Penicillin-Streptomycin 1 % 

EB medium (days 0-2) 

SB431542 10 µM 

Dorsomorphin 1 µM 

CHIR99021 3 µM 

PMA 0.5 µM 

N2B27 medium (days 2-4) 

B27 minus vitamin A 1 % 

N2 0.5 % 

SB431542 10 µM 

Dorsomorphin 1 µM 

CHIR99021 3 µM 

PMA 0.5 µM 

smNPC maintenance medium (days 4-∞) 

B27 minus vitamin A 1 % 

N2 0.5 % 

CHIR99021 3 µM 

PMA 0.5 µM 

L-Ascorbic acid 150 µM 

 

Table 10. iDAN differentiation and maturation media (smNPC → iDAN) 

Component Final concentration  

Basal medium  

DMEM/F12 50 % 

NeurobasalTM-A medium 50 % 

GlutaMAX 1 % 

Penicillin-Streptomycin 1 % 

Patterning medium (days 0-7) 

B27 minus vitamin A 1 % 

N2 0.5 % 

BDNF 20 ng/ml 

FGF- 8a 10 ng/ml 

PMA 1 µM 

L-Ascorbic acid 200 µM 

Maturation medium (days 7-14) 

B27 minus vitamin A 1 % 

N2 0.5 % 

BDNF 10 ng/ml 

GDNF 10 ng/ml 

TGF- β3 1 ng/ml 

dbcAMP 500 µM 
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DAPT 10 µM 

 

Table 11. Induction medium (ALN neurons) 

Component Final concentration  

DMEM/F12 50 % 

GlutaMAX 1 % 

Penicillin-Streptomycin 1 % 

Sodium pyruvate 1 % (1mM) 

B27 minus vitamin A 2 % 

N2 1 % 

 

Table 12. Neuron medium (ALN neurons) 

Component Final concentration  

BrainPhys Neuronal Medium 50 % 

GlutaMAX 1 % 

Penicillin-Streptomycin 1 % 

Sodium pyruvate 1 % (1mM) 

B27 minus vitamin A 2 % 

N2 1 % 

BDNF 20 ng/ml 

GDNF 20 ng/ml 

L-Ascorbic acid 200 nM 

dbcAMP 500 µg/ml 

Laminin  1 µg/ml 

 

Table 13. Differentiation medium of stable NGN2-based iPSC to DIV3 iNeurons 

Component Final concentration  

N2 medium (days 0-3)  

DMEM/F12 50 % 

HEPES 15 mM 

Penicillin-Streptomycin 1 % 

NEAA 1 % 

GlutaMAX 1 % 

Glucose 1.5 % 

SB431542 10 µM 

XAV939 1 µM 

LDN193189 100 nM 

 

Table 14. Differentiation medium of stable AD2-based iPSC to DIV8 iNeurons 

Component Final concentration  

IPS-SLX medium (days 0-1)  

mTeSRTM Plus 100 % 

SB431542 10 µM 

XAV939 5 µM 

LDN193189 250 nM 

IPS-SDP medium (days 1-2) 
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mTeSRTM Plus 100 % 

SB431542 10 µM 

XAV939 5 µM 

LDN193189 250 nM 

SU05402 10 µM 

DAPT 10 µM 

PD0325901 8 µM 

N2B27 basal medium 

NeurobasalTM medium 100 % 

GlutaMAX 1 % 

B27 minus vitamin A 2 % 

N2 1 % 

IPS/N2B27 medium (days 2-5) 

mTeSRTM Plus 66 % 

N2B27 basal medium 33 % 

SB431542 10 µM 

XAV939 5 µM 

SU05402 10 µM 

DAPT 10 µM 

PD0325901 8 µM 

N2B27/IPS medium (days 5-8) 

N2B27 basal medium 66 % 

mTeSRTM Plus 33 % 

SU05402 10 µM 

DAPT 10 µM 

PD0325901 8 µM 

 

Table 15. Freezing medium of iNeurons 

Component Final concentration  

DMEM/F12 50 % 

HEPES 15 mM 

FBS 40 % 

DMSO 10 % 
 

Table 16. Differentiation medium of stable NGN2-AD2 iNeurons co-culture 

Component Final concentration  

NB27+ medium (days 0-11)  

NeurobasalTM medium 100 % 

FBS 2 % 

NEAA 1 % 

GlutaMAX 1 % 

Glucose 1.5 % 

Penicillin-Streptomycin 1 % 

B27 minus vitamin A 2 % 

BDNF 10 ng/ml 

GDNF 10 ng/ml 

CNTF 10 ng/ml 

Laminin 1 µg/ml 

dbcAMP 250 µM 

L-Ascorbic acid 100 µM 
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Ara-c (days 4-7) 2 µM 

NB27 medium (days11-21) 

NeurobasalTM medium 100 % 

FBS 2 % 

NEAA 1 % 

GlutaMAX 1 % 

Glucose 1.5 % 

Penicillin-Streptomycin 1 % 

B27 minus vitamin A 2 % 

BDNF 10 ng/ml 

GDNF 10 ng/ml 

CNTF 10 ng/ml 

Laminin 1 µg/ml 

BrainPhys medium (days21-42) 

BrainPhys Neuronal Medium 100 % 

FBS 2 % 

NEAA 1 % 

GlutaMAX 1 % 

Glucose 1.5 % 

Penicillin-Streptomycin 1 % 

B27 minus vitamin A 2 % 

BDNF 10 ng/ml 

GDNF 10 ng/ml 

CNTF 10 ng/ml 

Laminin 1 µg/ml 

 

Table 17. Tyrode buffer composition 

Component Final concentration  

NaCl 135 mM 

KCl 5 mM 

D-Glucose 10 mM 

MgCl2 x 6 H2O 0.2 mM 

HEPES buffer 10 mM 

CaCl2 x 2 H20 2.5 mM 

 

2.1.6 Antibodies 

Table 18. Primary antibodies 

Antibody 
target 

Species Manufacturer Catalogue 
Number 

Dilution 

ANK-3 mouse IgG2a NeuroMab, University 
of California, USA 

AB_10697718 1:5 

βIII-tubulin mouse IgG2a 
monoclonal 

STEMCELL 
Technologies, Canada 

60100 
 

1:250 
 

βIII-tubulin rabbit IgY polyclonal Synaptic Systems, 
Germany  

302302 
 

1:250 

BRN2 rabbit IgG Cell Signaling 
Technology, USA 

12137 1:500 

CTIP2 rat IgG Abcam, UK ab18465 1:500 
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FOXA2 
 

mouse IgG2a 
monoclonal 

Santa Cruz 
Biotechnology, USA 

sc-101060 
 

1:200 
 

Gephyrin mouse IgG1, clone 
mAb7a 

Synaptic Systems, 
Germany 

147021 
 

1:400 

GFAP rabbit Agilent Technologies, 
USA 

Z0334 1:500 

Hoechst 
33258 

- 
Sigma-Aldrich, USA 861405 1:800 

MAP2  chicken IgY  Thermo Fisher 
Scientific, USA 

PA1-10005  1:2500 

MAP2  rabbit polyclonal Synaptic Systems, 
Germany 

188002 1:500 

Nestin 
(JP63) 

mouse IgG Synaptic Systems, 
Germany 

312011 1:1000 

PAX6 mouse IgG2a BioLegend, USA 862001  1:200 

PSD95  
(PDZ 
domain) 

rabbit IgG1 Synaptic Systems, 
Germany 

124008 1:500 

SOX1 rabbit  Abcam, UK ab22572 1:500 

SOX2 rabbit  Cell Signaling 
Technology, USA 

3579S 1:400 

Synapsin1 
(SYN1) 

mouse IgG1 
monoclonal  

Synaptic Systems, 
Germany 

106011 
 

1:1000 
 

TH chicken IgY  Abcam, UK ab76442 1:1000 

vGAT  rabbit Synaptic Systems, 
Germany 

131003 1:500 

vGLUT1 mouse IgG Synaptic Systems, 
Germany 

135511 1:300 

 

Table 19. Secondary antibodies  

Antibody 
target 

Species Manufacturer Catalogue 
Number 

Dilution 

Alexa Fluor 
405 

goat anti-chicken IgY 
(H+L) Alexa Fluor 405 

Thermo Fisher 
Scientific, USA 

A-31553 
 

1:150 

AlexaFluor 
488  

goat anti-chicken IgY 
(H+L) 

Thermo Fisher 
Scientific, USA 

A-11039 1:400 

AlexaFluor 
647 

goat anti-chicken IgY 
(H+L) 

Thermo Fisher 
Scientific, USA 

A-21449 1:400 

AlexaFluor 
647 

goat anti-rat IgY (H+L) Thermo Fisher 
Scientific, USA 

A-21247 1:1000 

Cy3-
AffiniPure 

goat anti-mouse IgG 
(H+L) 

Jackson 
ImmunoResearch, UK 

115-165-146 1:500 

Cy3-
AffiniPure 

goat anti-rabbit IgG 
(H+L) 

Jackson 
ImmunoResearch, UK 

111-165-144 1:500 

Cy5-
AffiniPure 

goat anti-mouse IgG 
(H+L) 

Jackson 
ImmunoResearch, UK 

115-175-146 1:500 

Cy5-
AffiniPure 

goat anti-rabbit IgG 
(H+L) 

Jackson 
ImmunoResearch, UK 

111-175-144 1:500 
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2.1.7 Plasmids 

Table 20. Plasmids  

Plasmid Manufacturer Catalogue 
Number 

Reference 

pLV-TetO-hNGN2-
eGFP-Puro  

Addgene 79823 doi: 
10.1016/j.ymeth.2015.11.019. 

pLV-TetO-ASCL1-
LMX1B-NURR1 

Addgene 43918 doi: 
10.1371/journal.pone.0028719 

pLV-FUdeltaGW-rtTA  Addgene 19780 doi: 
10.1016/j.stem.2008.08.003 

pEF-Synaptophysin-
mRuby 

Addgene 188980 doi: 
10.1016/j.neuron.2018.04.022 

 

2.1.8 Oligonucleotides  

Table 21. Oligonucleotides  

Oligo name  Sequence (5’ - 3’) Amplicon length (in bp) 

P2A-Puro_fw TCCGGCTTCGAAGCCACGAATTTCTC 
688 

P2A-Puro_rv ATCGATTACCGGTTCAGGCACCGG 

ALN-Puro_Seq1 CCCAGAACTTCGTACCCTTTGCAC - 

ALN-Puro_Seq2 TTCTACGAGCGGCTCGGCTTCA - 

 

2.1.9 Commercially available kits 

Table 22. Commercially available kits  

Kit Name Manufacturer Catalogue Number 

Lenti-X p24 Rapid Titer Kit Takara Bio Inc., Japan 632200 

QIAamp DNA Mini Kit Qiagen, Germany 51304 

QIAquick Gel Extraction Kit  Qiagen, Germany 28704 

QIAquick PCR Purification Kit  Qiagen, Germany 28104 

QIAGEN Plasmid Midi Kit Qiagen, Germany 12143 

RNeasy Mini Kit  Qiagen, Germany 74104  

RQ1 RNase-Free DNase Promega GmbH, Germany M6101 

STEMdiff™ SMADi Neural 
Induction Kit  

STEMCELL Technologies, 
Canada 

08581  
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2.1.10 Software 

Table 23. Software  

Software Company Version  

CorelDRAW (64-bit) Corel Corporation, Canada X7 

Fiji (based on Image J2)  National Institutes of Health, USA (Image J) 2.9 

GraphPad Prism  GraphPad Software, USA 10.2.3 

Jupyter Notebook (Python 3) Project Jupyter 6.4.8 

Imaris Bitplane  Oxford Instruments, UK 10.0.0 

IncuCyte® S3 Basic Analyzer  Sartorius AG, Germany - 

MetaXpress Molecular Devices, USA  

Origin® (64-bit) OriginLab Corporation, USA 2016G  

SnapGene Viewer SnapGene, USA 5.3.1 

Zen (blue edition) Zeiss, Germany 3.0 
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2.2 Cell culture methods 

2.2.1 General iPSC line information 

All iPSC lines have previously been fully characterized and described. For additional 

information on all lines refer to Table 1. 

2.2.1.1 CTR and idiopathic SCZ iPSC lines 

Five iPSC lines used in this study were generated from dermal fibroblasts of one healthy 

volunteer (CTR2) and four patients diagnosed with schizophrenia-spectrum disorder (SCZ1, 

SCZ2, SCZ4, SCZ5). These lines were generated by Dr. Ricarda Breitmeyer and Sabrina 

Vogel in the Molecular Neurobiology group at the NMI in Reutlingen in cooperation with the 

Department of Psychiatry, University Hospital, Tübingen (authorized by the Ethics Committee 

of the University Hospital and Faculty of Medicine, Tübingen). Therefore, dermal fibroblasts 

were reprogrammed via non-integrative episomal reprogramming as previously described 

(170).  Another healthy control iPSC line (CTR1) was commercially acquired from Thermo 

Fisher Scientific that was originally reprogrammed from umbical cord blood-derived CD34-

positive progenitor cells by non-integrative transfection (171). The third healthy control iPSC 

line (CTR3) was successfully reprogrammed via integration-free episomal reprogramming of 

peripheral blood derived hematopoietic stem cells and was a kind gift from the Tumorbiology 

group at the NMI in Reutlingen (172).  

2.2.1.2 Isogenic control and PINK1 KO iPSC lines 

The healthy control iPSC line HC1 and the two PINK1 KO lines were a kind gift from Dr. Julia 

Fitzgerald at the Hertie Institute for Clinical Brain Research in Tübingen. iPSC from a healthy 

individual were obtained from dermal skin fibroblasts and reprogrammed using a retroviral 

reprogramming strategy overexpressing the plasmids OCT4, SOX2, KLF4, c-MYC as 

previously described (173). Transfection of HC1 iPSC with a TALEN directed to exon 1 resulted 

in two distinct monoclonal iPSC lines carrying a homozygous deletion of PINK1 (PINK1 KO-

Δ8.9 and PINK1 KO-Δ40.7) (174).   

2.2.1.3 Isogenic control and 15q13 and 22q11 microdeletion lines 

Stable NGN2 and AD2 iPSC comprising an isogenic control (CTR) and three microdeletion 

lines (15q13, 22q11 clone1, 22q11 clone2) were a kind gift from Prof. Dr. Moritz Rossner at the 

Department of Psychiatry and Psychotherapy, LMU University Hospital in Munich.  
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2.2.2 Matrigel coating 

To ensure proper proliferation and to keep pluripotent characteristics, stem cell cultures were 

maintained on culture vessels coated with Matrigel, a murine basement membrane extract that 

supports feeder-free expansion of iPSC. For coating, Matrigel was diluted 1:100 in cold 

DMEM/F12 and added to appropriate culture vessels (e.g. 1 ml Matrigel/ one well on 6-well 

plate). Incubation at 37 °C for at least 30 minutes was sufficient. Freshly diluted Matrigel could 

be stored for up to one week at 4 °C. To prevent gelling of Matrigel, work was performed on 

ice.  

2.2.3 PLO/laminin coating 

For the cultivation of neuronal progenitor cells (NPC) and differentiation of neurons, 20 % of 

poly-L-ornithine (PLO) diluted in DPBS was added to appropriate culture vessels (e.g. 1 ml 

PLO-solution/ one well of 6-well plate). After the incubation of 2 h at RT, plates were washed 

once with DPBS and once with DMEM/F12. In a second coating step, plates were incubated 

overnight at 37 °C with 10 µg/ml laminin diluted in DMEM/F12. The following day, coated 

vessels were locked with parafilm to prevent drying out and further stored at 4 °C for up to one 

week.  

2.2.4 PLO-hydro/laminin/fibronectin coating 

For the co-cultivation of stable NGN2-AD2 iNeurons, plates were coated with 0.75 % poly-L-

ornithine hydrobromide (PLO-hydro) diluted in DPBS and incubated overnight at 37 °C. The 

next day, PLO-hydro-solution was removed, and plates were washed three times with DPBS. 

In a second coating step, 1 % laminin + 2 % fibronectin diluted in DPBS were added to 

appropriate culture vessels, followed by an overnight incubation at 37 °C. The following day, 

coated vessels were locked with parafilm to prevent drying out and further stored at 4 °C for 

up to one week. 

2.2.5 iPSC propagation and maintenance 

Stem cell cultures were maintained on Matrigel-coated 6-well plates in mTeSRTM Plus medium 

+ 1 % Penicillin-Streptomycin at 37 ˚C in humified 5 % CO2 atmosphere. Daily medium 

changes were performed and once cells reached 80-90 % of confluence, cells were 

enzymatically passaged using Accutase to obtain single-cell suspensions. For this purpose, 

the cell culture medium was extracted and Accutase was added (1 ml of Accutase/ one well of 
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6-well plate). After an incubation period of 3-5 minutes at 37 °C, cells start to detach, and the 

enzymatic reaction was stopped by adding DMEM/F12 at a ratio of 1:2. After the centrifugation 

for 3 minutes at 300 xg, the supernatant was discarded and cells counted using the 

Nucleocounter NC-200. For iPSC cultivation, 1.05x104 viable iPSC/cm2 were added onto one 

well of a 6-well plate filled with mTeSRTM Plus medium + 1 % Penicillin-Streptomycin 

supplemented with 10 µM Y-2763 (ROCK inhibitor). iPSC reaching a passage of 40 were 

discarded and cells with lower passage numbers were thawed. 

2.2.6 NPC differentiation 

NPC were generated using the STEMdiffTM SMADi Neural Induction kit according to the 

manufacturer’s instructions. For this purpose, iPSC were enzymatically detached and 2x106 

cells were seeded per well onto a before with Anti-Adherence Rinsing Solution-treated 

AggreWell™ 800 24-well plate, which was then centrifuged for 1 minute at 100 xg to allow 

proper embryoid body (EB) formation. Partial daily medium changes with STEMdiff™ Neural 

Induction Medium + 1 % Penicillin-Streptomycin were performed for six days to facilitate EBs 

formation. On day seven, EBs were collected and filtered using a 37 µm reversible strainer to 

get rid of single cells. EBs that were beforehand harvested in one well on the AggreWell™ 800 

24-well plate, were then replated onto one PLO/Lam-coated well of a 6-well plate after filtering. 

After seven days with daily medium changes in STEMdiff™ Neural Induction Medium + 1 % 

Penicillin-Streptomycin, neural rosettes were formed, which could be detached by the addition 

of STEMdiffTM Neural Rosette Selection Reagent for 1.5 h at 37 °C. Dissociated neural rosettes 

were gently washed with DMEM/F12 and neural rosettes-solution was centrifuged for 3 

minutes at 300 xg. Beforehand, 6-well plates were PLO/Lam-coated and selected neural 

rosettes were seeded in STEMdiff™ Neural Induction Medium + 1 % Penicillin-Streptomycin. 

Once the resulting NPCs reached 90 % of confluence, cells were enzymatically dissociated 

with Accutase and seeded onto PLO/laminin-coated 6-well plates in Neural Progenitor Medium 

supplemented with 1 % Penicillin-Streptomycin at a density of 1.05x104 cells/cm2. 

2.2.7 NPC propagation and maintenance  

NPC maintenance was performed in STEMdiff™ Neural Progenitor Medium + 1 % Penicillin-

Streptomycin on PLO/Lam-coated 6-well plates at 37 °C and 5 % CO2 atmosphere with full 

medium changes every second day. NPC cultures reaching 80-90 % of confluence, were 

enzymatically dissociated using Accutase. After a 3-5 min Accutase-treatment at 37 °C, cells 

detached and the enzymatic reaction was stopped by adding DMEM/F12 at a ratio of 1:2. The 

single cell suspension was then centrifuged for 3 minutes at 300 xg, the supernatant was 
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discarded and cells counted using the Nucleocounter NC-200. Per well of a 6-well plate, 

1.05x104 cells/cm2 were seeded for routine propagation. NPC with passage numbers until 10 

were used for differentiations, while NPC with higher passage numbers were discarded. 

2.2.8 Cryopreservation and thawing of iPSC and NPC 

For thawing of cryopreserved iPSC and NPC, vials were shortly put into a water bath at 37 °C 

for a few minutes until only the core remained frozen. Cells were then gently resuspended and 

transferred to a 15 ml falcon tube containing 3 ml of pre-warmed DMEM/F12. After 

centrifugation for 3 minutes at 300 xg, the supernatant was discarded and iPSC and NPC were 

resuspended in mTeSRTM Plus medium + 1 % Penicillin-Streptomycin supplemented with 

10 µM Y-27632 to enhance single cell survival and in STEMdiff™ Neural Progenitor Medium + 

1 % Penicillin-Streptomycin, respectively. Cells were then seeded into their previously 

Matrigel- or PLO/laminin-coated growth vessels.  

For freezing, single cell suspensions of iPSC and NPC were generated as described. Cells 

were then centrifuged for 3 minutes at 300 xg and resuspended into 1 ml of their appropriate 

cell culture medium + 10 % DMSO. Per cryovial, 1x106 cells were added and cryovials were 

frozen at -80 °C in Mr. Frosty™ freezing containers overnight to ensure a stable cooling. For 

long-term storage, cryovials were transferred at -150 °C or in liquid nitrogen tanks.  

2.2.9 Dopaminergic and glutamatergic neuron differentiation  

iPSC-derived neurons can be obtained by different strategies. One strategy is the ‘directed 

differentiation’ that mimics the in vivo development by adding small molecules in a specific 

concentration and time manner. Lentiviral transduction and overexpression of the key 

transcription factors represents another approach to rapidly and directly convert iPSC into 

neurons (175). 

2.2.9.1 Differentiation of dopaminergic neurons (iDANs) via growth factors 

Generation of induced dopaminergic neurons via ‘directed differentiation’ was based on two 

differentiation steps. First, iPSC were differentiated into small molecule neuronal progenitor 

cells (smNPC) and further differentiation into induced dopaminergic neurons (iDANs). This 

differentiation process is based on the protocol developed by Reinhardt et al. (173). Therefore, 

iPSC were seeded onto Matrigel-coated 6-well plates with 1.05x104 viable iPSC/cm2 in 

mTeSRTM Plus medium + 1 % Penicillin-Streptomycin supplemented with 10 µM Y-27632. After 

3-4 days, medium-sized iPSC colonies were detached by addition of 1 mg/ml Collagenase IV 

for 1 h at 37 °C. Detached colonies were collected in 15 ml falcon tubes. When all colonies 
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have sunk, the supernatant was removed, and cells were transferred onto ultra-low attachment 

culture vessels in EB medium for 48 h. In a 2 days rhythm, medium was first changed to N2B27 

medium and then to smNPC maintenance medium. EBs were then triturated into smaller 

fragments with a 1 ml pipette and 10-15 EBs were plated onto one well of a Matrigel-coated 

12-well plate. Full medium changes with smNPC Maintenance medium were performed every 

second day and cells were passaged once a week using Accutase. Per well of a 6-well plate, 

1.05x104 cells/cm2 were seeded for routine passaging. smNPC with passage numbers greater 

than four, were used for iDAN differentiations.  

On DIV0, once smNPC reached 80-90 % confluence, cells were enzymatically detached with 

Accutase and centrifuged for 3 minutes at 300 xg. After removal of the supernatant, cell pellets 

were resuspended in DMEM/F12 and 3.9x104 cell/cm2 cells were seeded onto previously 

Matrigel-coated 12-well plates in Patterning medium supplemented with 10 µM Y-2763. Full 

medium changes with Patterning medium were performed every second day until DIV7. 

After seven days in Patterning medium, cells were detached as described. In total, 2.5x105 

cells/cm2 were seeded onto one well of a Matrigel-coated 96-well plate in Maturation medium. 

After 2-3 h, murine astrocytes were added to each well in a neuron-astrocyte ratio of 4:1 

(6.25x104 cells/cm2 astrocytes/well). For further maturation, cells were cultured in Maturation 

medium until DIV14, and medium change was performed every other day.  

2.2.9.2 Differentiation of dopaminergic neurons (ALN) via overexpression of the 

transcription factors ASCL1/LMX1B/NURR1 

The induction of dopaminergic neurons via lentiviral overexpression of ASCL1-LMX1-/NURR1 

(ALN) was achieved according to the already published protocol with slight modifications and 

started from iPSC (148). On DIV0, iPSC were enzymatically detached using Accutase, 

centrifuged for 3 minutes at 300 xg and counted as already described. Cells were diluted in 

mTeSRTM Plus medium + 1 % Penicillin-Streptomycin supplemented with 10 µM Y-2763 to 

obtain a final cell concentration of 7.89x104 iPSC/cm2. For transduction of iPSC, the two 

lentiviral constructs FUdeltaGW-rtTA and TetO-ALN-Puro were added to the single cell 

suspension to induce the overexpression of ALN-Puro under the control of the Tet-On system 

(Table 20). Subsequently, the iPSC-lentiviral suspension was plated onto Matrigel-coated 12-

well plates. After overnight incubation on DIV1, medium was replaced by Induction medium 

containing 1 µg/ml of doxycycline to start transgene overexpression of ALN-Puro. On DIV2, 

selection of transduced cells was initiated by medium replacement with Induction medium 

supplemented with 1 µg/ml of doxycycline and 1 µg/ml of the antibiotic puromycin, which was 

repeated until DIV5, as there were no longer dead cells visible. On DIV6 and DIV7, 2 µM Ara-c 

was initiated and added to the Induction medium with 1 µg/ml of doxycycline, as early 
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processes began to extend from the cell body to get rid of non-differentiating cells. Until DIV10, 

full medium changes with Induction medium supplemented with 1 µg/ml of doxycycline were 

performed daily. For culturing ALN neurons separately in monocultures, immature neurons 

were detached with Accutase on DIV10, resuspended in Neuron medium + 1 µg/ml of 

doxycycline, and plated at a density of 1.56x105 cells/cm2 onto PLO/Lam-coated 96-half-well 

plates. After neuronal attachment, 3.9x104 cells/cm2 murine astrocytes were added to neurons 

at a neuron-astrocyte ratio of 4:1. Half medium changes with Neuron medium were performed 

every other day to dilute out doxycycline. On DIV24, a full medium change with Neuron medium 

+ 1 µg/ml doxycycline was performed for the final differentiation process. On DIV28, cellular 

assays were performed.  

2.2.9.3 Differentiation of glutamatergic neurons (NGN2-GFP) via 

overexpression of Neurogenin2-GFP 

The generation of NGN2-GFP neurons was performed according to a published protocol with 

slight modifications and started from NPC (146). Therefore, NPCs were seeded at a density of 

5.26x104/cm2 onto Matrigel-coated 12-well plates in Neural Progenitor medium + 1 % 

Penicillin-Streptomycin at DIV-1. The following day, NPCs were transduced with the two 

lentiviral constructs FUdeltaGW-rtTA and pLV-TetO-hNGN2-eGFP-Puro, to induce the 

overexpression NGN2-GFP under the control of the Tet-On system (Table 20). The following 

day, medium was replaced by Neural Progenitor medium + 1 % Penicillin-Streptomycin 

containing 1 µg/ml of doxycycline. After 24 h (DIV2), the selection of transduced cells was 

initiated by adding Neural Progenitor medium + 1 % Penicillin-Streptomycin + 1 µg/ml of 

doxycycline + 2 µg/ml of the antibiotic puromycin. Selection was performed until DIV3, when 

cells were detached for seeding in monocultures. Therefore, immature neurons were detached 

with Accutase, resuspended in Neuron medium supplemented with 1 µg/ml of doxycycline, and 

seeded at a density of 1.25x105 cells/cm2 on PLO/Lam-coated 96-half-well plates. After 

neuronal attachment, 3.125x104 cells/cm2 murine astrocytes were added to neurons at a 

neuron-astrocyte ratio of 4:1. Half medium changes with Neuron medium were performed 

every other day to dilute out doxycycline. On DIV24, a full medium change with Neuron medium 

+ 1 µg/ml doxycycline was performed for the final differentiation process. On DIV21, cellular 

assays were performed. 

2.2.9.4 ALN-NGN2 co-culture setup 

For co-cultivation of dopaminergic and glutamatergic neurons, ALN and NGN2-GFP neurons 

were generated as described in sections 2.2.9.2 and 2.2.9.3. After initial differentiation steps, 

pre-differentiated ALN neurons on DIV10 and NGN2-GFP neurons on DIV3 were detached 
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with Accutase and counted. Immature neurons were seeded into co-cultures at a total seeding 

density of 1.56x105 cells/cm2 onto one well of a PLO/Lam-coated 96-half-well plate in Neuron 

medium supplemented with 1 µg/ml of doxycycline. The ALN-NGN2-GFP neurons ratio was 

50:50. After neuronal attachment, 3.9x104 cells/cm2 murine astrocytes were added to the co-

culture. On DIV24 of ALN neurons, a full medium change with Neuron medium + 1 µg/ml 

doxycycline was performed for the final differentiation process. On DIV28 of ALN neurons, 

cellular assays were performed. A schematic overview of the differentiation processes is 

depicted in Figure 1.  

The seven iPSC lines were individually differentiated either into ALN-induced or NGN2-induced 

neurons. For the first part of experiments, the respective ALN neuronal lines were seeded with 

their matching NGN2 neuronal lines into co-culture. In a second part, the three CTR lines were 

combined into a CTR population and all four SCZ lines were mixed into a SCZ population. With 

that approach it was possible to generate a mixed co-culture setup comprising four 

combinations: CTR ALN + CTR NGN2, SCZ ALN + CTR NGN2, CTR ALN + SCZ NGN2 and 

SCZ ALN + SCZ NGN2. All other parameters (cell density/well, cultivation period, ect.) 

remained the same. 

 

Figure legend on the next page 

Figure 1. Schematic overview of ALN and NGN2 differentiation and seeding into monocultures 

or ALN-NGN2 co-cultures. iPSC are transduced with the lineage-specific transcription factors ALN, 

whereas NPC are transduced with the lineage-specific transcription factor NGN2 via lentiviral 

overexpression. Doxycycline administration and puromycin selection induce transgene expression and 

selection of infected cells. To kill non-differentiating cells, Ara-c was initiated in ALN neuron differentiation 

for 48 h. ALN and NGN2 neurons were seeded into mono- or co-cultures. Subsequently, murine 
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astrocytes were added to improve network maturation. Cultures were cultivated in Neuron medium until 

DIV28. At DIV24, doxycycline was again added to induce the transgene expression and improve 

neuronal maturation. Created with BioRender.com. 

 

2.2.10 NGN2 and ASCL1/DLX2 (AD2)-based differentiation of stable iPSC to iNeurons 

For the generation of cortical glutamatergic NGN2 and GABAergic interneurons, stable 

transduced iPSC with either NGN2 or AD2 were employed. Differentiation protocols based on 

the Tet-On system were established by the Department of Psychiatry and Psychotherapy, LMU 

University Hospital at the LMU in Munich and kindly provided. Induced cortical glutamatergic 

NGN2 neurons were generated according to previous protocols with slight modifications (176, 

177, 178). In a first step, stable NGN2 and AD2-based iPSC were pre-differentiated to DIV3 

and DIV8 iNeurons, respectively and frozen. In a second step, frozen iNeurons were thawed 

and seeded into a NGN2-AD2 co-culture setup 

2.2.10.1 NGN2-based differentiation of stable iPSC to DIV3 iNeurons 

Stable iPSC-derived NGN2 iNeurons were generated as follows: On DIV0, stable NGN2-iPSC 

were enzymatically detached using Accutase. After the centrifugation for 3 minutes at 300 xg, 

cells were resuspended and counted. Required number of 6-well plates were coated with 

Matrigel beforehand, and 1.05x105 cell/cm2 were seeded in mTeSRTM Plus medium + 1 % 

Penicillin-Streptomycin supplemented with 10 µM Y-2763 and 2 µg/ml doxycycline. The next 

two days (DIV1+ DIV2), full medium changes were performed with N2-medium + 2 µg/ml 

doxycycline. At DIV3, pre-differentiated NGN2 iNeurons were detached with Accutase, 

centrifuged for 3 minutes at 300 xg and resuspended in iNeuron freezing medium (Table 15). 

Per cryovial, 1x106 cells were added and cryovials were frozen at -80 °C in Mr. Frosty™ 

freezing containers overnight to ensure a stable cooling. For long-term storage, cryovials were 

transferred at -150 °C or in liquid nitrogen tanks. 

2.2.10.2 ASCL1/DLX2 (AD2)-based differentiation of stable iPSC to DIV8 

interneurons 

On DIV0, stable AD2-iPSC were enzymatically detached using Accutase. After the 

centrifugation for 3 minutes at 300 xg, cells were counted. Required number of 6-well plates 

were coated with Matrigel beforehand, and 1.05x105 cell/cm2 were seeded in IPS-SLX medium 

supplemented with 10 µM Y-2763 and 2 µg/ml doxycycline. The following day (DIV1), medium 

was replaced by IPS-SDP medium + 2 µg/ml doxycycline. At DIV2, medium was replaced by 

IPS/N2B27 medium + 2 µg/ml doxycycline. Full medium change to N2B27/IPS medium + 
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2 µg/ml doxycycline was performed at DIV5, which was repeated until DIV8. Pre-differentiated 

iNeurons were detached and frozen in iNeuron freezing medium as described in section 

2.2.10.1. 

2.2.10.3 NGN2-AD2 co-culture setup 

For the co-cultivation of stable NGN2 and AD2 at DIV0, cryopreserved iNeurons were always 

freshly thawed. Thawed iNeurons were then gently transferred to a 15 ml falcon tube 

containing 3 ml of pre-warmed DMEM/F12 and carefully resuspended. After centrifugation for 

3 minutes at 300 xg, the supernatant was discarded and iNeurons were resuspended in NB27+ 

medium supplemented 10 µM Y-2763 and 2 µg/ml doxycycline. Cell suspensions of AD2 

iNeurons were passed through a 40 µm cell strainer and collected in a new 15 ml falcon tube 

to get rid of cell clusters formed during the pre-differentiation step. After counting, a total 

number of 1.56x105 cells/cm2 were seeded onto one well of PLO-hydro/laminin/fibronectin-

coated 96-well plates in NB27+ medium supplemented with 2 µg/ml doxycycline with a NGN2-

AD2 ratio of 80:20. After 24 h of neuronal attachment, full medium change was performed with 

NB27+ medium + 2 µg/ml doxycycline and 3.125x104 murine astrocytes/cm2 were seeded to 

each well. To kill remaining non-differentiating cells and to inhibit proliferation of astrocytes, a 

full medium change with NB27+ medium + 2 µg/ml doxycycline + 2 µg/ml Ara-c was performed 

at DIV4, which was repeated at DIV7. Half medium changes were performed from DIV11 on 

until DIV14 with NB27 medium + 2 µg/ml doxycycline. At DIV18, doxycycline was diluted out 

with a half medium change to NB27 medium. Starting from DIV21, BrainPhys medium was 

initiated with half medium changes every third day. Neurons were cultured until DIV42, when 

cellular assays were performed, and cells fixed. A schematic overview of the differentiation 

processes is depicted in Figure 2. 
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Figure 2. Schematic overview of NGN2 and AD2 iNeuron differentiation and seeding into E-I co-

cultures. Differentiation of stable NGN2 and AD2 iPSC is induced by the administration of doxycycline. 

NGN2 are pre-differentiated for 3 days, whereas AD2 are pre-differentiated for 8 days before seeding 

into co-culture (DIV0). At DIV1, murine astrocytes are added. Doxycycline administration is performed 

until DIV18 to induce transgene expression and Ara-c is added for 5 days to kill non-differentiating cells. 

Co-cultures were cultivated in NB27+ for 11 days, followed by the cultivation in NB27 medium for 10 

days and in BrainPhys medium until the end of the culture period (DIV42). Created with BioRender.com. 

 

2.2.11 Preparation of murine astrocytes  

P1 pups of the wildtype mice RjOrl:SWISS strain (Janvier-Labs) were used for the isolation of 

astrocytes (179). In a first step, the head of the newborn pups was separated from the rest of 

their bodies. Next, the scalp was carefully removed, and the underlying skullcap was cut open 

from caudal to rostral along the visible midline that separates the two hemispheres, which was 

then carefully pressed outwards. The brain, that was now easily accessible, was removed with 

a small spoon and immediately transferred into ice-cold DPBS + 15 mM HEPES buffer + 1 % 

Penicillin-Streptomycin. The olfactory bulbs and the cerebellum were separated from the 

cortex using sharp scissors and the meninges were carefully removed with fine forceps under 

a stereomicroscope. The hemispheres were then isolated and when visible, hippocampi were 

removed. Cortices were cut into smaller fragments and stored on ice in a falcon tube containing 

DPBS + 15 mM HEPES buffer + 1 % Penicillin-Streptomycin until further processing. Once all 

cortices were prepared, DPBS solution was removed from the tube and 5 ml of trypsin/EDTA 

0.025 % were added and carefully resuspended. This was followed by an incubation step of 

20 minutes in a 37 °C water bath. Finally, trypsin/EDTA solution was replaced by 5 ml of 

Astrocyte medium (Table 7), and cell suspension was resuspended up to 30 times to break up 



 

38 
 

the large fragments. T75 cell culture flask containing 20 ml of cultivation medium were 

prepared for further cultivation of isolated cortical cells and cell fragments. Per T75 flask, 4 

cortices were added and incubated at 37 °C and 8 % of CO2. Every other day, full medium 

changes were performed. After one week, astrocytes were passaged once to get rid of 

neurons, microglia and oligodendrocytes. After expansion, cells were frozen with passage 1 in 

cryovials containing 1x106, 2x106 and 5x106 cells/vial in a freezing medium consisting of 90 % 

FBS + 10 % DMSO.  

For cultivation, astrocytes were cultured on uncoated 6-well plates in Astrocyte medium. Full 

medium changes were performed every other day. For dissociation, astrocytes were washed 

once with DPBS and then enzymatically detached with trypsin/EDTA 0.025 %. The enzymatic 

reaction was terminated by adding DMEM/F12, and cells were centrifuged for 3 minutes at 300 

xg. For neuronal differentiations, astrocytes in early passages up to P2 were used. Astrocytes 

were added to the neuronal culture, either freshly thawed P1 astrocytes or cultured P2 

astrocytes, which were then detached.  

2.2.12 Lentivirus production 

To produce third generation lentiviruses, the specialized HEK293FT cell line was used. This 

cell line stably expresses a neomycin resistance gene, which allows for a cultivation under 

G418 selection in HEK293FT culture medium (Table 8).  

2.2.12.1 Transfection of HEK293FT  

Prior to transfection, cells were washed once with DPBS and dissociated using trypsin/EDTA 

0.025 %. The reaction was stopped using DMEM/F12 and detached cells were centrifuged for 

3 minutes at 300 xg. 5x105 viable cells were seeded per T175 flask in HEK293FT cultivation 

medium without G418 and cultivated at 37 °C and 8 % CO2. For the generation of a lentiviral 

construct at least two T175 flasks were used. When HEK293FT reached 80-90 % of 

confluence, cells were ready to transfect or otherwise transfection was postponed to the next 

day. For transfection, a plasmid-mix containing 27 µg lentiviral packaging mix + 18 µg plasmid 

DNA in 4.5 ml Opti-MEMTM and a lipofectamine-mix containing 108 µl LipofectamineTM 2000 in 

4.5 ml Opti-MEMTM were prepared. Both mixes were incubated for 5 minutes at RT in separate 

reaction tubes. The plasmid-mix was then carefully added to the lipofectamine-mix, without 

resuspending or inverting, and incubated for further 20 minutes at RT. Meanwhile, the cell 

culture medium of HEK293FT was discarded and changed to 20 ml of transfection medium. 

After the incubation step, the plasmid-lipofectamine-mix was added to the HEK293FT in 

transfection medium (9 ml mix per T175 flask). The flasks were swirled carefully and slowly 

and incubated at 37 °C and 5 % of CO2. The following days, the collection of supernatants (48 
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h and 72 h) was performed under biological safety level 2 conditions.  The supernatants were 

transferred in 50 ml falcon tubes and stored at -80 °C. After collection of the 48 h supernatant, 

30 ml of fresh transfection medium was added carefully to HEK293FT cells, while after 

collection of the 72 h supernatant, cell culture flasks were discarded.  

2.2.12.2 Virus preparation 

For virus preparation, collected lentiviral suspensions in 50 ml falcon tubes were thawed either 

overnight at 4 °C or in a water bath at 37 °C for around 1 h. Lentiviral suspension were passed 

through sterile filters, pipetted into appropriate centrifugation tubes and ultracentrifuged at 

19.600 xg for 80 minutes at 4 °C. After carefully removing the supernatant, tubes with the 

opening downwards were placed on sterilized tissue paper allowing the residual liquid to drain 

off. Without mixing, 100 µl of PBS + 1 % BSA were carefully pipetted to the viral pellets, and 

tubes that were sealed with Parafilm were stored over night at 4 °C. After 24 h, generated 

pellets were resuspended carefully, aliquoted and stored at -80 °C.  

2.2.12.3 Determination of lentiviral titers  

The Lenti-X p24 Rapid Titer Kit was used to perform lentiviral titer determination following the 

manufacturer’s instructions. Briefly, lentiviral suspensions were diluted to concentrations of 10-

5 and 10-10 and plotted against a p24 standard curve. Resulting lentiviral concentrations were 

in a range from 5x1010 to 5x1011 particles per ml. Cells were transduced with lentiviral 

concentrations of approximately 10 ng/ml or 2x108 particles/ml.  

2.3 Cellular assays 

Cellular assays were performed with different neuronal cell types and different mono-/co-

culture setups at their respective timepoint of differentiation.  

Main culture types are listed in the following:  

I. smNPC-derived iDANs monocultures 

➢ neurite outgrowth assay was performed at DIV4 

➢ all other cellular assays were performed at DIV14 

 

II. ALN-NGN2 mono- and co-cultures (DIV0 indicates ALN-induction start) 

➢ cellular assays were performed at DIV28 of ALN neurons  

➢ at this time point NGN2-GFP neurons were at DIV21 
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III. stable iPSC-derived NGN2-AD2 co-cultures (DIV0 indicates co-culture start) 

➢ neurite outgrowth assay was performed at DIV5 

➢ all other cellular assays were performed at DIV42 

 

2.3.1 Neurite outgrowth assay  

2.3.1.1 Neurite outgrowth assay with smNPC 

Determination of neurite outgrowth of dopaminergic neurons was performed with the directed 

differentiation protocol starting from smNPC, as the selection step using the lentiviral 

overexpression protocol generated lot of dead cells making the imaging and further analysis 

impossible. 

Dopaminergic progenitor cells were enzymatically detached using Accutase. At DIV0, 

3.125x105 smNPC were seeded onto Matrigel-coated 96-well µClear plates in Patterning 

medium + 10 µM Y-2763. Per donor, smNPC were seeded into five wells to ensure sufficient 

technical replicates. Cells were cultured in Patterning medium for three to four days with full 

medium changes every other day ensuring that cells did not grow too dense. At DIV4, cells 

were fixed and stained for βIII-tubulin to visualize the neuronal cytoskeleton and Hoechst for 

nuclear staining as described in 2.3.6. To analyse the outgrowing neurites, the ImageXpress 

Micro Confocal High-Content Imaging System with a 20x objective was employed. Per well, 

nine images were acquired, and images were further processed with the software MetaXpress 

(Molecular Devices) using the ‘Neurite Outgrowth’ tool. The tool allowed for identification of 

Hoechst-positive nuclei and outgrowing neurites for which the length was measured 

automatically. Within individual replicates, thresholds for the detection of Hoechst-positive 

nuclei and outgrowing neurites were kept constant for all donors. Additionally, the mean value 

from each well was computed and normalized relative to the control mean. 

2.3.1.2 Neurite outgrowth assay of stable NGN2  

On DIV0, stable NGN2-based iPSC were seeded into Matrigel-coated transparent 48-well 

plates at a density of 1.05x104 cells/cm2 in mTeSRTM Plus medium + 1 % Penicillin-

Streptomycin + 10 µM Y-2763 + 2 µg/ml doxycycline. After 24 h (DIV1, t=0), the medium was 

changed to N2-medium + 2 µg/ml doxycycline to initiate the NGN2 differentiation. Plates were 

placed in the IncuCyte® Live Cell Analysis System and every 4 h to 6 h brightfield images were 

acquired with a 10x objective. Per line, cells were seeded into three to four wells and nine 

images per well were taken. On DIV2, N2 medium change was repeated. At DIV3 and DIV4, 

medium was changed fully to NB27 medium + 2 µg/ml doxycycline and cells were imaged 
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without further medium changes until t=120 h. As medium change at DIV3 resulted in detaching 

and subsequent attaching of cells, tracking of neurites was only possible from timepoint 72 h 

on. Images were further processed using the IncuCyte® NeuroTrack analysis module. Neurite 

length (mm) per number of cell body clusters, as well as neurite branch points (mm) per 

number of cell body clusters were determined for each time point. The analysis parameters 

were set with a minimum area of 150 µm for the cell body cluster mask and a minimum cell 

width of 7 µm. Neurite filters were set to a sensitivity of 0.75 including neurites with a width of 

1 µm. Imaging methods and filter settings were constant across all independent experiments 

and images acquired per well were averaged. Timepoint t=72 h was set to 1 for the following 

reason: during medium change from N2 medium to NB27 medium cells detached and attached 

again. A plateau of maximum measurable growth was reached at t=120 h. Therefore, the 

parameters neurite length and neurite branching were analysed at this timepoint.  

2.3.2 pLV-EF1α-Synaptophysin-mRuby transduction  

For the generation of ALN and NGN2-GFP neurons that overexpress Synaptophysin-mRuby 

for cell type-specific labelling of presynaptic boutons, iPSC were transduced at DIV0 with the 

lentiviral vectors pLV-FUdeltaGW-rtTA, pLV-TetO-ALN-Puro and pLV-EF1α-Synaptophysin-

mRuby. NPC were transduced with the lentiviral suspension consisting of pLV-FUdeltaGW-

rtTA, pLV-TetO-hNGN2-eGFP-Puro and pLV-EF1α-Synaptophysin-mRuby. Further 

differentiation steps remained the same and are described in sections 2.2.9.2 and 2.2.9.3.  

2.3.3 Treatment with a selective DRD2 agonist and antagonist 

In one experiment, neurons in ALN-NGN2 co-cultures were treated with a selective DRD2 

agonist and antagonist (Pramipexole dihydrochloride a DRD2 agonist, Sulpiride a DRD2 

antagonist). Pramipexole, Sulpiride or DMSO only as a solvent control were added to Neuron 

medium to obtain a final concentration of 10 µM. Treatment was applied for 24 h at 37 ˚C, 5 % 

CO2. The next day, calcium imaging was performed as described in section 2.3.4.  

2.3.4 Calcium imaging  

iDANs and ALN neurons were stained with the green fluorescent calcium indicator 2 µM Cal-

520TM diluted in DMEM/F12, whereas NGN2-GFP neurons in monoculture, as well as ALN-

NGN2-GFP neurons in the co-culture were stained with 2 µM of the red fluorescent calcium 

indicator CalbryteTM 590 AM diluted in DMEM/F12. Both dyes were stained for 30 min at 37 °C. 

Afterwards, cells were washed once with DMEM/F12, and Neuron medium was added. 
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Neurons were then incubated for 10-15 minutes at 37 °C to allow for recovery, before imaging 

started. Spontaneous single-cell calcium activity was measured using the Cell Observer SD 

spinning disk confocal laser scan microscope with a 20x objective and an incubation chamber 

allowing to record at 37 °C. Therefore, two comparable microscopic areas per well including 

multiple cells were chosen and recorded for at least 3 minutes at a frame rate of 50 fps. In 

each biological replicate (one differentiation), two wells per donor were stained and two videos 

per well were recorded. Recordings were obtained ranging from 3-5 independent neuronal 

differentiations per donor. To later distinguish between ALN and NGN2-GFP neurons in the co-

culture, snapshots of the CalbryteTM 590 AM and GFP signals were taken immediately before 

starting the recording.   

Calcium recordings were further processed in the image processing software Fiji (based on 

ImageJ). A minimum of five neurons per neuronal subtype and per recording were analysed. 

Therefore, active neuronal somata were circled with the freehand selection tool and the mean 

fluorescent intensity of individual neurons were measured over time using the ROI Manager 

tool. The Origin 2016G Peak Analyzer software (OriginLab Corporation) allowed for processing 

of these calcium traces. Therefore, the peak analysis tool was used with constant peak 

detection threshold and constant peak distance within one replicate and calcium traces were 

normalized to a baseline of 0. Four peak parameters were filtered out: area under the curve 

(AUC), full width at half maximum (FWHM), amplitude (ΔF/F0) and peak frequency (n 

peaks/seconds recorded, Hz). Parameters of multiple cells within one well were averaged and 

normalized to the CTR group for each replicate. 

Calcium imaging of stable NGN2-AD2 E-I co-cultures was performed at DIV42. Cells were 

stained with 2 µM of the red fluorescent calcium indicator CalbryteTM 590 AM diluted in 

DMEM/F12 as described above. After the incubation period of 30 minutes and washing with 

DMEM/F12, Tyrode buffer was added to the wells (Table 17). This buffer solution has an 

increased proportion of potassium chloride, which induces the increase of the resting 

membrane potential and this in turn promotes the generation of action potentials. The buffer 

was prepared and kindly provided by the electrophysiology group at the NMI in Reutlingen. 

Calcium imaging of this co-culture followed the same recording and analysis procedure, as 

described for the ALN-NGN2 co-culture. Except for snapshot taking, as distinction between 

cell types was not possible. 

2.3.5 Global synchronization index (GSI) analysis 

Based on recorded calcium imaging data, the GSI was employed to quantify network 

communications within the cultures and provides a numerical value that describes the level of 
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synchronization among the spontaneous calcium bursts that occur during recording. Calcium 

recordings were processed in the image processing software Fiji as described in section 2.3.4. 

This processed raw data was then transferred into Jupyter Notebook with a Python code, 

written and kindly provided by Emilio Pardo Gonzalez (Electrophysiology group, NMI, 

Reutlingen). Mathematical background of GSI determination is described in detail elsewhere 

(180). The code generates a correlation matrix showing each ROI in comparison with another 

ROI and computes the GSI for each recording. GSI values were in the range from -1 to 1, 

whereby values ranging from -1 to 0 indicate no synchronicity, in contrast values ranging from 

0 to 1 indicate (partial) synchronicity.  

2.3.6 Immunocytochemistry 

After several weeks of differentiation, neurons were fixed with 4 % PFA diluted in DPBS for 15 

minutes at RT, followed by a DPBS washing step for three times. Next, cells were 

permeabilized and blocked for unspecific antibody binding using blocking solution consisting 

of 0.1 % Triton-X100 in DPBS and 1 x blocking reagent BMB for a minimum of 30 minutes at 

RT. Following blocking, primary antibodies diluted in blocking solution were added in 

appropriate concentrations and incubated overnight at 4 °C. The next morning, cells were 

washed three times with DPBS and the secondary antibody solutions (secondary antibodies 

diluted in blocking solution) were added for 2 h at RT. During this incubation step, the cells 

were kept on an orbital shaker and protected constantly from light. To stain for DNA, Hoechst 

dye was diluted in the blocking solution and added 30 minutes before the 2 h incubation time 

was over. Cells were then washed again three times with DPBS and stored at 4 °C. 

2.3.7 Analysis of differentiation efficiency in dopaminergic neuronal cultures 

To compare the two dopaminergic neuronal differentiation protocols, the dopaminergic 

neuronal yield for each approach was determined. Therefore, iDANs and ALN neurons were 

fixed and stained by immunocytochemistry for the neuronal cytoskeletal marker βIII-tubulin 

and tyrosine hydroxylase (TH), a dopaminergic neuron marker. Dopaminergic neurons were 

imaged using spinning disk confocal microscope Cell Observer SD with a 20x objective. 

Images from 3-5 independent neuronal differentiations (biological replicate) of two CTR donors 

(CTR1, CTR2) and two SCZ donors (SCZ1, SCZ4) were acquired, without changing laser 

intensity, exposure time and gain within one biological replicate. Two wells per cell line were 

stained and five images per well were taken for each replicate. To analyse the differentiation 

efficiency, the IMARIS Bitplane 10.0.0 software was used. Therefore, the volume of the βIII-

tubulin surface (µm3) and the volume of the TH surface (µm3) were determined for each image. 
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To obtain a ratio, the TH surface volume was divided by the respective βIII-tubulin surface 

volume. Ratios from individual images within one well were averaged. 

2.3.8 NGN2 neuronal layer marker quantification  

For the quantification of cortical layer marker, NGN2 neurons in monoculture at DIV21 were 

fixed and stained for the upper-layer marker BRN2 and the deep-layer marker CTIP, as well 

as Hoechst for visualization of the nucleus. The neuronal marker MAP2 was stained as well, 

for the validation of neurite formation. Z-stacks were taken with a 20x magnification using the 

Cell Observer SD spinning disk confocal laser scan microscope. A minimum of two 

independent differentiations per donor were performed and two images per well with 

comparable areas were acquired. Further processing was performed in Zen (blue edition, 3.0) 

by creating orthogonal projections of the taken z-stacks. Exported orthogonal projections were 

then loaded into Fiji and channels were split. A threshold was set for the channels comprising 

the BRN2, CTIP and Hoechst signals and the number of particles per channel measured. As 

the stained markers CTIP and BRN2 are nuclear marker, hence co-localizing with Hoechst, 

particles positive for CTIP and Hoechst, particles positive for BRN2 and Hoechst, and particles 

double positive for CTIP and BRN2 were analysed. Number of CTIP-, BRN2- and double-

positive cells were divided by the total number of Hoechst-positive cells to obtain ratios. Data 

obtained from one well was averaged. 

2.3.9 Quantification of synaptic marker 

To determine synaptic marker expression, ALN-NGN2 neurons in mono or co-cultures were 

fixed and stained for pre- and postsynaptic markers at DIV28. Stable NGN2-AD2 neurons in 

co-culture were fixed and stained at DIV42. Z-stacks were taken with a 63x magnification using 

the Cell Observer SD spinning disk confocal laser scan microscope. Images were acquired 

from a minimum of three independent neuronal differentiations per donor. Within each 

biological replicate, two wells per cell line were stained and five areas with comparable MAP2-

fibre density were chosen and then imaged.  

Further processing of the taken z-stacks was done with the IMARIS Bitplane 10.0.0 software 

by creating a 3D mask of the MAP2 signal within the z-stack, representing the total neuronal 

network. This masking step allowed for only detecting synaptic spots laying within the MAP2 

volume and not counting any artefacts. The spot detection tool was used to count and quantify 

synaptic spots laying within the MAP2 mask. In a first step, thresholds for spot intensity and 

spot size were determined, which were further kept constant for each synaptic marker within a 

biological replicate. For the quantification of appositions (pre- and postsynaptic marker), the 
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MATLAB-based ‘Spots Colocalize’ IMARIS XTension plugin was used. According to the 

resolution limit of the microscope, a maximum spot distance between pre- and postsynaptic 

spots of 0.2 µm was set. 

In the ALN-NGN2 co-culture, GFP-labelling of the NGN2 neurons allowed for distinction 

between neuronal cell types. As described above, a MAP2 mask was generated to quantify 

the total volume and total synapse number of the neuronal network. Within the MAP2 mask, a 

GFP mask was created representing the volume of NGN2 neurons. Again, synaptic spots 

within the MAP2, as well as within the GFP mask were counted. Volumes and spot numbers 

from MAP2 and GFP were subtracted from each other to obtain synapse densities on ALN 

neurons. Synaptic spots were then normalized to the volume of the respective neuronal cell 

type. Synapses quantified for z-stacks taken within one well were averaged and normalized to 

the CTR group.  

2.3.10 Analysis of AIS length  

AIS length was analysed by immunocytochemical staining. For this purpose, ALN and NGN2-

GFP neurons in mono- and co-cultures were fixed and stained (see section 2.3.6) for the 

neuronal cytoskeletal marker βIII-tubulin and the integral membrane protein ankyrin-3 (ANK-3), 

a major scaffolding protein at the axon initial segment (AIS). Z-stacks were taken from three 

independent neuronal differentiations with a 63x magnification using the Cell Observer SD 

spinning disk confocal laser scan microscope. Two wells per cell line were stained and four to 

five comparable z-stacks per well were acquired. Orthogonal projection images of these z-

stacks were generated, exported from the ZEN 3.0 (blue edition) software, and loaded into Fiji. 

Next, images were split into their different channels to simplify ANK-3 length measurements. 

The freehand line tool was used to trace ANK-3-positive segments that were then subsequently 

measured. Per image, four ANK-3-positive segments were measured. In the co-culture, GFP 

expression of NGN2 neurons allowed to distinguish between ALN and NGN2 neurons as GFP 

and ANK-3 were co-expressed. Hence, the ANK3-positive segment could be easily assigned 

to one of the two cell types. Cells showing ANK-3-positive segments without co-expressing 

GFP were assigned to ALN neurons. Per image, four ANK-3-positive segments for each cell 

type were measured. The mean ANK-3 length per well and cell type was calculated and 

normalized to the CTR group within each biological replicate. 
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2.4 Molecular biology methods 

2.4.1 Cloning of a puromycin-resistance gene into the pLV-TetO-ALN plasmid 

To allow for a selection step of transduced cells during differentiation, a P2A-Puromycin 

sequence was inserted at the 3’ end of the ASCL1-LMX1B-NURR1 plasmid as described 

previously (148). For this purpose, the pLV-TetO-hNGN2-eGFP-Puro plasmid was used as a 

template, as it contains the desired P2A-Puromycin sequence. Primers were designed to 

contain the recognition sequences of the two restriction enzymes AgeI and BstBI used for 

subsequent cloning and append to the amplified P2A-Puromycin sequence (P2A-Puro_fw + 

P2A-Puro_rv, Table 21). The two restriction enzymes are found in the target region of the pLV-

TetO-ALN plasmid, thus allowing the insertion of the P2A-Puromycin sequence by restriction 

digest and subsequent ligation.  

2.4.1.1 RT-PCR and gel electrophoresis 

A polymerase chain reaction (PCR) was performed to amplify the desired DNA fragment. See 

Table 24 and Table 25 for reaction recipe and temperature profile. 1 % agarose gels were 

prepared including Midori Green Advance DNA stain (4 µl/100 µl gel) for the visualization of 

DNA in the gel. PCR products were combined with 1x gel loading dye, loaded on the agarose 

gel and ran with parameters set to 120 V for 60 minutes. To confirm that PCR was successful, 

DNA products were visualized using the blue/green LED illumination of the GelDoc Go imaging 

system. When amplicons had the correct base pair size, PCR products were extracted 

following the manufacturer’s instructions of the QIAquick PCR Purifcation kit.  

Table 24. RT-PCR reaction setup 

Reagent  Amount for one reaction (25 µl) 

Platinum II Taq Polymerase  0.19 μl  

Platinum GC Enhancer  4.8 μl  

5x Platinum II PCR Buffer  4.8 μl  

dNTP mix (10 mM)  0.48 μl  

Forward primer (10 μM)  1 μl  

Reverse primer (10 μM)  1 μl 

Nuclease-free water  fill up to 25 µl  

Template cDNA  200 ng 
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Table 25. Temperature profile used for RT-PCR 

Step Temperature Duration 

Initial denaturation 94 ˚C 2 minutes 

Denaturation  94 ˚C 30 sec 

Annealing 60 ˚C 30 sec          

Extension 68 ˚C 30 sec / kb 

Final extension 72 ˚C 5 minutes 

Holding stage 4 ˚C ∞ 

 

2.4.1.2 Restriction digest, ligation and transformation into chemically competent 

cells 

A restriction digest of the purified P2A-Puromycin PCR product, as well as the ALN plasmid 

was performed by using the two restriction enzymes AgeI-HF and BstBI. Therefore, 1 µl of 

CutSmart buffer was mixed with 1 µl of AgeI and 1 µl of BstBI, 1 µg of DNA was added and 

filled up with ddH2O to a total volume of 10 µl, following an incubation step for 2 h at 37 °C on 

a heating block. Depending on the enzymes used, inactivation with appropriate temperatures 

was performed for 20 minutes. The digested DNA fragments were then mixed with 1 x gel 

loading dye and gel electrophoresis was performed to separate the digested DNA fragments 

as described in section 2.4.2.1. Visualized DNA fragments with expected base pair lengths 

were isolated from the gel and purified according to the manufacturer’s instructions of the 

QIAquick Gel Extraction Kit.  

In a next step, the digested P2A-Puromycin DNA fragment was ligated into the digested ALN 

plasmid containing sticky ends after digestion with AgeI and BstBI. For ligation, a molar ratio 

of 1:3 vector to insert was applied (Table 26). For calculation of correct molar ratios, the ‘NEBio 

Caclulator®’ online tool was used.  The mixture was incubated overnight at 16 °C. The next 

day, the reaction was heat inactivated at 65 °C for 10 minutes. The ligation mixt was either 

stored at -20 °C or directly transformed into competent cells. 

Table 26. Reaction setup used for ligation 

Reagent  Amount for one reaction (20 µl) 

T4 DNA Ligase buffer (10 X) 2 µl 

Vector DNA 0.020 pmol 

Insert DNA 0.060 pmol 

Nuclease-free water fill up to 20 µl 

T4 DNA Ligase 1 µl 

 

Transformation into chemically competent cells (One Shot TOP10 chemically competent E. 

coli) was performed following the manufacturer’s instructions. Beforehand, LB agar plates were 

prepared on which 20-100 µl from each transformation vial were spread. Plates were incubated 
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at 37 °C overnight. After 16 h, grown colonies were picked and transferred into an Erlenmeyer 

flask containing 50 ml of LB-medium supplemented with the respective antibiotic marker. The 

bacterial mixture was then incubated at 37 °C overnight in a shaker.  

The harvested overnight bacterial culture was purified using the QIAGEN® Plasmid Midi kit 

and was performed according to the manufacturer’s instructions. Purified plasmid DNA was 

measured at the Nanodrop, Spectrophotometer ND-100. To check whether P2A-Puromycin 

sequence was successfully inserted into the ALN plasmid, Sanger sequencing of the plasmid 

was performed by 4base lab AG (Reutlingen) using the sequencing primers ALN-Puro_Seq1 

and ALN-Puro_Seq2 (Table 21). Successful cloning is shown in Supplementary Figure 1.  

2.4.2 Cloning of pEF-Synaptophysin-mRuby into a lentiviral backbone  

Cloning of pEF1α-Synaptophysin-mRuby into the lentiviral backbone pLV-04CAMKII-s/WPRE 

and generation of the pEF1α-Synaptophysin-mRuby lentivirus was performed by Lisa-Sophie 

Wüstner (Molecular Neurobiology, NMI, Reutlingen). Briefly, in a first step, the 04CAMKII 

promotor of the lentiviral backbone was replaced by the EF1α promotor by using the restriction 

enzymes ClaI and SpeI that were targeting the 04CAMKII promotor region. RT-PCR allowed 

for amplification of the EF1α promotor sequence with primers containing the recognition sites 

of the two restriction enzymes ClaI and SpeI, which were used for subsequent cloning. 

Restriction digest and ligation of backbone and amplified sequence resulted in the transition 

plasmid pLV-EF1α/WPRE. Insertion of the Synaptophysin-mRuby sequence in the plasmid 

pLV-EF1α/WPRE was done by gateway cloning and resulted in the final plasmid pLV-EF1α-

Synaptophysin-mRuby, which is shown in Supplementary Figure 2.  

2.4.3 Transcriptome analysis  

Transcriptome analysis was performed with ALN-induced neurons. Neuronal cultures were 

differentiated until DIV21, as longer cultivation without murine astrocytes was not possible.  

Neurons were detached enzymatically with Accutase. After centrifugation for 3 minutes at 

300 xg, the cell pellet was washed once in DPBS and again centrifuged. Pellets were then 

frozen immediately at -80 °C. For whole transcriptome sequencing and following differential 

expression analysis, which were performed by CeGaT GmbH (Tübingen), cell pellets of three 

independent differentiations were pooled for each donor. GO enrichment analysis was 

employed using the online PantherDB classification system (https://pantherdb.org/), where 

statistical enrichment tests for the GO category cellular components (CC) were performed. 

Hierarchical cluster analysis in the software MeV was carried out with the kind support of Aaron 

Stahl (Assay Development, NMI, Reutlingen).  
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The transcriptome data discussed in this thesis are part of a submitted research article and 

were uploaded to the NCBI's Gene Expression Omnibus (GEO). The data have the GEO 

Series accession number GSE275064 and are available through the following link: 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE275064). 

2.5 Statistics 

Statistical analysis was performed using GraphPad Prism 10 (GraphPad Software, Inc). Before 

any statistical test was calculated, outliers were identified by using the Prism ‘ROUT’ detection 

tool. By performing normality and lognormality tests, Gaussian distribution was tested using 

the D’Agostino-Pearson omnibus normality test. Data were regarded as non-normally 

distributed, if normality test was negative for Gaussian distribution. 

For pairwise comparisons, normally distributed data was analysed with unpaired two-tailed t-

tests and non-normally distributed data was analysed using an unpaired two-tailed Mann-

Whitney U tests.  

Group comparisons were analysed by using unpaired ordinary one-way ANOVA with Tukey’s 

multiple comparison tests for normally distributed data. Unpaired Kruskal-Wallis tests with 

Dunn’s multiple comparison post-hoc tests were applied to non-normally distributed data.  

Group comparisons with more than one variable, were computed with an ordinary two-way 

ANOVA with Tukey’s or Šídák‘s multiple comparison test. Statistics were only calculated if three 

or more biological replicates (independent differentiations) were present.  

For each experiment, respective n-numbers and calculated statistical tests can be found in the 

figure legends. P-values were assigned as follows: *=p≤0.05, **=p≤0.01, ***=p≤0.001, 

****=p≤0.0001, ns=not significant.    
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3. RESULTS  

3.1 Comparison of ‘directed’ and ‘lentiviral induced” dopaminergic 

differentiation  

Most published dopaminergic neuron differentiation protocols are based on the addition of 

growth factors (‘directed differentiation’), which often yields heterogeneous cell populations 

and additionally demonstrate high variability among differentiations (181). Another 

differentiation strategy is the lentiviral overexpression of lineage-specific transcription factors 

to convert iPSC rapidly and directly into dopaminergic neurons resulting in increased 

dopaminergic neuronal yields (148).  

As an important groundwork for this study, two dopaminergic differentiation protocols based 

on ‘directed differentiation’ and ‘lentiviral overexpression of transcription factors’ were 

compared by using two different iPSC batches with a distinct disease background, but with the 

dopaminergic system as the common denominator. The first set included iPSC lines derived 

from CTR and idiopathic SCZ patients. The second set comprised one isogenic CTR and two 

PINK1 K.O. (PINK1 Δ8.9 and PINK1 Δ40.7) iPSC lines that were a kind gift from Dr. Julia 

Fitzgerald at the Hertie Institute for Clinical Brain Research in Tübingen. PINK1 is a putative 

mitochondrial serine/threonine kinase playing an important role in the maintenance of 

mitochondria (182). Mutations in the gene are assumed to be mainly responsible for 

autosomal-recessive early-onset Parkinson’s disease (PD) (183). Both disorders, SCZ and PD 

are associated with alterations in dopaminergic neuron projection/circuitry originating from the 

VTA, as well as the degeneration of dopaminergic neurons in the substantia nigra, respectively 

(184, 185). 

In order to identify the differentiation protocol that yields high dopaminergic neuron purity and 

less variability among replicates and donors, the differentiation efficiency was assessed. The 

differentiation strategy that performed best regarding dopaminergic yield was employed for 

further experiments in this study.  
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3.1.1 Dopaminergic neurons (iDANs) generated via ‘directed’ differentiation express 

cell type-specific marker 

To evaluate proper dopaminergic neuron generation via directed differentiation based on the 

protocol developed by Reinhardt et al. (173), neurons were stained for neuronal and 

dopaminergic neuron-specific markers.  

This protocol was based on a two-step differentiation process starting from iPSC via EB 

formation to smNPC generation (Figure 3A). After one week of differentiation, 

immunocytochemical staining of smNPC revealed robust expression of the neural progenitor 

markers SOX1, NESTIN, PAX6, GFAP, as well as the neural stem cell marker SOX2. 

Expression of the transcription factor forkhead box protein A2 (FOXA2) revealed dopaminergic 

neuron generation and differentiation (Figure 3B).  

In a second step, generated smNPC were further differentiated into induced dopaminergic 

neurons (iDANs) (Figure 3C). Therefore, smNPC were seeded together with murine 

astrocytes to improve viability and maturation of dopaminergic neurons cultivated in 

monocultures. This improvement of neuronal cultures by the addition of murine astrocytes was 

shown in a previous study by Dr. Ricarda Breitmeyer (Ricarda Breitmeyer, PhD thesis 2021). 

After two weeks of differentiation (DIV14), immunocytochemical staining was performed and 

identified the formation of dendrites that were positive for βIII-tubulin and the microtubule-

associated protein 2 (MAP2). Co-expression of tyrosine hydroxylase (TH), involved in the 

synthesis of dopamine (186), as well as FOXA2 confirmed the generation of dopaminergic 

neurons (Figure 3C). 

 



 

52 
 

 

Figure 3. Expression of neural progenitor markers and neuronal markers in ‘directed’ 

differentiation of iPSC to dopaminergic neurons. (A) Brigthfield images of intermediate steps 

required in directed differentiation. Pre-differentiation of iPSC via EB formation to smNPC and further 

differentiation into iDANs. Scale bars: 200 µm. (B) Representative immunocytochemical staining of 

smNPC positive for neural progenitor markers GFAP, SOX1, NESTIN, PAX6, as well as the neural stem 

cell marker SOX2 and the early transcription factor FOXA2 involved in dopaminergic differentiation. (C) 

Representative immunocytochemical staining of iDANs expressing the neuronal markers βIII-tubulin and 

MAP2. Co-expression of markers FOXA2 and TH indicates dopaminergic neuron generation. Scale 

bars: 20 µm. 
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3.1.2 Lentiviral overexpression of ALN results in dopaminergic neuronal cells   

The generation of ALN-induced dopaminergic neurons followed a described protocol with slight 

modifications (148). Briefly, iPSC were transduced in suspension with a doxycycline-inducible 

lentiviral construct overexpressing lineage-promoting transcription factors and differentiated 

for four weeks (Figure 4A). Antibiotic treatment with puromycin allowed for selection of 

transduced cells in order to maximize purity of cultures. Addition of murine astrocytes improved 

viability and connectivity of dopaminergic neurons cultivated in monocultures (Ricarda 

Breitmeyer, PhD thesis 2021). 

Immunocytochemical staining of DIV28 ALN-induced neuronal cultures revealed neurons and 

dendrites positive for the neuronal markers βIII-tubulin and MAP2. Additionally, neurons were 

stained for the dopaminergic markers TH and FOXA2 co-localizing with Hoechst in the nucleus 

(Figure 4B). This confirmed the generation of dopaminergic neurons via lentiviral induction.  

 

 

Figure 4. Dopaminergic neuron differentiation via lentiviral overexpression of lineage-

specific transcription factors ASCL1-LMX1B-NURR1 results in neurons expressing cell-type 

specific markers. (A) Schematic representation of ALN monoculture setup. iPSC are transduced 

via lentiviral overexpression of ALN-puromycin for differentiation into dopaminergic neurons (ALN 

neurons). Primary murine astrocytes are added at a ratio of 1:4. Created with BioRender.com. (B) 

Representative immunocytochemistry (20x) staining of DIV28 ALN neurons positive for neuronal 

markers βIII-tubulin and MAP2. Co-expression of dopaminergic markers TH and FOXA2, as well 

as Hoechst for nucleus visualization. Scale bars: 20 µm. 
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3.1.3 Lentiviral overexpression of ASCL1-LMX1B-NURR1 leads to increased 

differentiation efficiency compared to directed differentiation  

To assess which differentiation approach leads to a higher yield of dopaminergic neurons, the 

differentiation efficiency was assessed for both protocols. Thus, the protocols were tested by 

differentiating both iPSC batches (idiopathic and isogenic iPSC lines) into dopaminergic 

neurons, respectively. In the first iPSC batch, two CTR lines (CTR1 and CTR2) and two SCZ 

lines (SCZ1, SCZ2) were picked exemplarily, whereas the second iPSC batch comprised one 

isogenic CTR and the two iPSC lines carrying a PINK1 K.O. (PINK1 Δ8.9 and PINK1 Δ40.7). 

To evaluate the differentiation efficiency, generated neurons were stained for two markers, the 

neuronal marker βIII-tubulin and the dopaminergic neuron marker TH, which allowed for the 

analysis and quantification of double-positive neurons.  

Generation of dopaminergic neurons via directed differentiation resulted in dopaminergic 

neuronal yields ranging from 18-35 % for the first batch of iPSC (Figure 5A) and revealed 

variability among independent differentiations. Similar results were obtained for the second 

batch of iPSC showing a differentiation efficiency in a range of 10-15 % with a more constant 

yield among differentiations (Figure 5B). In contrast, ALN-induced dopaminergic neurons 

revealed increased differentiation efficiency for both iPSC batches. The two CTR and idiopathic 

SCZ lines resulted in more homogenous dopaminergic neuron populations reaching a yield of 

70-76 % with stable reproducibility among independent differentiations (Figure 5C). In 

addition, the isogenic CTR and the two mutant lines as well yielded higher dopaminergic 

neuron populations in a range of 50-80 %. Although the second iPSC batch consisted of 

isogenic lines, the variability among differentiations was relatively high (Figure 5D). 

Overall, comparison of the two differentiation protocols revealed increased differentiation 

efficiency by lentiviral transduction of iPSC compared to the directed differentiation protocol. 

This was validated using iPSC lines with distinct genetic backgrounds and an isogenic model. 

Noteworthy, differences between CTR and the respective diseased lines were not observed.  
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Figure 5. Induced differentiation via lentiviral overexpression of ALN leads to increased 

dopaminergic neuronal yield compared to directed differentiation. (A-B) Analysis of differentiation 

efficiency (ratio TH/βIII-tubulin) of directed dopaminergic differentiation protocol for two iPSC batches. 

(A) Analysis of differentiation efficiency for CTR1, CTR2, SCZ1 and SCZ2 (n=5). (B) Analysis of 

differentiation efficiency for HC1, PINK1 Δ8.9 and PINK1 Δ 40.7 (n=3). (C-D) Analysis of differentiation 

efficiency (ratio TH/βIII-tubulin) of lentiviral induced dopaminergic differentiation protocol for two iPSC 

batches. (C) Analysis of differentiation efficiency for CTR1, CTR2, SCZ1 and SCZ2 (CTR n=4, SCZ 

n=3). (D) Analysis of differentiation efficiency for HC1, PINK1 Δ 8.9 and PINK1 Δ 40.7 (n=3). Data points 

represent averaged values from multiple images taken within two wells per independent differentiation 

± SEM. Kruskal Kruskal-Wallis test with Dunn’s post-hoc test, ns=not significant. 
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3.1.4 Distinct calcium properties dependent on the differentiation strategy employed   

For further insight into the validity of a disease model, it is imperative to evaluate iPSC-derived 

neurons on a functional level as well. Depending on the differentiation protocols employed, 

neurons require a certain time and culture conditions to mature and to demonstrate 

spontaneous neural activity. Spontaneous synchronous and asynchronous activity is an 

indicator for the maturation state of the differentiated neuron (144). For this purpose, 

spontaneous single-cell calcium activity of dopaminergic neurons generated via directed and 

lentiviral-induced differentiation was analysed. This experiment was performed with the second 

iPSC batch, since isogenic models usually represent well controllable systems and result in 

less heterogenous results. 

On DIV14 (iDANs) and DIV28 (ALN-induced neurons), spontaneous neuronal activity was 

determined by calcium imaging. To this end, cells were stained with the green fluorescent 

calcium indicator CalTM 520 AM and recorded for 3 minutes. Somatic calcium traces of single 

neurons were analysed regarding peak frequency as an indicator for the overall activity of the 

neurons, peak amplitude ΔF/F0 describing the highest fluorescence intensity and as a 

measure of entered calcium ions. Furthermore, the parameters area under the curve (AUC) 

and full width at half maximum (FWHM) are surrogates for the calcium flux dynamics occurring 

during neuronal activity. 

Directed differentiation into dopaminergic neurons (iDANs) revealed significantly decreased 

AUC, FWHM and peak amplitude (ΔF/F0) of PINK1 Δ8.9 and PINK1 Δ40.7 mutant clones 

compared to the isogenic line HC1, whereas peak frequency was not changed (Figure 6A-D). 

Opposing results were observed in dopaminergic neuronal cultures generated via lentiviral 

overexpression of ALN. Parameters AUC and FWHM were significantly increased, and the 

peak amplitude showed a tendency towards elevation in the two mutant PINK1 cultures. Again, 

peak frequency was not altered (Figure 6E-H). 

Taken together, dependent on the differentiation strategy applied, functional characteristics of 

dopaminergic neurons varies. Since neurons generated via directed differentiation resulted in 

more heterogenous neuronal populations, this suggests that other neuronal cell types 

generated could have an impact on neuronal activity. Based on these observations, further 

experiments in this study were performed using dopaminergic neurons generated via the 

lentiviral-induced strategy. 
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Figure 6. Calcium imaging revealed differentiation-dependent distinct functional properties of 

generated dopaminergic neurons. (A-D) Analysed calcium imaging parameters of iDANs (directed 

differentiation). (A) AUC of iDANs (HC1 n=60, PINK1 Δ8.9 n=30, PINK1 Δ40.7 n=29). (B) FWHM of 

iDANs (HC1 n=59, PINK1 Δ8.9 n=32, PINK1 Δ40.7 n=30). (C) ΔF/F0 of iDANs (HC1 n=63, PINK1 Δ8.9 

n=32, PINK1 Δ40.7 n=31). (D) Peak frequency of iDANs (HC1 n=62, PINK1 Δ8.9 n=32, PINK1 Δ40.7 

n=31). (E-H) Analysed calcium imaging parameters of ALN-induced neurons. (E) AUC of ALN (HC1 

n=64, PINK1 Δ8.9 n=60, PINK1 Δ40.7 n=71). (F) FWHM of ALN (HC1 n=68, PINK1 Δ8.9 n=63, PINK1 

Δ40.7 n=71). (G) ΔF/F0 of ALN (HC1 n=68, PINK1 Δ8.9 n=61, PINK1 Δ40.7 n=69). (H) Peak frequency 

of ALN (HC1 n=68, PINK1 Δ8.9 n=60, PINK1 Δ40.7 n=63). Data points represent values of individual 

recorded cells ± SEM. Values are normalized to HC1, while values of peak frequency are represented 

as absolute values. Data were obtained from a minimum of three independent differentiations per donor. 

Kruskal Kruskal-Wallis test with Dunn’s post-hoc test, ns= not significant, *=p≤0.05, ***=p≤0.001, 

****=p≤0.0001. 
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3.2 Transcriptome analysis of ALN neurons confirms a dopaminergic 

phenotype and identifies differentially expressed genes in SCZ  

Before focusing on the transcriptome analysis, the neurite outgrowth and neurite branching 

ability of dopaminergic progenitor cells (smNPC) were assessed to identify morphological 

phenotypes during early neurodevelopment in SCZ. After three weeks of differentiation, 

transcriptome analysis of ALN-transduced neurons comprising the three CTR (CTR1, CTR2, 

CTR3) and the four idiopathic SCZ (SCZ1, SCZ2, SCZ4, SCZ4) lines was performed to confirm 

the expression of dopamine-specific markers, as well as to evaluate the neurodevelopmental 

state and to identify deregulated genes in SCZ neurons compared to healthy controls. To gain 

further insight into the transcriptomic profile, a hierarchical cluster analysis as well as a gene 

ontology (GO) enrichment analysis were carried out. Secondly, the developmental state of 

dopaminergic neurons was evaluated focusing on stem cell and neural progenitor marker 

genes. In a final step, the expression levels of dopamine metabolism genes and dopamine 

receptor genes between CTR and SCZ ALN neurons were compared and will be described in 

the following section.  

3.2.1 Neurite outgrowth is unchanged in SCZ smNPC 

An important aspect in the study of neurodevelopmental disorders are aberrations that can be 

observed in early stages of neuronal development. In order to assess early morphological 

aberrations during development, the neurite outgrowth and neurite branching capacity of 

smNPC were investigated.  

As previous experiments showed that analysis of neurites via lentiviral overexpression was not 

possible due to the selection step for several days, and Johanna Heider showed that subtle 

differences in neurite outgrowth are undetectable via forced overexpression of transcription 

factors (Johanna Heider, PhD thesis 2024), the directed differentiation of iPSC into smNPC 

was employed for this experiment. These neural progenitor cells represent an earlier phase of 

development compared to the DIV21 old ALN neurons. 

To analyse neurite outgrowth and neurite branching of iPSC-derived dopaminergic neurons, 

iPSC of two CTR lines (CTR2, CTR3) and four SCZ lines (SCZ1, SCZ2, SCZ4, SCZ5) were 

differentiated into smNPC via directed differentiation for four days (for more details see section 

2.3.1.1). Automated analysis using the ‘Neurite Outgrowth’ tool revealed no differences in 

neither mean neurite outgrowth per cell nor in mean neurite branching per cell between CTR 

and SCZ smNPC (Figure 7A,B). These results indicate that there are no basic differences in 

early development at the morphological level.  
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Figure 7. Unaltered neurite outgrowth of dopaminergic progenitor cells. (A-B) Mean neurite 

outgrowth per cell and mean neurite branching per cell. iPSC were differentiated to smNPC via directed 

differentiation until DIV4. Per well, nine High-Content images were acquired and processed with the 

‘Neurite Outgrowth’ tool. Within individual replicates, thresholds for nuclei and neurite detection were 

kept constant for all donors. (A) Mean neurite outgrowth per cell. (B) Mean neurite branching per cell. 

Data points represent averaged values of the nine acquired images per well ± SEM. Data were obtained 

from three independent differentiations per donor. Two-tailed Mann Whitney U test, CTR ALN n=6, SCZ 

ALN n=11, ns=not significant. 

 

3.2.2 RNA expression profiling reveals thousands of differentially expressed genes in 

SCZ ALN neurons  

In total, 1559 DEGs were identified of which 723 genes were downregulated and 836 genes 

were upregulated (cut-off padj<0.05, Figure 8A). Hierarchical cluster analysis of the top 5 % 

of down- and upregulated DEGs was carried out with the kind support of Aaron Stahl (Assay 

Development, NMI, Reutlingen), and revealed two subsets of clusters: one cluster comprising 

CTR ALN neurons (CTR1, CTR2, CTR3) and the second cluster comprising SCZ ALN neurons 

(SCZ1, SCZ2, SCZ3, SCZ4) (Figure 8B). A list with the top 5 % of DEGs, as well as their 

function and implication in SCZ can be found in Supplementary Table 1. 

To obtain more insight into deregulated gene sets in the category cellular components (CC; 

cut-off q-val <0.05), gene ontology (GO) enrichment analysis was performed using the online 

classification system PantherDB (https://pantherdb.org/) that allows for identification of 

deregulated pathways from GO databases. Among the most prominent downregulated 

pathways in CC, gene sets were annotated with cellular anatomical entity, synapse, cellular 

component and neuron projection (Figure 8C). In contrast, gene sets associated with plasma 

membrane bounded cell projection, apical part of cell, cilium, cell periphery and extracellular 

matrix were upregulated (Figure 8D). A complete list with all gene sets down- and upregulated 

can be found in Fehler! Verweisquelle konnte nicht gefunden werden..  
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Figure 8. Transcriptome analysis reveals 1559 differentially expressed genes in SCZ ALN 

neurons. (A) Volcano plot of significantly deregulated genes (cut-off levels for y-axis=1.3 

(-log10(pvalue)≤0.05); for x-axis=<3 and >3) depicted by brown lines, blue dots indicate downregulated, 

red dots indicate upregulated genes) identified by RNA sequencing of ALN neurons differentiated for 21 

days (CTR n=3, SCZ n=4). (B) Hierarchical cluster analysis of the top 5 % of up- and downregulated 

DEGs revealed segregation of CTR and SCZ samples. (C-D) GO enrichment analysis (PantherDB) 

identified deregulated gene sets in the category cellular components CC. (C) Top 17 downregulated 

pathways (blue) and (D) top 12 upregulated pathways (red) are depicted. 
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3.2.3 CTR and SCZ ALN neurons differ in their developmental state   

To assess the developmental state of ALN neurons and to identify possible developmental 

differences between CTR and SCZ, the expression levels of stem cell marker and neural 

progenitor marker genes, as well as early transcription factors were examined in differentiating 

dopaminergic neurons. It should be noted that the following graphs are normalized read counts 

and thus, overlapping SEM bars were considered non-different, whereas non-overlapping 

SEM bars were considered different between CTR and SCZ.  

Closer inspection of the normalized read counts revealed upregulation of stem cell marker 

genes including POU5F1, LIN28A, NANOG and SOX2 (Figure 9A-D), as well as neural 

progenitor marker genes including PAX6 and the progenitor surface marker FGFR1 (Figure 

9E,H) in SCZ ALN neurons. In contrast, no differences were found for the neural progenitor 

marker gene NES, whereas FZD9 was downregulated in SCZ ALN neurons (Figure 9F,G).  

To assess early neurodevelopmental aberrations, a focus was set on early transcription factors 

that are crucial for dopaminergic neuron differentiation. RNA sequencing of SCZ ALN neurons 

identified drastic downregulation of gene transcripts for FOXA2, a transcription factor important 

for midbrain development (187), ASCL1 and LMX1B that are involved in dopaminergic 

neuronal commitment and proliferation, and NURR1 which is crucial for the expression of 

dopamine metabolism genes (188) (Figure 9I-L).  

In summary, RNA sequencing of ALN neurons derived from patients with SCZ revealed 

increased expression levels of stem cell and neural progenitor marker genes, whereas early 

transcription factors essential for dopaminergic neuron development and differentiation were 

downregulated. These findings suggest that SCZ ALN neurons are in a delayed developmental 

state and aberrant expression of early dopaminergic genes indicates a distinct differentiation 

state.  
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Figure 9. SCZ ALN neurons show distinct developmental and differentiation states. (A-D) 

Normalized expression of stem cell marker genes (A) POU5F1, (B) LIN28A, (C) NANOG and (D) SOX2. 

(E-H) Normalized expression of neural progenitor (E) PAX6, (F) NES, (G) FZD9 and (H) FGFR1. (I-L) 

Normalized expression of early transcription factors in dopaminergic neurons (I) FOXA2, (J) ASCL1, (K) 

LMX1B and (L) NURR1. RNA of ALN neurons was extracted after three weeks of differentiation and was 

derived from three independent differentiations. Normalized read counts depicted as mean ± SEM. (CTR 

n=3, SCZ n=4). 
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3.2.4 Downregulation of dopamine metabolism genes in SCZ ALN neurons 

As RNA sequencing revealed differences in the developmental state of SCZ ALN neurons and 

depicted a distinct dopaminergic differentiation state, genes involved in dopamine metabolism 

might also be affected. For this reason, this chapter focuses on dopamine metabolism genes. 

Normalized read counts of genes involved in dopamine synthesis TH, dopamine beta-

hydroxylase (DBH), aromatic l-amino acid decarboxylase (DDC) were found to be significantly 

downregulated in SCZ ALN neurons (Figure 10A-C). In contrast, COMT, the gene encoding 

the catechol-O-methyltransferase, which is important for the inactivation and clearance of 

dopamine (189) was upregulated (Figure 10D). Furthermore, downregulation of genes 

SLC18A1 and SLC18A2 encoding for the vesicular monoamine transporter 1 and 2 (VMAT1, 

VMAT2) was observed (Figure 10E,F). VMAT1 and VMAT2 are important for the transfer of 

cytosolic dopamine into synaptic vesicles. In addition, the dopamine transporter (DAT) was 

drastically downregulated, that is encoded by the SLC6A3 gene (Figure 10G). 

Overall, transcriptome analysis of SCZ ALN neurons revealed decreased expression of genes 

involved in dopamine synthesis implying a hypodopaminergic phenotype which was further 

supported by the upregulation of COMT.  
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Figure 10. Altered dopamine metabolism in SCZ ALN neurons. (A-C) Normalized expression of 

dopamine synthesis genes (A) TH, (B) DBH, (C) DDC and the dopamine degradation gene (D) COMT. 

(E-G) Normalized expression of genes important for the transfer of dopamine into synaptic vesicles (E) 

SLC18A1, (F) SLC18A2 and into the cytosol (G) SLC6A3. RNA of ALN neurons was extracted after 

three weeks of differentiation and was derived from three independent differentiations. Normalized read 

counts depicted as mean ± SEM. (CTR n=3, SCZ, n=4; TH=tyrosine hydroxylase, DBH=dopamine beta-

hydroxylase, DDC=L-amino acid decarboxylase, COMT=catechol-O-methyltransferase, 

SLC18A1/2=solute carrier family 18 member1/2 (encoding for VMAT1/VMAT2), SLC6A3=encoding for 

DAT). 

 

3.2.5 Altered dopamine receptor DRD2 expression in SCZ ALN neurons 

Dopamine metabolism genes were found to be deregulated in SCZ ALN neurons. To assess 

whether this might interfere with more downstream dopamine signalling pathways, the gene 

transcripts of all five receptors were examined. Especially, the DRD2 is of great interest as it 

serves as a dopaminergic autoreceptor regulating feedback-inhibition and controlling the 

synthesis and release of dopamine (190).  

RNA sequencing detected the expression of all five dopamine receptors. However, the 

expression levels between receptors showed large differences. Highest expression level was 

found for DRD2 which was strongly decreased in SCZ ALN neurons (Figure 11B), while DRD1, 

DRD3, and DRD5 were hardly detectable (Figure 11A,C,E). In addition, DRD4 showed a 
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moderate expression level with no differences between CTR and SCZ ALN-transduced 

neurons (Figure 11D).  

In conclusion, transcriptome analysis of SCZ ALN-transduced neurons demonstrated that 

among the five identified receptor genes, DRD2 was most abundantly expressed suggesting 

an inhibitory action. Additionally, DRD2 was found to be downregulated in SCZ ALN neurons 

which could point towards reduced inhibition in these neurons.  

To conclude, differentiation of iPSC into dopaminergic neurons via overexpression of lineage-

specific transcription factors resulted in neuronal cells expressing unique marker genes 

specific for dopaminergic neurons, which was evaluated by RNA sequencing. Moreover, RNA 

sequencing identified DEGs in SCZ ALN neurons that were mainly associated with synapse 

and neuron projection, as well as extracellular matrix. Moreover, increased expression of stem 

cell and neural progenitor marker genes accompanied by reduced expression of core 

transcription factors crucial for dopaminergic neuron development observed in SCZ ALN 

neurons suggest a delayed developmental state compared to CTR ALN neurons. Furthermore, 

this might lead to a hypodopaminergic phenotype, as shown by downregulation of dopamine 

metabolism genes. The high expression levels of DRD2 support the role of DRD2 as an 

autoreceptor expressed by dopaminergic neurons. Reduced expression levels of DRD2 in SCZ 

ALN neurons imply less inhibition in SCZ cultures.  

 

 

 

Figure 11. DRD2 expression is decreased in SCZ ALN neurons. (A-E) Normalized expression of D1-

like receptors (A) DRD1 and (E) DRD5 and D2-like receptors (B) DRD2, (C) DRD3 and (D) DRD4. RNA 

sequencing identified DRD2 as dopamine receptor gene highly expressed, whereas the expression of 

DRD3 and DRD5 was hardly detectable. RNA of ALN neurons was extracted after three weeks of 

differentiation and derived from three independent differentiations. Normalized read counts depicted as 

mean ± SEM (CTR n=3, SCZ, n=4).  
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3.3 NGN2 neurons mainly express cortical layer II marker 

Transcriptome profiling of ALN-derived dopaminergic neurons revealed differences in the 

developmental state between CTR and SCZ suggesting a developmental delay. To identify 

whether NGN2-derived glutamatergic neurons as well reveal developmental deficits in SCZ, 

NGN2 neurons cultured individually were examined. In addition, this experiment served to 

identify whether differentiated excitatory neurons express telencephalic markers, which was of 

great importance for following co-culture experiments.  

For this purpose,  NGN2 neurons differentiated for three weeks and cultivated separately were 

fixed and stained for the deep-layer marker CTIP (191) and the upper-layer marker BRN2 

(192). Hoechst was stained for nucleus visualization and further quantification of layer marker 

expressions.  

Immunocytochemistry revealed that excitatory NGN2 neurons were positive for both layer 

markers CTIP and BRN2, with a small fraction of neurons that were double positive for both 

markers (Figure 12A,B). For the identification of exact layer marker ratios, numbers of cells 

positive for CTIP, BRN2 or double-positive were determined and divided by the total number 

of Hoechst-positive cells. CTR NGN2 neuronal cultures comprised 10 % of CTIP-positive cells, 

60 % of BRN2-positive cells and 7 % of cells positive for both markers. Interestingly, in SCZ 

NGN2 cultures, the ratio of CTIP-positive cells was significantly increased compared to CTR 

neurons with a total ratio of 27 %. BRN2-positive and double-positive neuronal ratios were 

unchanged compared to CTR (BRN2+ 62 %, double-positive 16 %, Figure 12C).  

In summary, the results indicate that NGN2-transduced neurons are telencephalic forming 

three excitatory cell subpopulations (deep-layer neurons, upper-layer neurons, double-positive 

neurons). The upper-layer neuronal subpopulation was largest which is important to keep in 

mind when discussing SCZ-related phenotypes. Furthermore, differences between CTR and 

SCZ with a higher fraction of deep-layer NGN2 neurons in SCZ suggest altered developmental 

dynamics.  
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Figure 12. NGN2-induced neurons are positive for deep and upper cortical layer markers. (A) 

Expression of CTIP and BRN2 in CTR NGN2 neurons at DIV21. (B) Expression of CTIP and BRN2 in 

SCZ NGN2 neurons at DIV21. Scale bars 20 µm. (C) Quantification of CTIP, BRN2 and double-positive 

cells in NGN2 cultures of CTR and SCZ neurons. Data points represent averaged values from two 

images taken within one well ± SEM. Data were obtained from minimum two independent differentiations 

per donor. Two-way ANOVA with Šídák‘s multiple comparison test, CTR n=8, SCZ n=11, **=p≤0.01, 

ns=not significant.   
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3.4 Establishment and characterization of an iPSC-derived dopaminergic-

glutamatergic co-culture model 

In this part, an iPSC-derived co-culture model system comprising dopaminergic and 

glutamatergic neurons was established to study dopaminergic-glutamatergic neuron 

interactions in SCZ in more detail. In vivo, interactions of those two neuronal cell types can be 

found within the mesocortical pathway that originates from the VTA in the midbrain and projects 

into the PFC. In SCZ, several studies propose that the mesocortical pathway is characterized 

by a hypodopaminergic state. Compared to conventional monocultures, co-cultures comprising 

more than one cell type in defined ratios can closely recapitulate the in vivo situation as they 

represent more physiologically relevant and complex systems. Additionally, these cultures can 

be used to study reciprocal interactions of respective cell types affected in the disease.  

The established co-culture system consists of dopaminergic and glutamatergic neurons. ALN-

derived dopaminergic and NGN2-derived glutamatergic neurons were generated via lentiviral 

overexpression of the respective lineage-promoting transcription factors, followed by seeding 

into co-culture. This approach is outlined in section 2.2.9 and is depicted schematically in 

Figure 13.   

Additionally, murine astrocytes were co-seeded to increase viability and maturation of neurons 

which was demonstrated in previous work (Ricarda Breitmeyer, PhD thesis 2021). As 

described in the first part of this study (section 3.1), the choice of differentiation protocols used 

represents an important basis as distinct differentiation approaches vary in their reproducibility 

and neuronal yield.  

In a first step, the established ALN-NGN2 neuronal co-culture was characterized to see 

whether cell type-specific neuronal markers were expressed, and furthermore functional and 

morphological phenotypes were examined.  
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Figure 13. Schematic representation of ALN-NGN2 co-culture setup. Human iPSC are either 

directly transduced with ALN-puromycin for differentiation into dopaminergic neurons (ALN neurons) or 

differentiated into NPC by dual SMAD-inhibition. Lentiviral transduction of NPC via NGN2-GFP-

puromycin leads to the differentiation into GFP-positive glutamatergic neurons (NGN2 neurons).  ALN 

and NGN2 neurons are seeded into co-cultures at a ratio of 50:50. Primary murine astrocytes are added 

at a total ratio of 1:4. 

 

3.4.1 Characterization of ALN and NGN2 neurons in co-culture   

To check whether ALN- and NGN2-induced differentiations into dopaminergic and 

glutamatergic neurons were successful in co-culture, immunocytochemical staining of ALN-

NGN2 co-cultures was performed at DIV28 (Figure 14). In a first step, the expression of 

neuronal cell type-specific markers in the established ALN-NGN2 co-cultures was exemplary 

assessed. Therefore, co-cultures were stained with the dopaminergic marker TH, while NGN2 

neurons reliably expressed GFP allowing for cell type specific distinction. Neurons positive for 

TH were identified in co-cultures, as well as neurons expressing GFP, hence indicating the 

presence of both neuronal cell types after a cultivation period of four weeks (Figure 14A). 

Staining for the neuronal marker MAP2 revealed proper neurite formation with robust 

expression of the vesicular glutamate transporter 1 (vGLUT1), an excitatory presynaptic 

marker and synapsin 1 (SYN1), a general presynaptic marker (Figure 14B,C).  
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Figure 14. ALN-NGN2 induced neurons in co-culture allow for cell type specific distinction. (A) 

Immunocytochemical staining of co-cultures showing TH and GFP expression of co-cultured neurons at 

DIV28. The enlarged section is indicated by the dashed rectangle and depicted in (A’). Arrow heads 

indicate NGN2 neurons, open arrow heads indicate ALN neurons. (B) Expression of the neuronal marker 

MAP2 and glutamatergic presynaptic marker vGLUT1. GFP-labelling indicate generated NGN2 

neurons. (C) Co-cultures positive for MAP2 and robust expression of the presynaptic marker SYN1. 

ALN-induced neurons were positive for the dopaminergic marker TH. Scale bars 20 µm. 

 

  



 

71 
 

3.5 Functional characterization of dopaminergic and glutamatergic 

neurons 

To assess functional phenotypes observed in SCZ, neural activity was measured based on 

spontaneous single-cell activity. To this end, calcium imaging of ALN and NGN2 neurons 

cultured individually and furthermore of ALN and NGN2 neurons co-cultured was performed.  

3.5.1 Unaltered neuronal activity in SCZ dopaminergic and SCZ glutamatergic neurons 

cultivated separately   

As described in section 3.2.5, RNA sequencing suggested a hypodopaminergic phenotype, 

which was accompanied by decreased expression of the autoreceptor DRD2 involved in 

inhibitory signalling. To assess whether this might contribute to altered neuronal activity of SCZ 

ALN neurons, calcium imaging was performed in ALN neurons cultured separately at DIV28.  

For this purpose, CTR and SCZ ALN neurons were stained with the green fluorescent calcium 

indicator CalTM 520 AM and recorded for 3 minutes (Figure 15A). Somatic calcium traces of 

single ALN neurons were analysed regarding the four parameters AUC, FWHM, ΔF/F0 and 

peak frequency as described in section 3.1.4.  

Comparisons between CTR and SCZ ALN did not reveal differences in AUC and peak 

amplitude ΔF/F0, whereas FWHM was significantly reduced in SCZ neurons (Figure 15B-D). 

In addition, peak frequency of ALN SCZ neurons was unaltered compared to CTR ALN 

neurons (Figure 15E). Quantitative analysis of individual CTR and SCZ lines can be found in 

Supplementary Figure 3A-D. 

In a further experiment, calcium dynamics in NGN2 neuronal cultures were assessed. For this 

purpose, NGN2 neurons were stained with the red fluorescent calcium dye CalbryteTM 590 AM 

(Figure 16A) and again spontaneous single cell calcium activity was measured over a period 

of 3 minutes in unstimulated neuronal cultures at DIV21. Analysis of the four parameters AUC, 

FWHM, ΔF/F0 and peak frequency did not show any differences between CTR and SCZ NGN2 

neurons (Figure 16B-E). Quantitative analysis of individual CTR and SCZ lines can be found 

in Supplementary Figure 3E-H. 

To conclude the results observed in ALN and NGN2 monocultures obtained by calcium imaging 

of spontaneous single-cell activity, revealed unaltered calcium activity patterns in SCZ 

neuronal cultures.  
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Figure 15. Unaltered calcium activity of SCZ ALN neurons cultured individually. (A) ALN neurons 

are stained with the green fluorescent calcium indicator CalTM 520 AM and were recorded over a period 

of 3 minutes. Scale bars: 50 µm. (B-E) Mean peak parameters are indicated: area under the curve 

(AUC), full width at half maximum (FWHM), amplitude (ΔF/F0) and peak frequency (Hz). (B) AUC. Two-

tailed Mann Whitney U test (ns=not significant; CTR n=37, SCZ n=28). (C) FWHM. Two-tailed unpaired 

t test (*=p≤0.05; CTR n=33, SCZ n=28). (D) ΔF/F0. Two-tailed Mann Whtiney U test (ns=not significant; 

CTR n=33, SCZ n=28). (E) Peak frequency. Two-tailed Mann Whitney U test (ns=not significant; CTR 

n=40, SCZ n=28). Data points represent averaged values from multiple neurons recorded within an 

individual well ± SEM. Values are normalized to CTR, while values for peak frequency are represented 

as absolute values. Data were obtained from a minimum of three independent differentiations per donor. 
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Figure 16. Unaltered calcium activity of SCZ NGN2 neurons cultures individually. (A) NGN2 

neurons in monoculture are stained with the red fluorescent calcium indicator CalbryteTM 590 AM and 

were recorded over a period of 3 minutes. Scale bars: 50 µm. (B-E) Mean peak parameters are 

indicated: area under the curve (AUC), full width at half maximum (FWHM), amplitude (ΔF/F0) and peak 

frequency (Hz). (B) AUC (CTR n=15, SCZ n=24). (C) FWHM (CTR n=15, SCZ n=24). (D) ΔF/F0 (n=15, 

SCZ n=24). (E) Peak frequency (Hz; CTR n=15, SCZ n=24). Data points represent averaged values 

from multiple neurons recorded within an individual well ± SEM. Values are normalized to CTR, while 

values for peak frequency are represented as absolute values. Data were obtained from a minimum of 

three independent differentiations per donor. Two-tailed Mann Whitney U test, ns=not significant. 
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3.5.2 Increased spontaneous single-cell activity of SCZ neurons in co-culture   

To further examine the dopaminergic-glutamatergic neuron-neuron interactions and to assess 

altered calcium activity, neurons in co-culture at DIV28 were stained with the red fluorescent 

calcium dye CalbryteTM 590 AM and subsequent calcium imaging was performed. GFP-

labelling of NGN2 neurons allowed for distinction between the two cell types and enabled cell 

type specific analysis. Neurons double positive for CalbryteTM 590 AM and GFP were 

considered as NGN2 neurons, while neurons positive for CalbryteTM 590 AM and negative for 

GFP were assigned as ALN neurons (Figure 17A).  

The analysis focused on unsynchronized neuronal activity, as CTR and SCZ co-cultures 

exhibited no synchronous network activity. Exemplary calcium traces of CTR and SCZ ALN 

and NGN2 neurons in co-culture can be found in Figure 17B. Contrary to the observations 

made in separated ALN and NGN2 neuronal cultures, both ALN and NGN2 neurons in co-

culture exhibited significantly increased peak frequencies in SCZ cultures (Figure 17B,F,J). 

As observed in individual cultures, SCZ ALN neurons in co-culture exhibited decreased 

FWHM, whereas the other parameters AUC and ΔF/F0 were unchanged compared to CTR 

(Figure 17C-E). The parameters AUC, FWHM and ΔF/F0 were unaltered in SCZ NGN2 

neurons (Figure 17G-I). Quantitative analysis of individual CTR and SCZ lines of ALN and 

NGN2 neurons can be found in Supplementary Figure 4. 

Overall, alterations of basal spontaneous activity were observed for both neuronal cell types 

in SCZ co-culture. Notably, the peak frequency, as the common parameter altered in ALN 

and NGN2 neurons in SCZ co-cultures depicted a significant increase reflecting a general 

calcium overactivity in SCZ co-cultures and moreover implies overall increased activity in 

SCZ co-culture systems. The observed increased neuronal activity in SCZ ALN neurons 

supports the hypothesis of a hypodopaminergic phenotype as suggested by the 

transcriptome data, which is marked by reduced expression of dopamine metabolism genes 

and the autoreceptor DRD2. However, as increased peak frequency was only observed in 

SCZ co-cultures but not in individual cultures indicating that the interaction between the two 

neuronal cell types might be required for the hyperactive state.  
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Figure legend on the next page 
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Figure 17. SCZ neurons in co-culture exhibit increased calcium activity. (A) Neurons in ALN-NGN2 

co-cultures stained with the red fluorescent calcium indicator Calbryte 590 AM. NGN2 neurons express 

GFP, allowing the discrimination of ALN from NGN2 neurons in co-cultures (arrow head indicate NGN2 

neuron; open arrow head indicate ALN neuron). Scale bars: 50 µm. (B) Representative calcium traces 

recorded for 3 min from spontaneously active CTR ALN and SCZ ALN neurons, as well as from CTR 

NGN2 and SCZ NGN2 neurons. (C-J) Mean peak parameters are indicated: area under the curve 

(AUC), full width at half maximum (FWHM), amplitude (ΔF/F0) and peak frequency (Hz) of ALN neurons 

and NGN2 neurons. (C) AUC of ALN neurons (CTR n=26, SCZ n=37). (D) FWHM of ALN neurons (CTR 

n=26, SCZ n=37). (E) ΔF/F0 of ALN neurons (CTR n=26, SCZ n=37). (F) Peak frequency of ALN 

neurons (CTR n=26, SCZ n=37). (G) AUC of NGN2 neurons (CTR n=26, SCZ n=37). (H) FWHM of 

NGN2 neurons (CTR n=26, SCZ n=37). (I) ΔF/F0 of NGN2 neurons (CTR n=26, SCZ n=37). (J) Peak 

frequency of NGN2 neurons (CTR n=26, SCZ n=37). Data points represent averaged values from 

multiple neurons recorded within an individual well ± SEM. Values are normalized to CTR, while values 

for peak frequency are represented as absolute values. Data were obtained from a minimum of three 

independent differentiations per donor. Two tailed Mann Whitney-U tests, **=p≤0.01, ***=p≤0.001, 

ns=not significant. 

 

3.5.3 SCZ ALN neurons as possible driver for elevated neuronal activity in co-cultures 

To further elucidate the neuronal cell type responsible for increased activity in the SCZ co-

culture and to strengthen the hypothesis of a hypodopaminergic phenotype with less inhibition, 

mixed co-cultures were generated. This work was part of a Master’s thesis and initial 

experiments were performed by Patricia Pizarro Garcia, a master student under my 

supervision (Patricia Pizarro Garcia, Master’s thesis, 2023).  

Seeding into mixed co-cultures, as well as calcium imaging recordings were performed by 

Patricia Pizarro Garcia. Analysis of calcium imaging data was performed by both of us.  

For this purpose, the three CTR and four SCZ iPSC lines were individually pre-differentiated 

into either ALN-induced or NGN2-induced neurons following the described strategy. The three 

CTR lines were mixed into a CTR populations and the four SCZ lines were mixed into a SCZ 

population at equal ratios for each line. This allowed for seeding the CTR and SCZ neuronal 

populations into mixed co-cultures with following four permutations as shown in Figure 18A. 

All other parameters such as cell density per well and differentiation time remained the same. 

At DIV28, the neurons in the mixed co-cultures were stained with the red fluorescent calcium 

dye CalbryteTM 590 AM and subsequent spontaneous single cell calcium activity was 

measured. Again, GFP-labelling of NGN2 neurons allowed for cell type specific analysis. 
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In accordance with the findings shown in the previous co-culture experiment (Figure 17F,J), 

both ALN and NGN2 neurons demonstrated increased peak frequency in the SCZ combination 

(SCZ ALN+SCZ NGN2) compared to CTR co-cultures (CTR ALN+CTR NGN2) (Figure 18E,I), 

while other parameters such as AUC, FWHM and ΔF/F0 remained unaltered (Figure 

18B-D,F-H). Additionally, the co-culture combinations SCZ ALN+CTR NGN2 showed equally 

increased peak frequency of ALN neurons in comparison to the CTR culture, which was not 

observed for co-cultures comprising CTR ALN+SCZ NGN2 neuronal combinations (Figure 

18E). 

When focusing on NGN2 neurons, a moderate increase in peak frequency was identified in 

the combination of SCZ ALN+CTR NGN2 and CTR ALN+SCZ NGN2 neurons which did not 

reach the level of significance (Figure 18I). 

Overall, the mixed co-culture model supports the findings of the previous calcium imaging 

experiment in SCZ ALN-NGN2 co-cultures showing increased neural activity in SCZ neurons. 

In addition, these results suggest that the presence of SCZ ALN neurons in the co-culture 

irrespective of the NGN2 phenotype can lead to elevated activity and thus underlines the 

hypothesis of a hypodopaminergic phenotype with less inhibition in SCZ ALN neurons. 

Despite this, the results suggest that SCZ ALN neurons are not sufficient to induce elevated 

activity in NGN2 neurons, which is rather induced by the combination of both SCZ neuronal 

cell types indicating that SCZ NGN2 specific properties are needed.  

To sum it up, the observations made in mixed co-cultures identify SCZ ALN neurons as 

possible driver for increased activity in co-cultures.  
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Figure 18. Mixed co-cultures of ALN-NGN2 neurons reveal SCZ ALN neurons as possible driver 

for increased activity. (A) Overview of experimental design. Four possible co-culture combinations 

were generated: CTR ALN+CTR NGN2, SCZ ALN+CTR NGN2, CTR ALN+SCZ NGN2, SCZ ALN+SCZ 

NGN2. (B-I) Mean peak parameters are indicated: area under the curve (AUC), full width at half 

maximum (FWHM), amplitude (ΔF/F0) and peak frequency (Hz) of ALN neurons and NGN2 neurons. 

Values are normalized to CTR, while values for peak frequency are represented as absolute values. (B) 

AUC of ALN neurons. (C) FWHM of ALN neurons. (D) ΔF/F0 of ALN neurons. (E) Peak frequency of 

ALN neurons. (F) AUC of NGN2 neurons. (G) FWHM of NGN2 neurons. (H) ΔF/F0 of NGN2 neurons. 

(I) Peak frequency of NGN2 neurons. Data points represent averaged values of multiple neurons 

recorded within an individual well ± SEM. Data were obtained from five independent differentiations per 

combination. Kruskal-Wallis test with Dunn’s post-hoc test, for each combination n=16, *=p≤0.05, 

**=p≤0.01, ns=not significant. 
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3.5.4 Increased activity in SCZ co-cultures can be rescued by a selective DRD2 agonist  

As RNA sequencing of SCZ ALN neurons revealed reduced expression levels of DRD2 and 

SCZ co-cultures exhibited increased activity suggesting overall less inhibition, calcium peak 

frequencies in the presence of a selective DRD2 agonist or a selective DRD2 inhibitor were 

assessed.  

To this end, pre-differentiated ALN and NGN2 neurons were seeded into CTR or SCZ 

populations at equal cell ratios for each line. Co-cultures were treated for 24 h with either 

DMSO as a solvent control, 10 µM Pramipexole dihydrochloride, a selective DRD2 agonist or 

10 µM Sulpiride, a selective DRD2 antagonist, and subsequent calcium imaging was 

performed.  

When comparing peak frequencies of CTR and SCZ co-cultures in both ALN and NGN2 

neurons treated with DMSO, again elevated peak frequency was detected supporting the 

previous observations in the SCZ situation. However, application of Pramipexole completely 

rescued elevated peak frequencies of SCZ ALN and SCZ NGN2 lines to baseline activity as 

compared to DMSO treated control populations, whereas no effect was observed with CTR 

ALN and CTR NGN2 neurons (Figure 19A,B). In contrast, treatment with Sulpiride, the 

selective DRD2 antagonist did not affect calcium activity neither in CTR nor in SCZ populations 

of ALN and NGN2 neurons (Figure 19A,B). Other calcium parameters (AUC, FWHM, ΔF/F0) 

remained unaffected and can be found in Supplementary Figure 5. 

To sum up, calcium imaging confirmed the increase of neuronal activity in both ALN and NGN2 

SCZ neurons compared to CTR. The observed rescuing effect suggests that calcium activity 

is regulated by DRD2-dependent mechanisms in both ALN and NGN2 neurons. Since this 

phenotype was not observed in CTR neurons, this implies that the hypodopaminergic 

phenotype is responsible for increased activity in SCZ neurons and activation of DRD2 could 

then lead to increased inhibition, thus leading to a rescue. Moreover, the findings assume the 

expression of DRD2 in both neuronal cell types.  
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Figure 19. Treatment with a selective DRD2 agonist can rescue increased peak frequency in SCZ 

co-cultures. (A-B) Analysis of spontaneous calcium activity after 24 h treatment with DMSO (solvent 

control), 10 µM Pramipexole (DRD2 agonist) and 10 µM Sulpiride (DRD2 anatgonist). Recordings were 

performed for 4 minutes. (A) Peak frequency of ALN neurons. (B) Peak freqeuncy of NGN2 neurons. 

Values are normalized to CTR DMSO. Data points represent averaged values of multiple neurons 

recorded within an individual well ± SEM. Data were obtained from five independent differentiations. 

Two-way ANOVA with Tukey’s multiple comparison test, DMSO n=10, CTR Pramipexole n=10, CTR 

Sulpiride n=10, SCZ DMSO n=10, SCZ Pramipexole n=10, SCZ Sulpiride n=9, *=p≤ 0.05. 

 

3.6 Decreased AIS length in SCZ patient-derived neurons  

In a next part, the axon initial segment (AIS) was examined to assess whether homeostatic 

AIS length regulation can be observed in response to increased neuronal activity in SCZ co-

cultures.  Hence, the analysis of AIS length displays an indirect measure for altered neuronal 

activity. Ankyrin-3 (ANK-3) is considered as AIS marker as it is the major scaffolding protein 

important for ion channel and cell adhesion molecule clustering at the AIS to regulate action 

potential initiation and to ensure proper neuronal excitability (193, 194). Therefore, ANK-3 was 

used to determine axon length in ALN and NGN2 neurons in co-culture in the following 

experiment. 

3.6.1 Decreased AIS length in SCZ ALN-NGN2 co-cultures 

To assess whether the AIS length is regulated in a homoeostatic manner in response to 

increased neuronal activity in the SCZ co-culture model, the ANK-3 length of ALN and NGN2 

neurons in co-culture was analysed. For this purpose, co-cultured neurons at DIV28 were fixed 

and stained for three markers, the neuronal marker βIII-tubulin, the dopaminergic marker TH 

and the AIS marker protein ANK-3. Only segments double-positive for βIII-tubulin and ANK-3 

were taken into consideration and GFP labelling of NGN2 neurons allowed for distinction 

between neurons in co-culture.  
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Neurites positive for βIII-tubulin, TH and ANK-3 were considered as ALN neurons, whereas 

neurites positive for βIII-tubulin, GFP and ANK-3 were assigned to NGN2 neurons. ANK-3-

positive segments are indicated by arrow heads in Figure 20A. Cell type specific analysis of 

ANK-3 length revealed significantly reduced AIS length in both ALN and NGN2 SCZ neurons 

which may result in a homeostatic response to increased activity  (Figure 20B-C).  

 

 

Figure 20. Decreased AIS length in SCZ co-cultures. (A) Immunocytochemistry staining of ALN-

NGN2 co-cultures at DIV28 revealed expression of the neuronal marker βIII-tubulin, the dopaminergic 

marker TH and the AIS marker protein ankyrin-3 (ANK-3). Segments positive for βIII-tubulin, TH and 

ANK-3 indicate ALN neurons. Segments positive for βIII-tubulin, GFP and ANK-3 indicate NGN2 

neurons (ANK-3 positive segments indicated by arrow heads). Scale bars=20 µm. (B) Analysis of ANK-

3 length in ALN neurons. (C) Analysis of ANK-3 length in NGN2 neurons. Data points represent 

averaged values from individual wells ± SEM. Values are normalized to CTR. Data were obtained from 

three independent differentiations per donor. Two-tailed unpaired t-test, CTR n=18, SCZ n=24, 

****=p≤0.0001. 
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3.6.2 Reduced AIS length in SCZ ALN and SCZ NGN2 monocultures 

To see whether the reduction of the AIS length was a homeostatic mechanism occurring in 

response to elevated neuronal activity in SCZ co-cultures, AIS length in ALN and NGN2 

neurons in monocultures was examined.  

In order to do so, ALN neurons cultured individually were fixed and stained at DIV28, while 

NGN2 neurons in separated cultures were fixed and stained at DIV21. For the analysis of AIS 

length in ALN neurons, neurites co-expressing βIII-tubulin and ANK-3 were measured as 

indicated by the arrow head Figure 21A. Analysis of the AIS length in ALN neurons revealed 

a significant decrease in SCZ cultures which was comparable to the effect observed in the co-

culture system (Figure 21B).  

To assess whether reduced AIS length is an intrinsic effect restricted to ALN neurons cultured 

separately, NGN2 neurons in monoculture were analysed. βIII-tubulin-positive neurites co-

expressing GFP and ANK-3 were measured regarding length (Figure 21C). In accordance with 

the findings in ALN monocultures, SCZ NGN2 monocultures demonstrated a drastic decrease 

in the AIS length (Figure 21D).  

In summary, analysis of ANK-3 as a marker for AIS revealed significantly shortened segments 

in SCZ which was not restricted to co-cultures, but as well observed in both ALN and NGN2 

neurons cultured separately. These findings revise the hypothesis of a homeostatic AIS 

regulation in response to increased activity, as altered calcium activity was not observed in 

ALN and NGN2 monocultures. Thus, the results imply that reduced AIS length is rather an 

intrinsic mechanism found in SCZ neurons.  
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Figure 21. Decreased AIS length in ALN and NGN2 SCZ monocultures. (A) Immunocytochemistry 

staining of ALN monocultures at DIV28 revealed expression of the neuronal marker βIII-tubulin and the 

AIS marker protein ankyrin-3 (ANK-3). Segments double-positive for βIII-tubulin and ANK-3 were 

analysed (indicated by arrow heads). Scale bars=20 µm. (B) Analysis of ANK-3 length in ALN neurons. 

Two-tailed Mann Whitney U test, CTR n=17, SCZ n=24, ****=p≤0.0001. (C) Immunocytochemistry 

staining of NGN2 monocultures at DIV21 revealed expression of the neuronal marker βIII-tubulin, GFP 

and the AIS marker protein ankyrin-3 (ANK-3). Segments positive for βIII-tubulin, GFP and ANK-3 were 

analysed (indicated by arrow heads). Scale bars=20 µm. (D) Analysis of ANK-3 length in NGN2 neurons. 

Two-tailed unpaired t-test, CTR n=16, SCZ n=25, ****=p≤ 0.0001. Data points represent averaged 

values from individual wells ± SEM. Values are normalized to CTR. Data were obtained from three 

independent differentiations per donor. 
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3.7 Synaptic phenotypes in SCZ patient-derived neurons  

3.7.1 Synapse density in SCZ ALN neuron monocultures is unaltered  

RNA sequencing and subsequent GO enrichment analysis of SCZ ALN neurons identified gene 

sets enriched for ‘synapse’ and ‘neuron projection’ to be downregulated. Therefore, in a first 

set of experiments, synapse formation in ALN monocultures was assessed to identify possible 

synaptic aberrations in dopaminergic neurons.  

For this purpose, synapse formation was examined by quantifying pre- and postsynaptic 

markers localizing on MAP2-positive neurites. Co-localization of pre- and postsynaptic spots 

in close apposition to each other (≤ 0.2 µm) was considered as morphological synapse, since 

this defined distance matches the microscope’s resolution limit. Another aspect that was 

considered in the analysis of synaptic markers was the percentage of co-localizing presynaptic 

spots indicating presynaptic terminals that already made contact to postsynaptic 

compartments out of the total number of identified presynaptic spots, thus representing a ratio 

between extra-synaptic and synaptic spots. 

At DIV28, ALN neurons cultured separately were stained for the general presynaptic marker 

synapsin 1 (SYN1) and the postsynaptic density protein 95 marker (PSD95) that were 

quantified on MAP2-positive dendrites (Figure 22A). Presynaptic SYN1-positive densities, as 

well as postsynaptic PSD95-positive density clusters were unaltered in SCZ ALN neurons 

compared to CTR (Figure 22C-D). Analysis of SYN1 and PSD95 spots in apposition did not 

reveal alterations between CTR and SCZ cultures (Figure 22E) suggesting that morphological 

synapse formation is unaffected. In addition, the percentage of co-localizing SYN1 spots was 

unaltered (Figure 22F).  

In a control experiment, the expression of the excitatory presynaptic marker vGLUT1 in 

apposition with PSD95 was identified in ALN neurons cultured separately (Figure 22B).  
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Figure 22. Unaltered synapse density in ALN monocultures. (A) Exemplary immunocytochemistry 

staining (63x) of the presynaptic marker SYN1, the postsynaptic marker PSD95 on MAP2-positive 

dendrites in ALN monocultures at DIV28. Scale bars: 10 µm. (B) Exemplary immunocytochemistry 

staining (63x) of the presynaptic marker vGLUT1 and the postsynaptic marker PSD95 on MAP2-positive 

dendrites in ALN monocultures. Scale bars: 10 µm. (C-F) Quantification of pre- and postsynaptic 

markers on MAP2-positive dendrites. (C) SYN1 density quantification. CTR n=38, SCZ n=34. (D) PSD95 

density quantification. CTR n=23, SCZ n=29. (E) Synapse quantification (SYN1+PSD95). CTR n=21, 

SCZ n=43. (F) Percentage of co-localizing SYN1 spots. CTR n=23, SCZ n=41 Data points represent 

averaged values from individual wells ± SEM. Values are normalized to CTR, while values for SYN1 co-

localizing spots are represented as ratio. Data were obtained from minimum of three independent 

differentiations per donor. Two-tailed Mann Whitney U test, ns=not significant. 

 

3.7.2 Decreased synapse density in SCZ ALN-NGN2 co-cultures  

To gain further insight into the interaction between dopaminergic and glutamatergic neurons 

and to reveal possible aberrations in synapse formation that might contribute to the elevated 

neuronal activity in SCZ co-cultures, synaptic markers were quantified in the ALN-NGN2 co-

culture model. To achieve this, co-cultures were fixed and stained for the general presynaptic 

marker SYN1, the excitatory presynaptic marker vGLUT1, and the postsynaptic marker PSD95 

on MAP2-positive neurons. This approach enabled the quantification of pre-, post- and 

synaptic densities, as well as the analysis of the percentage of co-localizing presynaptic sites. 
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Again, co-localization of pre- and postsynaptic spots in close apposition to each other (≤ 0.2 

µm) was considered as morphological synapse. GFP-labelling of NGN2 neurons allowed for 

cell type specific analysis (Figure 23A, Figure 24A).  

Analysis of general synapse formation and excitatory synapse formation was possible for 

following combinations: 

I. General synapse formation on ALN neurons (SYN1+PSD95 on GFP- cells) 

II. General synapse formation on NGN2 neurons (SYN1+PSD95 on GFP+ cells) 

III. Excitatory synapse formation on ALN neurons (vGLUT1+PSD95 on GFP- cells) 

IV. Excitatory synapse formation on NGN2 neurons (vGLUT1+PSD95 on GFP+ cells) 

Quantification of the general presynaptic terminal marker SYN1 revealed significant reduction 

on both ALN and NGN2 neurons in SCZ co-cultures, as well as a significant loss of 

morphological synapse densities (SYN1+PSD95) (Figure 23B,D,F,H). PSD95-positive 

clusters were significantly reduced on SCZ ALN neurons (Figure 23C), whereas NGN2 

neurons did not reveal alterations between SCZ and CTR neurons (Figure 23G). Additionally, 

analysis of co-localizing presynaptic spots, did not show any differences between CTR and 

SCZ cultures on both ALN and NGN2 neurons suggesting that extra-synaptic and synaptic 

SYN1-positive terminals were equally reduced in SCZ cultures (Figure 23E,I). Quantitative 

analysis for individual CTR and SCZ lines can be found in Supplementary Figure 6A,B,E,F. 

Noteworthy, SYN1 is a more general presynaptic marker that is not specific for dopaminergic 

or glutamatergic terminals. To further elucidate the contribution of both neuronal cell types to 

excess synaptic loss in SCZ co-cultures, staining for the excitatory presynaptic marker 

vGLUT1 was applied to mark excitatory synapses. Again, the analysis focused on excitatory 

presynaptic marker densities (vGLUT1), postsynaptic densities (PSD95) and vGLUT1+PSD95 

excitatory synapse densities quantified on MAP2-positive neurons (Figure 24A). Presynaptic 

vGLUT1-positive terminals and excitatory synapse density (vGLUT1+PSD95) showed a 

tendency towards a decrease but did not reach levels of significance (Figure 24B,D). In 

contrast, excitatory presynaptic and synaptic densities on SCZ NGN2 neurons were reduced 

compared to CTR neurons (Figure 24F,H). Postsynaptic density clusters were unaffected on 

both ALN and NGN2 SCZ neurons, as well as the percentage of co-localizing vGLUT1 spots 

(Figure 24C,E,G,I). Quantitative analysis of individual CTR and SCZ lines can be found in 

Supplementary Figure 6C,D,G,H. 

In summary, synapse analysis in ALN-NGN2 co-cultures revealed an excess loss of synapses 

on both neurons in SCZ cultures, primarily driven by the loss of presynaptic sites. Synapse-

specific quantification in the co-culture demonstrated a reduction of excitatory synapses on 

SCZ NGN2 neurons, but not on SCZ ALN neurons. 
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Figure legend continues on the next page 

Figure 23. Decreased synapse density in SCZ ALN-NGN2 co-cultures. (A) Immunocytochemistry 

revealed expression of the general presynaptic marker SYN1, the postsynaptic marker PSD95 on 

MAP2-positive dendrites in ALN-NGN2 co-cultures at DIV28. Synaptic markers quantified on MAP2-

positive/GFP-negative neurons were considered as ALN neurons, whereas synaptic markers counted 

on MAP2-positive/GFP-positive neurons were considered as NGN2 neurons. Co-localization of SYN1 

and PSD95 is considered as morphological synapse (indicated by arrow heads). Scale bars 20 µm. (B-

E) Quantification of synaptic markers localizing on MAP2-positive/GFP-negative ALN neurons. (B) 

Quantification of SYN1. (C) Quantification of PSD95. (D) Quantification of synaptic densities 

(SYN1+PSD95). (E) Percentage of SYN1 spots co-localizing. (F-I) Quantification of synaptic markers 
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localizing on MAP2-positive/GFP-positive NGN2 neurons. (F) Quantification of SYN1. (G) Quantification 

of PSD95. (H) Quantification of synaptic densities (SYN1+PSD95). (I) Percentage of SYN1 spots co-

localizing. Data points represent averaged values from individual wells ± SEM. Values are normalized 

to CTR, while values for SYN1 co-localizing spots are represented as ratio. Data were obtained from 

minimum of three independent differentiations per donor. Two-tailed Mann Whitney U test, CTR n=24, 

SCZ n=28, *=p≤0.05, **=p≤0.01, ***=p≤0.001, ns=not significant 

 

 

Figure legend on the next page 
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Figure 24. Decreased excitatory synapse density in SCZ co-cultures. (A) Immunocytochemistry 

revealed expression of the excitatory presynaptic marker vGLUT1, the postsynaptic marker PSD95 on 

MAP2-positive dendrites in ALN-NGN2 co-cultures at DIV28. Synaptic markers quantified on MAP2-

positive/GFP-negative neurons were considered as ALN neurons, whereas synaptic markers counted 

on MAP2-positive/GFP-positive neurons were considered as NGN2 neurons. Co-localization of vGLUT1 

and PSD95 is considered as morphological synapse (indicated by arrow heads). Scale bars 20 µm. (B-

E) Quantification of synaptic markers localizing on MAP2-positive/GFP-negative ALN neurons. (B) 

Quantification of vGLUT1. (C) Quantification of PSD95. (D) Quantification of excitatory synaptic 

densities (vGLUT1+PSD95). (E) Percentage of vGLUT1 spots co-localizing. (F-I) Quantification of 

synaptic markers localizing on MAP2-positive/GFP-positive NGN2 neurons. (F) Quantification of 

vGLUT1. (G) Quantification of PSD95. (H) Quantification of synaptic densities (vGLUT1+PSD95). (I) 

Percentage of vGLUT1 spots co-localizing. Data points represent averaged values from individual wells 

± SEM. Values are normalized to CTR, while values for SYN1 co-localizing spots are represented as 

ratio. Data were obtained from minimum of three independent differentiations per donor. Two-tailed 

Mann Whitney U test, CTR n=24, SCZ n=28, *=p≤0.05, ns=not significant.  

 

3.7.3 Development of a lentiviral vector for cell type-specific presynaptic-bouton 

labelling  

As shown in Figure 22B, ALN neurons cultured separately were positive for the excitatory 

presynaptic marker vGLUT1. Thus, the analysis of excitatory presynaptic and synaptic 

densities in the co-cultures did not allow for a clear discrimination between terminals of 

dopaminergic and glutamatergic neurons. Furthermore, immunocytochemical staining for 

typical dopaminergic markers such as DAT or VMAT2 was not successful. Hence, another 

approach was applied to cell type specifically label dopaminergic and glutamatergic 

presynaptic terminals in a more reliable manner. A lentiviral vector expressing a synaptophysin 

(SYP)-mRuby fusion protein to efficiently label presynaptic terminals was generated by Lisa-

Sophie Wüstner (Molecular Neurobiology, NMI, Reutlingen) and kindly provided. The map of 

the generated lentiviral vector pLV-EF1α-Synaptophysin-mRuby can be found in 

Supplementary Figure 2. 

The lentiviral vector overexpressing SYP-mRuby was first applied to ALN and NGN2 neurons 

cultured separately. At DIV28 and DIV21, respectively, neurons were positive for MAP2 and 

the postsynaptic marker PSD95, which also revealed SYP-mRuby expression in both ALN and 

NGN2 neuronal cultures (Figure 25A,F). In addition, SYP-mRuby was also found in close 

apposition with PSD95 suggesting the formation of morphological synapses. Quantification of 

synaptic marker densities in ALN neuronal monocultures, revealed unaltered SYP-mRuby 

positive terminal density, as well as unaltered PSD95 cluster and synapse (SYP-

mRuby+PSD95) densities in SCZ cultures (Figure 25B-D). In addition, the percentage of co-

localizing SYP-mRuby spots was unchanged between CTR and SCZ (Figure 25E).  
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When analysing SYP-mRuby positive terminals on NGN2 neurons cultured separately a 

significant reduction was observed in SCZ neurons, which was accompanied by a reduced 

synapse density (Figure 25G,I). In contrast, postsynaptic PSD95 clusters, as well as 

percentage of co-localizing SYP-mRuby spots was unaltered (Figure 25H,J). 

Overall, synapse quantification of ALN monocultures revealed no differences between CTR 

and SCZ, which was replicated by two different approaches: transduction of cells with pLV-

EF1α-SYP-mRuby and immunocytochemical quantification of SYN1. In addition, previous 

studies including the same set of donors observed significant reduction of presynaptic and 

synaptic densities in SCZ NGN2 monocultures (166), which was also found in transduced SCZ 

NGN2 neurons. To conclude, the results confirm previous findings and hence demonstrate the 

validity of the used lentiviral construct for synaptic bouton labelling.  
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Figure 25. Characterisation of the lentiviral construct pLV-EF1α-Synaptophysin-mRuby for 

presynaptic bouton labelling in ALN and NGN2 monocultures. (A) Synaptophysin-mRuby 

transduced ALN neurons in monocultures express SYP-mRuby, the postsynaptic marker PSD95 on 

MAP2-positive neurons at DIV28. Scale bars 20 µm. (B-E) Quantification of synaptic markers on MAP2-

positive neurons. (B) SYP density quantification. Unpaired t-test, CTR n=10, SCZ n=27. (C) PSD95 

density quantification. Two-tailed Mann Whitney U test, CTR n=10, SCZ n=27. (D) Synapse 

quantification (SYP+PSD95). Two-tailed Mann Whitney U test, CTR n=10, SCZ n=26. (E) Percentage 

of co-localizing SYP spots. Two-tailed Mann Whitney U test, CTR n=10, SCZ n=27. Data were obtained 

from four independent differentiations per donor. ns= not significant. (F) Synaptophysin-mRuby 

transduced NGN2 neurons in monocultures express SYP-mRuby, the postsynaptic marker PSD95 on 

MAP2-positive neurons at DIV21. Scale bars 20 µm. (G-J) Quantification of synaptic markers on MAP2-

positive neurons. Two-tailed Mann Whitney U test, CTR n=21, SCZ n=30. (G) SYP density quantification. 

(H) PSD95 density quantification. (I) Synapse quantification (SYP+PSD95). (J) Percentage of co-

localizing SYP spots. Unpaired t-test two-tailed, CTR n=21, SCZ n=30. Data points represent averaged 

values from individual wells ± SEM. Values are normalized to CTR, while values for SYN1 co-localizing 

spots are represented as ratio. Data were obtained from four to five independent differentiations per 

donor. *=p≤ 0.05, ****=p≤ 0.0001, ns=not significant. 
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3.7.4 Lentiviral overexpression of Synaptophysin-mRuby allows for cell type-specific 

presynaptic bouton labelling in ALN-NGN2 co-cultures 

To discriminate between ALN- and NGN2-specific presynaptic terminals, the lentiviral vector 

pLV-EF1α-SYP-mRuby was applied to ALN-NGN2 co-cultures. For this purpose, either ALN or 

NGN2 neurons were transduced individually with the lentiviral vector prior to seeding into co-

culture. ALN neurons transduced with the lentiviral vector were then co-cultured with non-

transduced NGN2 neurons. This strategy allowed to selectively label presynaptic terminals of 

ALN neurons found on ALN neurons (GFP- cells) and on NGN2 neurons (GFP+ cells). NGN2 

neurons transduced with the lentiviral vector were co-cultured with non-transduced ALN 

neurons. Hence, this allowed to selectively label presynaptic terminals of NGN2 neurons found 

on ALN neurons (GFP- cells) and on NGN2 neurons (GFP+ cells). 

In this experiment, the lines CTR1, SCZ1, SCZ2, SCZ4 and SCZ5 were used.  

SYP-mRuby positive presynaptic terminal quantification are described following: 

I. Dopaminergic presynaptic boutons on ALN neurons (SYP+ on GFP- cells) 

II. Dopaminergic presynaptic boutons on NGN2 neurons (SYP+ on GFP+ cells) 

III. Glutamatergic presynaptic boutons on ALN neurons (SYP+ on GFP- cells) 

IV. Glutamatergic presynaptic boutons on NGN2 neurons (SYP+ on GFP+ cells) 

At DIV28, co-cultures were fixed and stained for MAP2 and PSD95. Discrimination between 

neuronal cell types was ensured by GFP expression of NGN2 neurons. 

Successful transduction of ALN neurons in co-culture demonstrated SYP-mRuby-positive 

terminals on MAP2-positive neurons (Figure 26A). Quantification of presynaptic SYP-mRuby-

positive terminals derived from ALN neurons did not show any differences in presynapse 

formation neither on ALN neurons nor on NGN2 neurons between CTR and SCZ co-cultures 

(Figure 26B,D). In addition, PSD95 cluster densities on ALN and NGN2 neurons were 

unaltered in SCZ cultures (Figure 26C,E). Quantitative analysis for individual CTR and SCZ 

lines can be found in Supplementary Figure 7A,B.  

Next, transduced NGN2 neurons co-cultured with non-transduced ALN neurons revealed 

expression SYP-mRuby (Figure 27A). SYP-mRuby-positive terminals on both ALN and NGN2 

neurons were significantly reduced in SCZ cultures (Figure 27B,D). Again, postsynaptic 

cluster density on SCZ ALN neurons was not affected (Figure 27C), whereas a significant 

increase in postsynaptic density was observed on SCZ NGN2 neurons (Figure 27E). 

Quantitative analysis for individual CTR and SCZ lines can be found in Supplementary Figure 

7C,D. 
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In conclusion, the results indicate that mainly presynaptic terminals of SCZ NGN2 neurons are 

affected, whereas a loss of terminals from ALN neurons was not identified. However, the 

findings of elevated activity cannot be explained by increased excitatory synaptic input.  

 

 

 

Figure 26. Dopaminergic presynaptic terminal density is unaffected in SCZ ALN-NGN2 co-

cultures. (A) Expression of SYP-mRuby indicate successful transduction of ALN neurons prior to 

seeding into co-culture with NGN2 neurons. Immunocytochemistry reveals expression of the 

postsynaptic marker PSD95 on MAP2-positive neurons at DIV28. Quantification of SYP-mRuby-positive 

terminals on MAP2-positive/GFP-negative neurons (ALN) and MAP2-positive/GFP-positive neurons 

(NGN2). Scale bars 20 µm. (B+C) Quantification of presynaptic and postsynaptic markers on ALN 

neurons. (B) Quantification of SYP. (C) Quantification of PSD95. (D+E) Quantification of presynaptic 

and postsynaptic markers on NGN2 neurons. (D) Quantification of SYP. (E) Quantification of PSD95. 

Data points represent averaged values from individual wells ± SEM. Values are normalized to CTR. 

Data were obtained from minimum of three independent differentiations per donor. Two-tailed Mann 

Whitney U test, CTR n=14, SCZ n=38, ns= not significant. 
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Figure 27. Glutamatergic presynaptic terminal density is decreased in SCZ ALN-NGN2 co-

cultures. (A) Expression of SYP-mRuby indicate successful transduction of NGN2 neurons prior to 

seeding into co-culture with ALN neurons. Immunocytochemistry reveals expression of the postsynaptic 

marker PSD95 on MAP2-positive neurons at DIV28. Quantification of SYP-mRuby-positive terminals on 

MAP2-positive/GFP-negative neurons (ALN) and MAP2-positive/GFP-positive neurons (NGN2). Scale 

bars 20 µm. (B+C) Quantification of presynaptic and postsynaptic markers on ALN neurons. (B) 

Quantification of SYP. (C) Quantification of PSD95. (D+E) Quantification of presynaptic and postsynaptic 

markers on NGN2 neurons. (D) Quantification of SYP. (E) Quantification of PSD95. Data points 

represent averaged values from individual wells ± SEM. Values are normalized to CTR. Data were 

obtained from minimum of three independent differentiations per donor. Two-tailed Mann Whitney U test, 

CTR n=8, SCZ n=30, *=p≤0.05, ns= not significant. 
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3.8 E-I co-culture models with 15q13 and 22q11 microdeletions as genetic 

risk factors for SCZ show synaptic and functional phenotypes 

In the second part of this thesis, isogenic disease models carrying a 15q13 and a 22q11 

microdeletion as high-risk factors for SCZ were employed. The focus was set on the 

interactions between excitatory glutamatergic and inhibitory GABAergic interneurons, as E-I 

imbalances in the developing cortical microcircuitry are thought to be involved in the pathology 

of neuropsychiatric disorders.  

For this purpose, iPSC-derived glutamatergic and GABAergic neurons were seeded at defined 

ratios into an E-I co-culture model, which was employed to study possible aberrations in the 

cortical microcircuitry, as indicated by aberrations in synapse formation and altered neuronal 

activity. One of the advantages when using isogenic designs is that the genetic makeup 

remains the same, except for the genetically modified region and thus allowing the study of 

mutation-relevant phenotypes (143).  

The isogenic iPSC lines under study comprising one isogenic CTR and three deletion lines 

(one clone with a deletion in chromosome 15q13 and two clones with deletions in chromosome 

22q11) were a kind gift from Prof. Dr. Moritz Rossner at the Department of Psychiatry and 

Psychotherapy in Munich. The iPSC lines obtained were stably transduced with the lineage-

specific transcription factors NGN2 or ASCL1-DLX2 (AD), respectively, and the reverse 

tetracycline transactivator protein (rtTA) under the operator sequence (TetO) to easily start 

differentiations by adding doxycycline. For more details on the NGN2-AD2 co-culture setup 

and refer to section 2.2.10.  

3.8.1 Aberrant neurite branching in NGN2 neurons carrying microdeletions  

In a first experiment, the neurite outgrowth and neurite branching of pre-differentiated NGN2 

neurons carrying microdeletions in comparison to the isogenic CTR were assessed, in order 

to identify early disease-relevant phenotypes. Individual replicates of this experiment were 

performed by Sabrina Vogel (Molecular Neurobiology, NMI, Reutlingen). 

Neurite outgrowth assays were performed by using the IncuCyte Neurotrack module that 

allows for detection of live cell dynamics and recognizes outgrowing neurites and cell body 

clusters in an automated manner (Figure 28A, neurites in purple and cell body cluster in 

orange). Starting from 72 h after neural induction, the isogenic CTR line and the three mutant 

clones showed a constant increase in neurite length and neurite branch points as depicted in 

Figure 28B, Figure 28C. After 120 h, a plateau in neurite outgrowth was reached showing a 

trend towards an increase in all three deletion clones (Figure 28D). At this timepoint (120 h), 
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neurite branch points were significantly increased in two mutant clones (15q13 and 22q11 

clone2), whereas 22q11 clone1 demonstrated a slight increase which did not reach the level 

of significance (Figure 28E). 

To conclude, compared to the isogenic CTR line, the three deletion clones revealed a tendency 

towards increase in neurite length and demonstrated a significant increase in neurite branch 

points. The results suggest that already during early neurodevelopmental alterations occur and 

aberrant neurite outgrowth micht be an early indicator in excitatory glutamatergic neurons. 
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Figure 28. Neurite branching is altered in NGN2 neurons with microdeletions. (A) Exemplary 

phase contrast image showing the start of outgrowing neurites in NGN2 iNeurons at DIV3 (upper, left) 

and increased neurite outgrowth at DIV7 (lower, left). The IncuCyte Neurotrack analysis module was 

used for the detection of neurites (purple) and cell body clusters (orange) (upper and lower, right). Scale 

bars: 400 µm. (B-C) Neurite length per cell body cluster area and neurite branch points per cell body 

cluster area were measured from timepoint t=72 h to t=156 h. Values are normalized to t=72 h. (D-E) 

Analysis of neurite outgrowth and neurite branch points at t=120 h after plateau is reached. Data points 

represent averaged values from individual wells ± SEM. Values are normalized to CTR. Data were 

obtained from four independent differentiations per line. Ordinary one-way ANOVA with Dunnett’s post-

hoc test, CTR n=12, 15q13 n=12, 22q11 clone1 n=12, 22q11 clone2 n=12, *=p≤0.05, **=p≤0.01, ns=not 

significant. 
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3.8.2 Excitatory synapses are reduced in microdeletion E-I co-cultures  

E-I synaptic ratios are crucial for the maintenance of cortical balance and essential for proper 

network formation. To study synaptic phenotypes in E-I co-cultures with neurons carrying a 

15q13 and 22q11 microdeletion, stable NGN2 and AD2 iPSC were pre-differentiated 

separately and seeded into co-culture with a cultivation period of 42 days.  

At DIV42, immunocytochemistry staining revealed robust expression of the excitatory 

presynaptic marker vGLUT1 and the postsynaptic marker PSD95 on MAP2-positive neurons, 

as well as the formation of morphological excitatory synapses (vGLUT1+PSD95) (Figure 29A, 

co-localization indicated by arrow heads). Quantification of vGLUT1-positive terminals 

revealed a significant decrease in all three mutant co-cultures (15q13, 22q11 clone1 and 22q11 

clone2) compared to the isogenic CTR line (Figure 29B), which was accompanied by a 

reduced  excitatory synapse density (Figure 29D).  However, postsynaptic densities, as well 

as percentage of co-localizing vGLUT1 spots did not show any alterations compared to CTR 

(Figure 29C, Figure 29E).  

Staining for inhibitory synaptic markers revealed the expression of the inhibitory presynaptic 

marker vesicular GABA transporter (vGAT) and the inhibitory postsynaptic marker Gephyrin on 

MAP2-positive neurons (Figure 30A). Contrary to excitatory synapse results, quantification of 

inhibitory synaptic markers in CTR and mutant clones did not reveal overt differences in E-I 

co-cultures. Quantification of vGAT did not reveal any differences between CTR and mutant 

clones (Figure 30B). Postsynaptic Gephyrin-positive compartments were significantly 

increased in all three mutant clones in comparison to the isogenic CTR (Figure 30C), which 

resulted in a trend towards increased inhibitory synaptic density (vGAT+Gephyrin), especially 

in 22q11 clone1 (p-value=0.09; Figure 30D). The percentage of co-localizing vGAT spots was 

unaltered (Figure 30E).  

To summarize, synapse quantification revealed an excess loss of excitatory synapses in 

mutant E-I co-cultures, which was primarily driven by excitatory presynaptic terminals. In 

addition, a slight increase in inhibitory synapses, driven by increased inhibitory postsynaptic 

densities was identified. All in all, these results indicate an imbalance in excitatory and 

inhibitory synaptic signalling, which could result in elevated inhibition in the co-cultures.  
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Figure 29. Excitatory synapse density is decreased in microdeletion E-I co-cultures. (A-A’) 

Immunocytochemistry revealed the expression of the excitatory presynaptic marker vGLUT1 and the 

postsynaptic marker PSD95 on MAP2-positive neurons in E-I co-cultures at DIV42. The enlarged section 

is indicated by the dashed rectangle depicted in (A’). Co-localization of vGLUT1 and PSD95 are 

indicated by arrows heads. Scale bars 20 µm. (B-E) Quantification of synaptic markers localizing on 

MAP2-positive neuronal cells. (B) Quantification of presynaptic density vGLUT1. (C) Quantification of 

postsynaptic density PSD95. (D) Quantification of excitatory synaptic density (vGLUT1+PSD95). (E) 

Percentage of vGLUT1 spots co-localizing. Data points represent averaged values from individual wells 

± SEM. Values are normalized to CTR, while values for vGLUT1 co-localizing spots are represented as 

absolute values. Data were obtained from four independent differentiations per line. For (B+D) Kruskal-

Wallis test with Dunn’s post-hoc test. For (C+E) Ordinary one-way ANOVA with Dunnett’s post-hoc test, 

CTR n=8, 15q13 n=8, 22q11 clone1 n=8, 22q11 clone2 n=8, *=p≤0.05, **=p≤0.01, ns=not significant. 
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Figure 30. Inhibitory synapses not affected but show increased postsynaptic density in E-I co-

cultures with microdeletions. (A-A’) Immunocytochemistry revealed the expression of the inhibitory 

presynaptic marker vGAT and the postsynaptic marker Gephyrin on MAP2-positive neurons in E-I co-

cultures at DIV42. The enlarged section is indicated by the dashed rectangle depicted in (A’). Co-

localization of presynaptic vGAT and postsynaptic Gephyrin are indicated by arrows heads. Scale bars 

20 µm. (B-E) Quantification of synaptic markers localizing on MAP2-positive neuronal cells. (B) 

Quantification of presynaptic density vGAT. (C) Quantification of postsynaptic density Gephyrin. (D) 

Quantification of inhibitory synaptic density (vGAT+Gephyrin). (E) Percentage of vGLUT1 spots co-

localizing. Data points represent averaged values from individual wells ± SEM. Values are normalized 

to CTR, while values for vGAT co-localizing spots are represented as absolute values. Data were 

obtained from four independent differentiations per line. For (B) Ordinary one-way ANOVA with Dunnett’s 

post-hoc test. For (C-E) Kruskal-Wallis test with Dunn’s post-hoc test, CTR n=8, 15q13 n=8, 22q11 

clone1 n=8, 22q11 clone2 n=8, *=p≤0.05, ns=not significant. 
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The comparison of excitatory and inhibitory synaptic ratios between CTR and mutant clones 

showed a drastic loss of excitatory synapses. Remarkably, the proportion of inhibitory 

synapses was significantly increased for the mutant 22q11 clone1 compared to the isogenic 

CTR (Figure 31). The identification of altered excitatory-inhibitory synapse ratios imply a 

synaptic disbalance in the E-I co-cultures carrying microdeletions.  

 

 

Figure 31. Altered excitatory and inhibitory synapse ratio in mutant E-I co-cultures. Quantification 

of excitatory (vGLUT1+PSD95) and inhibitory (vGAT+Gephyrin) synapse densities on MAP2-positive 

neurons in the isogenic CTR and mutant E-I co-cultures. Excitatory and inhibitory synapses were 

normalized to CTR, respectively. Data were obtained from four independent differentiations per line. 

Two-way ANOVA with Dunnett’s post-hoc test, CTR n=8, 15q13 n=8, 22q11 clone1 n=8, 22q11 clone2 

n=8, *=p≤0.05, ns=not significant.   
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3.8.3 Aberrant neuronal network activity in microdeletion E-I co-cultures  

To assess whether the observed synaptic phenotype resulted in functional consequences, 

spontaneous single-cell calcium activity was measured and analysed. At DIV42, recordings of 

somatic calcium signals in unstimulated neurons in E-I co-culture over a period of 3 minutes 

were acquired.  

Whenever calcium imaging was performed, the cultivation medium was used as recording 

buffer. However, calcium recordings of E-I co-cultures performed with neuronal cultivation 

medium resulted in no measurable activity. Therefore, the recording buffer was changed to 

Tyrode buffer to facilitate the generation of action potentials, as it contains an increased 

proportion of potassium chloride, which results in an increased resting membrane potential. 

Tyrode buffer solution was prepared and kindly provided by the electrophysiology group at the 

NMI.  

Calcium recordings in Tyrode buffer revealed synchronous neuronal activity suggesting that 

most neurons were involved in network burst activity allowing to analyse single-cell calcium 

properties of neurons involved in bursting.  

Exemplary calcium traces of neurons in E-I co-cultures are depicted in Figure 32A. Analysis 

of the AUC revealed a significant increase in all three mutant E-I co-cultures, with 15q13 

showing the greatest increase compared to the isogenic CTR (Figure 32B). In addition, 

significantly increased ΔF/F0 and FWHM were observed for 15q13 E-I co-cultures, while those 

parameters were found to be slightly increased in 22q11 microdeletion cultures but did not 

reach the level of significance (Figure 32C,D). Remarkably, the peak frequency in 15q13 and 

22q11 mutant E-I co-cultures showed a significant decrease in comparison to the CTR culture 

(Figure 32E). 

To sum up, E-I co-cultures of stable NGN2 and AD2-derived neurons showed synchronous 

network activity when recorded in Tyrode buffer suggesting that increasing the membrane 

potential is necessary to induce measurable neural activity in these co-cultures. Single-cell 

analysis in mutant E-I co-cultures revealed reduced neuronal activity as observed in the 

decrease of peak frequency, which might be influenced by altered synaptic connectivity as 

described above. However, the three mutant clones showed similar activity patterns 

irrespective of chromosomal deletion, while the 15q13 microdeletion demonstrated the 

strongest phenotype.  

 

 



 

103 
 

 

Figure legend on the next page 
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Figure 32. Altered network activity in microdeletion E-I co-cultures. (A) Exemplary somatic calcium 

traces of the isogenic CTR, the 15q13 clone, the 22q11 clone1 and the 22q11 clone2. Spontaneous 

single-cell calcium activity was recorded over a period of 3 minutes. (B-E) Mean peak parameters are 

indicated: area under the curve (AUC), amplitude (ΔF/F0), full width at half maximum (FWHM), and peak 

frequency (Hz) in E-I co-cultures at DIV42. (B) AUC. (C) FWHM. (D) ΔF/F0. (E) Peak frequency. Data 

points represent averaged values of multiple neurons recorded within an individual well ± SEM. Values 

are normalized to CTR, while values for peak frequency are represented as absolute values. Data were 

obtained from minimum 5 independent differentiations per line. Kruskal-Wallis test with Dunn’s post-hoc 

test, CTR n=12, 15q13 n=10, 22q11 clone1 n=12, 22q11 clone2 n=12, *=p≤0.05, ***=p≤0.001, 

****=p≤0.0001, ns=not significant. 

 

3.8.4 Increased synchronization in E-I co-cultures carrying microdeletions 

One common feature observed in E-I imbalances is disturbed network formation and altered 

synchronicity. Calcium imaging recordings revealed synchronous network burst activity in 

isogenic CTR and mutant E-I co-cultures, but additionally identified functional aberrations. To 

evaluate whether network communications within microdeletion E-I co-cultures are altered, the 

global synchronization index (GSI) based on the recorded calcium imaging data was assessed. 

The GSI determines the synchronization among spontaneous calcium bursts that occur during 

recordings and in addition calculates a numerical value ranging from 0 to 1 as a measure for 

the extend of synchronicity (0=asynchronous activity, 1=synchronous activity). The GSI was 

calculated with a Python code written and kindly provided by Emilio Pardo Gonzalez 

(Electrophysiology, NMI, Reutlingen). In addition to the numeric value, a correlation matrix is 

generated showing the comparison of each ROI to another (Figure 33A).  

Applying the calcium raw data to the Python code, generated correlation matrices showing that 

ROIs (recorded neurons) in mutant E-I co-cultures were more correlated to each other than 

ROIs recorded in CTR E-I co-cultures, as already indicated by the colour code (Figure 33A, 

blue indicates no correlation (0), red indicates correlation (1)). Moreover, numerical values 

calculated by the code identified synchronicity in both CTR and mutant E-I co-cultures as 

values were clearly above 0. However, statistical analysis revealed increased synchronicity in 

neuronal networks of microdeletion E-I co-cultures compared to the isogenic CTR culture 

(mean GSI values15q13=0.908, 22q11 clone1=0.886, 22q11 clone2=0.894 and CTR=0.667, 

Figure 33B).  

To sum up, results obtained from microdeletion E-I co-cultures identified alterations in early 

developmental states, as indicated by disturbed neurite branching. Additionally, the ratio of 

excitatory and inhibitory synapses was significantly altered with mainly excitatory presynapses 

being affected. Finally, functional analysis revealed altered calcium activity and disturbed 
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network synchronicity. Overall, the results pinpoint towards imbalances in E-I co-cultures with 

15q13 and 22q11 microdeletions. 

 

Figure 33. Increased synchronicity in 15q13 and 22q11 microdeletion E-I co-cultures. (A) 

Exemplary correlation matrix plots of the isogenic CTR, the 15q13 clone, the 22q11 clone1 and the 

22q11 clone2. Correlation matrices showing each ROI in comparison to other ROIs calculated within 

one recording. Obtained values ranging from 0 to 1, with 1 showing correlation. (B) Global 

synchronization index (GSI) as a measure for synchronicity within a recorded well. Calculated GSI 

values obtained by the Python code ranging from -1 to 0 indicate no synchronicity, whereas values 

ranging from 0 to 1 indicate synchronicity. Data points represent averaged GSI values obtained from 

recordings within an individual well ± SEM. Data were obtained from minimum 5 independent 

differentiations per line. Kruskal-Wallis test with Dunn’s post-hoc test, SBA n=12, 15q13 n=10, 22q11 

clone1 n=12, 22q11 clone2 n=12, ***=p≤0.001. 
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4. DISCUSSION  

In this study, the major aim was to identify and characterize functional and morphological SCZ-

related phenotypes and to study reciprocal neuron-neuron interactions. For this purpose, a co-

culture model comprising dopaminergic and glutamatergic neurons derived from SCZ patients 

was established and further investigated. In the second part of the thesis, an iPSC-derived co-

culture model comprising glutamatergic and GABAergic interneurons carrying 15q13 and 

22q11 microdeletions as genetic SCZ risk factors were examined.  

The following aspects were addressed in this study: 

1) Identification of a dopaminergic differentiation protocol yielding homogenous 

dopaminergic neuron populations. In a first step, two differentiation protocols based on 

different strategies were characterized and compared. The lentiviral induced dopaminergic 

differentiation protocol resulted in more homogenous dopaminergic neuron populations 

and was used for following experiments. 

 

2) Analysis of the dopaminergic neuron transcriptome to determine the 

neurodevelopmental state and to identify deregulated genes in SCZ neurons. 

Transcriptome analysis of ALN-transduced dopaminergic neurons revealed a distinct 

developmental state in SCZ neurons compared to CTR. In addition, dopamine metabolism 

genes as well as the inhibitory autoreceptor DRD2 were downregulated suggesting a 

hypodopaminergic phenotype in SCZ ALN neurons.  

 

3) Analysis of aberrant neuronal activity in dopaminergic-glutamatergic SCZ co-

cultures. Calcium imaging of SCZ patient-derived co-cultures on single-cell level revealed 

increased spontaneous activity of both dopaminergic and glutamatergic neurons, which 

was solely observed in co-cultures. Mixed co-culture models revealed SCZ dopaminergic 

neurons as a possible driver for elevated activity, suggesting an intrinsic hyperactive state. 

Stimulation of DRD2 with a selective agonist rescued increased calcium activity in SCZ co-

cultures.  

 

4) Analysis of aberrant synapse formation in SCZ co-cultures. Synapse quantification in 

dopaminergic-glutamatergic SCZ co-cultures revealed a significant loss of synapses, 

which was primarily affecting excitatory synapses. The loss of synapses can be attributed 

to the drastic loss of presynaptic terminals, as postsynaptic densities remained unchanged.  
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5) Analysis of aberrant synaptic connectivity and neuronal functionality in an isogenic 

microdeletion disease model as genetic risk factor for SCZ. Analysis of synaptic and 

functional phenotypes in E-I co-cultures that carried either a 15q13 or a 22q11 

microdeletion as genetic risk factors for SCZ, revealed a decrease in excitatory synapses, 

as well as an increase in inhibitory postsynaptic density in the mutant clones. Moreover, 

mutant E-I co-cultures exhibited decreased calcium activity compared to the isogenic 

control line, as well as increased synchronization. These phenotypes might contribute to 

E-I imbalances in the co-cultures.  

4.1 Modelling neurodevelopmental disorders using iPSC 

The challenge of linking the polygenic architecture of neurodevelopmental diseases and early 

onset disorders to cellular and molecular alterations in the brain can be addressed using iPSC-

derived neural model systems. What makes them most suitable is that iPSC-derived neuronal 

models enable the identification of early aberrations in SCZ, as their transcriptomic profile 

closely resembles those of fetal neurons (195). Additionally, iPSC-derived neurons allow 

access to critical time periods at various neurodevelopmental states (150, 151), and most 

importantly preserve the patient’s specific genetic background (196). One notable 

disadvantage is that iPSC-derived neural cultures cannot reflect the perinatal and adult brain, 

as those neurons lack the complexity of neurons in vivo and current cell culture techniques 

limit the cultivation period in vitro (151). Another concern of using iPSC-derived neurons is the 

low reproducibility found within multiple iPSC lines, as well as among different clones of the 

same iPSC line. Especially in the field of iPSC-derived dopaminergic neurons, several 

inconsistencies were found regarding reliability, reproducibility and efficiency. Most 

dopaminergic differentiation protocols rely on the directed differentiation process from iPSC 

into dopaminergic neurons with differentiation efficiencies ranging from 5-75 % (144). To date, 

research on dopaminergic neurons derived from SCZ patients is extremely underrepresented 

in the iPSC field, although implication of aberrant dopamine signalling in the pathogenesis of 

SCZ is widely accepted. It is likely, that the inconsistent differentiation results among the 

studies, as well as the lack of robust phenotype specification protocols could be responsible 

for the underrepresentation (152). 

4.1.1 The choice of the dopaminergic neuron differentiation protocol 

As an important basis for this study, two dopaminergic neuron differentiation protocols based 

on ‘directed differentiation’ (173) and ‘lentiviral overexpression of lineage-specific transcription 

factors’ (148) were compared. The differentiation efficiencies obtained with both strategies 
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were in line with the results reported in the original studies. Reinhardt et al., reported a variable 

yield ranging from 35-70 % of dopaminergic neurons obtained via directed differentiation 

(iDANs) (173), whereas Powell et al., employed the lentiviral overexpression strategy of 

lineage-specific transcription factors (ALN) and demonstrated a differentiation efficiency 

ranging from 70-80 %. Possible explanations for the variable dopaminergic differentiation 

efficiency by the directed approach could be the initial undetermined cell fate, as generated 

smNPC have the capability to differentiate into both central nervous system and neural crest 

lineage neurons, which is dependent on the small molecules added. Proper differentiation 

requires precise combinations and addition of chemicals, while inefficient activation or 

inhibition of signalling could result in heterogenous neuronal populations (181). A first study, 

employing the directed differentiation strategy, reported the successful differentiation into 

midbrain dopaminergic neurons, but was lacking the quantification of dopaminergic neurons 

generated (197). A follow up study based on a two-step differentiation protocol with first 

patterning into midbrain floor-plate cells and further patterning into midbrain dopaminergic 

neurons demonstrated a dopaminergic neuronal yield ranging from 70-80 %. With this 

approach, the conventional EB formation, as described for the directed differentiation protocol 

employed in the study presented, is bypassed and produced three times more TH-positive 

neurons (181, 198).  

To date, there are only few established dopaminergic differentiation protocols that make use 

of lineage-specific transcription factor overexpression. In 2011, a first study demonstrated that 

the combination of the three lineage-specific transcription Ascl1, Lmx1a/Lmx1b and Nurr1 

important for midbrain development can rapidly and efficiently induce dopaminergic neurons 

from mouse and human fibroblasts (199). The transcription factor ASCL1 is proposed to play 

essential roles in neuronal commitment and differentiation, whereas LMX1A/LMX1B and 

NURR1 are critical factors during dopaminergic system development and survival (199, 200). 

Interestingly, trans-differentiation of primary rat cortical neurons by induction of the 

dopaminergic-specific transcription factors Nurr1, Lmx1a and Pitx3 that was not sufficient to 

induce TH expression in absence of Ascl1. TH-positive neurons were only obtained by co-

expression of Nurr1 and Ascl1 suggesting that these factors are crucial for proper 

dopaminergic neuron differentiation (201). First reports using overexpression of the 

transcription factors ASCL1, LMX1A and NURR1 demonstrated a dopaminergic differentiation 

efficiency with low yields ranging from 5-33 %. Optimization of this one-step protocol with 

additional expression of the doxycycline inducible reverse tetracycline transactivator for 

controlled transcription and the incorporation of antibiotic selection cassettes resulted in more 

homogeneous dopaminergic populations (65-90 %) (148, 202) which is in accordance with the 

findings in the study presented.  
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Interestingly, analysis of spontaneous calcium activity revealed distinct firing properties of 

dopaminergic neurons generated via both differentiation protocols. As directed differentiation 

resulted in less homogenous dopaminergic neuronal populations, it can be speculated that 

other neurons generated may have an impact on neuronal properties in these cultures. 

Therefore, it is crucial to record the number of target neurons and to identify the types of cells 

produced. 

To conclude, directed differentiation protocols resulted in more heterogenous neuron 

populations, while in contrast, overexpressing lineage-specific transcription factors accelerates 

the conversion into neuronal cells, resulting in a more consistent differentiation process and 

more homogenous neuronal populations. Thus, employing induced differentiation protocols will 

significantly improve the iPSC research and will help to improve the understanding of SCZ-

related phenotypes in dopaminergic neurons.  

4.2 Early neurodevelopmental aberrations in SCZ neurons  

4.2.1 Neurodevelopmental deficits in SCZ ALN neurons  

So far, there are three research groups that have employed iPSC-derived dopaminergic 

neurons from SCZ patients and compared them to CTR lines. Importantly, all three studies 

made use of directed differentiation protocols and none of them included RNA sequencing 

(167, 168, 169). In this study, neuronal cultures of ALN-transduced iPSC derived from patients 

with idiopathic SCZ were employed for the first time to study aberrant dopamine signalling and 

to reveal SCZ-relevant phenotypes.  

Transcriptome analysis of SCZ ALN neurons revealed thousands of DEGs. A closer look 

revealed increased expression of stem cell marker genes, as well as neural progenitor 

markers. In accordance with these findings, an iPSC study focusing on SCZ-derived 

dopaminergic neurons reported abnormal expression of neuronal precursor markers PAX6 and 

Nestin, which was revealed by immunocytochemistry. While PAX6 was significantly higher 

expressed, Nestin was significantly reduced in SCZ-derived dopaminergic neurons (169). 

Although the differentiation into dopaminergic neurons was based on forced expression of the 

three transcription factors ASCL1, LMX1B and NURR1 in the study presented, gene 

expression profiling revealed reduced expression levels of these genes in SCZ ALN neurons. 

This could be explained by the fact, that the endogenous expression levels of these early 

transcription factors were drastically reduced in SCZ neurons, which might lead to an impaired 

ability to differentiate properly into dopaminergic neurons. However, it remains to be addressed 

to what extent ectopic expression of these transcription factors is affecting the endogenous 
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gene transcript levels, but one could speculate that forced expression is not sufficient to 

compensate the decreased endogenous expression levels. In the course of dopaminergic 

neurogenesis, early expression of FOXA2 activates LMX1A/LMX1B, which are involved in 

early specification into midbrain dopaminergic progenitor cells and play essential roles in 

regulating cell proliferation (188). Additionally, both transcription factors were found to be 

essential for regulating synaptic inputs on dopaminergic neurons and dendritic formation (203). 

After entering the post-mitotic phase, dopaminergic progenitor cells differentiate into mature 

neurons and express NURR1, which is crucial for dopaminergic neuron development, 

maturation and function. Moreover, NURR1 is required for the expression of several genes 

implicated in dopamine synthesis (200). Mice lacking Nurr1 were not able to generate 

dopaminergic neurons and died immediately after birth (204). In addition, decreased NURR1 

mRNA levels in the prefrontal cortex were found in SCZ patients’ post-mortem brains (205). 

4.2.2 Neurodevelopmental deficits in SCZ NGN2 neurons  

In a next step, NGN2-derived glutamatergic neurons were stained for deep- and upper-layer 

markers in order to identify putative neurodevelopmental alterations in SCZ neurons. In vivo, 

newly formed excitatory pyramidal neurons originate from the ventricular zone and migrate 

though radial migration to their appropriate cortical layers. Cortical deep-layers are formed by 

neurons that exit the ventricular zone in early neurodevelopmental phases, while neurons 

formed at later timepoints settle in superficial cortical layers (206). Especially, cortical neurons 

located in the superficial layers are thought to be involved in enhanced cognitive processes in 

humans and thus, represent primary targets of neurodevelopmental disorders such as SCZ 

(207).  

Subtype-specification of NGN2 neurons revealed that predominantly upper-layer neurons 

(BRN2-positive) were generated, whereas deep-layer neurons (CTIP-positive) made up only 

a small proportion. This indicates that generated NGN2 induced telencephalic glutamatergic 

neurons in the study are representative for later developmental states. However, CTIP-positive 

neurons were found to be increased in SCZ cultures compared to CTR suggesting distinct 

developmental states. This is particularly important to note when synapses are quantified.   

Overall, transcriptome analysis in ALN-derived neurons as well as quantification of layer-

specific markers in NGN2-derived neurons revealed deficits in the developmental of SCZ 

neurons suggesting a delayed developmental state. In line with this, previous studies identified 

early aberrations in SCZ progenitor cells, including deficits in neuronal migration, increased 

oxidative stress and altered signalling pathways, and one could speculate that these 

alterations might contribute to aberrations in the development of SCZ neurons (154, 155, 156). 
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Neurodevelopmental deficits might lead to functional and morphological consequences in 

differentiated mature neurons in SCZ.  

4.3 Altered dopamine metabolism in SCZ ALN neurons  

One major finding of the transcriptome analysis was the downregulation of genes involved in 

dopamine synthesis and transport implying a hypodopaminergic phenotype in SCZ ALN 

neurons. According to these findings, several patient studies have provided robust evidence 

of aberrant dopamine signalling in SCZ patients that varies depending on the dopaminergic 

pathway investigated. Most imaging studies using [18F]-DOPA to examine the dopamine 

synthesis capacity have found increased striatal uptake in SCZ patients, whereas less 

metabolic activity was identified in cortical regions (208). So far, VMAT1/VMAT2 activity, as 

well as expression levels has not been widely examined in SCZ patients. However, one 

imaging study found normal VMAT2 levels in the striatum of SCZ post-mortem samples (209). 

In addition, studies on DAT expression are inconsistent, and most reports focus on striatal 

regions. A recent meta-analysis of post-mortem studies claimed that DAT expression is not 

altered in SCZ (210), while a PET imaging study reported increased DAT levels restricted to 

BA 10 without alterations in other cortical regions (211). 

Likewise, transcriptome analysis revealed the expression of all five dopamine receptors, with 

DRD2 being the most abundant DRD expressed in ALN neurons. DRD2 may serve as an 

autoreceptor of dopaminergic neurons important for controlling feedback inhibition. Upon 

stimulation of autoreceptors, the excitability of dopamine neurons, as well as the release of 

dopamine decreases through the control of downstream signalling (190). The expression of 

DRD2 was found to be drastically decreased in SCZ ALN neurons suggesting less inhibitory 

signalling. Remarkably, Drd2-deficient mice demonstrated reduced expression of Nurr1 and a 

reduction of mesencephalic TH-positive cells during the embryonic state suggesting an 

alteration in the dopaminergic neuron development due to the absence of DRD2, which was 

rescued by the activation of DRD2 (212). The hypothesis of a mutual interaction of both genes 

was supported by a study reporting modification in the expression levels of DRD2 by gain or 

loss of Nurr1 (213). In line with this, transcriptome data also revealed decreased expression 

of both NURR1 and DRD2 in SCZ ALN neurons suggesting that aberrant NURR1 expression 

might lead to aberrant DRD2 expression levels.  

Overall, it can be hypothesized that changes in the expression of early transcription factors 

during dopaminergic neuron development (as discussed in section 4.2.1) most likely contribute 

to altered dopamine metabolism in more mature neurons in SCZ. Consistent with this 

hypothesis, the transcriptome data implies that SCZ ALN neurons exhibit a delayed 
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developmental state, which could result in a reduced dopamine metabolism and reduced 

expression of the autoreceptor DRD2.  

4.4 Altered neuronal activity in SCZ ALN-NGN2 co-cultures  

The decreased expression of the inhibitory autoreceptor DRD2 in SCZ ALN neurons as 

revealed by transcriptome analysis suggests less inhibition in SCZ neuronal cultures. 

Therefore, as a next step, calcium imaging was performed to study functional phenotypes in 

ALN and NGN2 cultures with neurons cultivated separately, as well as in the established ALN-

NGN2 co-culture model.  

Analysis of calcium imaging performed in both ALN and NGN2 monocultures did not reveal 

any alterations of neuronal activity between CTR and SCZ. Prior research on iPSC-derived 

glutamatergic neurons has provided contrasting findings in relation to all parameters. In a first 

study it was shown that amplitude and numbers of spontaneous calcium transients were 

unaltered, which is consistent with our observations (157), whereas a second study identified 

reduced peak frequency and increases in AUC and FWHM in SCZ samples (158). It is 

important to mention, that differentiation protocols employed by the two studies were based on 

growth-factors resulting in more heterogenous neuronal populations. A further study, using 

NGN2-derived glutamatergic neurons of isogenic 16p11.2 duplication and SCZ patient-derived 

iPSC, observed reduced peak frequency in monocultures, but focused on synchronous 

neuronal network activity (214). 

Interestingly, upon co-cultivation of ALN and NGN2 neurons both exhibited elevated activity in 

SCZ cultures, suggesting that the interaction between the two neuronal cell types might 

contribute to this phenotype. The cause behind the increased peak frequency in both SCZ 

neurons in co-culture remains elusive and need to be further addressed. However, one 

possible explanation could be the intrinsic hyperactive state of SCZ ALN neurons due to a 

decreased expression of the autoreceptor DRD2, which was accompanied by reduced 

dopamine metabolism suggesting a decrease in dopamine release. Therefore, it can be 

speculated that upon co-cultivation NGN2 neurons try to compensate the reduced dopamine 

signalling by an increased release of glutamate, which in turn could lead to an activation of 

ALN neurons. Another possibility could be that NGN2 neurons express other DRDs that may 

account for increased calcium activity. Moreover, unaltered calcium activity observed in SCZ 

ALN monocultures suggests an autoregulative mechanism that allows to compensate the 

hyperactive state.  

In addition, the observed intrinsic hyperactive state of SCZ ALN neurons in the mixed co-

culture model supports the theory of a hypodopaminergic phenotype and confirms the 
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hypothesis of reduced inhibition. Additionally, reduced FWHM was as well observed in SCZ 

ALN monocultures compared to CTR, indicating altered calcium flux dynamics of dopaminergic 

neurons. A recent co-culture study comprising NGN2 and AD2 neurons derived from the same 

iPSC lines reported reduced peak amplitude of SCZ NGN2 neurons that showed 

unsynchronized activity, while the peak frequency was unaltered. Strikingly, when focusing on 

neurons involved in synchronized burst activity, unaltered peak amplitude but increased peak 

frequency was demonstrated in both SCZ NGN2 and AD2 neurons (164), suggesting a 

hyperactive state in this SCZ co-culture model as well, which was restricted to synchronous 

activity. However, the neurons in the present ALN-NGN2 co-culture exhibited spontaneous 

single-cell activity but were lacking coordinated network burst firing, which could be explained 

by the absence of inhibitory interneurons in these cultures. In vivo, synchronized bursting 

activity in the cortex results from the precise interplay of excitation and inhibition predominantly 

driven by fast-spiking PV-positive interneurons (215). 

Moreover, the fact that DRD2 serves as an autoreceptor and upon stimulation decreases the 

excitability of the neuron, was confirmed by the application of the selective DRD2 agonist 

Pramipexole that rescued the hyperactive state in SCZ co-cultures, most likely by increasing 

the inhibition (190). Interestingly, this effect was selective for SCZ neurons but not for CTR 

neurons, indicating an aberrant DRD2 functionality. The interplay between DRD2 

autoreceptors and hyperactivity was demonstrated in autoreceptor-null mice lacking Drd2 on 

dopaminergic neurons, while other neuronal cell types had normal levels of the receptor 

expressed at postsynaptic site. These animals demonstrated a hyperactive state due to the 

lack of dopamine release inhibition (216), which is in accordance with the findings of a 

hyperactive state in the present SCZ co-culture.  

Furthermore, the elevated activity of SCZ NGN2 neurons was also rescued by the selective 

DRD2 agonist suggesting that DRD2 signalling as well contributes to the activity pattern of 

NGN2 neurons. In vivo, DRD1 and DRD2 are highly expressed in cortical layers II, V, VI on 

both glutamatergic pyramidal neurons and inhibitory interneurons in the human PFC (114). The 

expression of activating DRD1 and inhibitory DRD2 in NGN2-transduced iPSC and NPC was 

demonstrated in several studies (159, 217, 218, 219). However, the cause of elevated calcium 

activity of SCZ NGN2 neurons remains elusive and needs to be further elucidated.  

Overall, the identified hyperactive phenotype in the SCZ co-culture model indicates a mutual 

interaction of dopaminergic and glutamatergic neurons and could be associated with altered 

excitatory synaptic input, altered neurotransmitter signalling, signal integration at the 

postsynaptic site or altered receptor expression. However, one need to bear in mind, that 

transcriptome analysis was performed with ALN neurons cultured separately, showing distinct 

phenotypes when co-cultured with NGN2 neurons. Detailed electrophysiological 
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measurements such as patch-clamp recordings could be performed to address these 

questions. Typically, antipsychotics are DRD2 antagonists that alleviate positive symptoms by 

blocking the receptor, while treatment options for negative and cognitive symptoms are 

relatively rare. This experiment demonstrates that a hypodopaminergic phenotype could be 

rescued by activating DRD2 and thus leading to reduced neuronal activity. However, in vivo 

the situation is complex as drug administration in a spatially restricted manner is challenging.  

4.5 Synaptic aberrations in SCZ-patient derived NGN2 neurons  

The brain of SCZ patients is characterized by whole brain volume reductions, especially in 

grey matter areas such as the prefrontal cortex (220), which is suggested to be due to excess 

synapse loss (59). Thus, synaptic aberrations were investigated in detail in this thesis using 

SCZ patient-derived dopaminergic and glutamatergic neurons. The hypodopaminergic 

phenotype observed in SCZ ALN neurons as revealed by transcriptome analysis suggests a 

reduction in dopaminergic presynaptic terminals, as DAT levels were reduced. However, 

synaptic alterations between CTR and SCZ in ALN monocultures were not identified neither 

by quantification of SYN1 nor by transduction with the fusion protein SYP-mRuby. These 

results contrasted with a previous study that reported a reduced expression of DAT in SCZ-

derived dopaminergic neurons (169). Moreover, a recent study found that only 50 % of the 

dopaminergic terminals were positive for VMAT2 indicating that not all varicosities are able to 

release dopamine. This could be explained by the capability of dopaminergic neurons to co-

release other neurotransmitters such as glutamate or GABA most likely from distinct terminals 

(221). Presumably, both approaches staining with SYN1 and overexpression of SYP-mRuby 

did not exclude varicosities that are not specific for dopamine release, which could explain the 

contrary results obtained by RNA sequencing and synapse quantification in SCZ ALN 

monocultures.  

Significant reductions of the general presynaptic marker SYN1, as well as synapses 

(SYN1+PSD95) were observed on both ALN and NGN2 neurons indicating an overall loss of 

synapses in SCZ co-cultures. In line with these findings, post-mortem studies of SCZ patients 

reported reduced protein and mRNA levels of synaptic markers in the PFC, such as the 

synaptic vesicle protein SYP (123), which was confirmed by a recent PET imaging study that 

identified reduced expression of the synaptic vesicle protein SVA2 in SCZ patient cortices 

(222). Noteworthy, most SCZ patient studies demonstrated synaptic phenotypes in cortical 

regions mainly focusing on the local microcircuitry, with few studies including as well 

subcortical regions such as the hippocampus (124). It is therefore important to note, that the 

established co-culture system in this study comprises neuronal types that in vivo are localized 

in distinct brain regions.  
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The fact that dopaminergic neurons can co-transmit glutamate which make up to 30 % of VTA 

neurons and additionally, these neurons send projections to the prefrontal cortex, is adding a 

further dimension of complexity (223) and makes quantification of vGLUT1-positive terminals 

less specific. Transduction of ALN or NGN2 neurons with the lentiviral vector SYP-mRuby 

before seeding into co-culture and subsequent quantification of SYP-positive presynaptic 

boutons, revealed consistent findings of reduced presynaptic vGLUT1 density on SCZ NGN2 

neurons and reduced SYP-positive density on SCZ ALN neurons. So far, the role of 

glutamatergic-dopaminergic synaptic innervation in SCZ has not been reported and remains 

elusive. However, these results indicate that mainly excitatory presynaptic connections onto 

glutamatergic neurons within cortical microcircuits are disturbed, as well as excitatory inputs 

onto dopaminergic neurons. In contrast to these findings, a recent study employing co-cultures 

comprising glutamatergic NGN2-derived and GABAergic AD2-derived neurons representative 

for the cortical microcircuitry, resulted in unaltered excitatory synaptic input onto SCZ NGN2 

neurons, whereas excitatory input onto AD2 neurons was increased (164). These contradictory 

results indicate that depending on the neuronal composition in the co-culture, the synaptic 

phenotype may vary, but as well demonstrates aberrant excitatory synapse formation as an 

overarching phenotype.  

In contrast to post-mortem studies, the PSD95 density of SCZ NGN2 neurons was found to be 

either unaltered or increased, which differed considerably from a recent meta-analysis 

revealing a significant decrease in density in dendritic spines and reduced PSD95 expression 

levels predominantly in the PFC (124). Especially in post-mortem studies, the evaluation of 

dendritic spines represents a proxy of synapse formation as most excitatory synapses in the 

cortex are formed on spines. However, postsynaptic density in SCZ is relatively frequently 

studied but findings are often conflicting due to limited number of subjects and the lack of brain 

region specifications. Interestingly, two research groups found significantly reduced spine 

density in layer III pyramidal neurons, which was not observed in deep cortical layers, 

suggesting that aberrant synapse formation is restricted to certain neuronal circuits (224). As 

immunocytochemistry of NGN2 neurons revealed two subpopulations that were either positive 

for the deep-layer marker CTIP or the upper-layer marker BRN2 and in addition depicted a 

small fraction of double-positive neurons, quantification of PSD95 positive clusters should be 

further investigated in a more NGN2 subpopulation-specific manner. 

In summary, the analysis of synaptic phenotypes in ALN-NGN2 co-cultures revealed that 

mainly excitatory presynaptic terminals are affected, while dopaminergic varicosities were 

largely unchanged, but should be studied further including more specific dopaminergic 

synapse markers such as DAT, VMAT1, VMAT2. However, synapse formation is a relatively 

dynamic process (225) and additional studies should take into consideration to monitor these 
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synaptic dynamics in earlier, as well as in more mature cultures to reveal possible aberrations 

occurring at different developmental phases. In addition, it is of great importance to quantify 

synapses in a more cortical subtype-specific manner, especially against the background of a 

developmental deficit in SCZ NGN2 neurons. To conclude, it can be assumed that reduced 

excitatory synaptic signalling is not responsible for increased activity observed in SCZ co-

cultures and might be a more general morphological phenotype.   

4.6 Excitatory-inhibitory co-culture as a model of the developing cortical 

microcircuitry  

In the second part of this thesis, an iPSC-based co-culture comprising glutamatergic and 

GABAergic interneurons that carried a 15q13 or a 22q11 microdeletion was employed as a 

model of the developing prefrontal cortical microcircuitry. This microdeletion E-I co-culture 

model represents a more general model system for the study of neurodevelopmental disorders 

as diagnostic specificity is difficult due to the overlapping genetic architecture and comorbidity 

in patients.  

4.6.1 Neurodevelopmental aberrations in NGN2 neurons carrying microdeletions 

In a first step, neurite outgrowth and neurite branching of differentiating NGN2-transduced 

glutamatergic neurons was assessed. In contrast to SCZ post-mortem (226) and SCZ patient-

derived iPSC studies (157, 158) that reported reduced neurite arborization and decreased 

neurite outgrowth capacity, NGN2-transduced glutamatergic neurons with 15q13 and 22q11 

microdeletions revealed a strong increase in neurite branching. It is important to mention, that 

microdeletions in humans account for a range of neurodevelopmental and psychiatric 

disorders which could explain the divergent results. One study that generated a mouse model 

with a deletion of chromosome 7qC corresponding to the human 15q13 microdeletion, reported 

no abnormalities in dendrite branching or arborization in the cortex of 2 months old mice (98). 

Deviating results were observed in an additional study including heterozygous (Df(h15q13)/+) 

mouse models that reported decreased dendritic arborization in layer II/III PFC neurons at 

postnatal day P28 (95), which was also observed in adult Del(3.0Mb)/+ mice, representative 

for the human 22q11 microdeletion, in layer V neurons in the PFC (227). In line with those 

observations, iPSC-derived NGN2 neurons from patients with a 15q13 and a 22q11 

microdeletion syndrome revealed a significant reduction in neurite branching at DIV28 and 

DIV49 (92, 228). Although the described studies reported opposite results compared to the 

findings in this study, the fact that neurite alterations were observed during the course of 

cortical neurodevelopment implies a disturbed development of excitatory glutamatergic 



 

117 
 

neurons carrying microdeletions that could contribute to impaired formation of cortical networks 

comparable to SCZ. A possible explanation for the deviating phenotypes could be the 

developmental state of the NGN2 neurons reported. While neurite branching of NGN2 neurons 

in this study was measured at DIV5, the described studies reported reduced neurite branching 

at later time points.   

4.6.2 Aberrant synapse formation in E-I co-cultures carrying 15q13 and 22q11 

microdeletion syndromes 

Heterozygous mouse models (Df(h15q13)/+) display phenotypes similar to SCZ, epilepsy and 

ASD patients (93, 95, 97). One phenotypic discovery in these models are deficiencies in 

dendritic spine and synapse growth in cortical excitatory neurons (92, 95). In support of this, 

excitatory presynaptic and synaptic densities were found to be significantly reduced in the E-I 

co-cultures under study, whereas PSD95-positive cluster densities were unchanged. 

Interestingly, transcriptome analysis of cortical brain tissue derived from heterozygous mouse 

models revealed significant enrichment for genes associated with ‘forebrain development’ and 

identified deficiencies of cortical excitatory neurons in synapse formation (95) suggesting that 

predominantly cortical glutamatergic development is disrupted. Additionally, they found 

significantly reduced spine densities in the PFC indicating a loss of excitatory neurons. Several 

rodent studies identified the gene OTUD7A, encoding the deubiquitinating enzyme, as a major 

driver for the phenotypes observed in the 15q13 microdeletion syndrome sufficient to induce 

characteristic phenotypes (92, 93, 94, 95). The enzyme was found to be enriched at dendritic 

spines and membrane compartments of cortical neurons implying a potential role in 

synaptogenesis (93). In accordance with phenotypes observed in 15q13 microdeletion mice, 

Otud7a-null mice revealed a decreased number of dendritic spines in the frontal cortex that 

was found to be completely rescued by overexpression of OTUD7A (95). Additionally, iPSC-

derived NGN2-transduced neurons with a loss-of-function (LoF) mutation in OTUD7A exhibited 

marked reductions of both PSD95 and GluA1 puncta, a subunit of the AMPA glutamate 

receptor, accumulating in mature glutamatergic synapses (94), which is consistent with 

findings of Otud7a-null mice.  

Similar synaptic phenotypes were observed in the E-I co-culture model harbouring a 22q11 

microdeletion, which is the most common deletion in humans increasing the predisposition to 

psychiatric disorders (229). Consistent with those findings, a recent histological analysis of 

Del(3.0Mb)/+ mice revealed significantly reduced spine density of pyramidal neurons in layer 

V of the frontal cortex (227). On the contrary, an iPSC study of NGN2-transduced excitatory 

neurons did not show differences in synapse density between CTR and 22q11 patient lines 

(230). A further iPSC study performed transcriptome and whole cell proteomics and reported 
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downregulation of presynaptic proteins in excitatory NGN2 neurons, specifically involved in 

synaptic vesicle cycle, which was confirmed by immunostaining (231) and was in line with the 

findings in the E-I co-culture study presented here. 

Interestingly, drastic loss of excitatory synapses was observed in both 15q13 and 22q11 E-I 

co-cultures under study, which was mainly due to a presynaptic (vGLUT1) phenotype. 

Accordingly, several previous SCZ studies using NGN2-derived neurons reported a reduction 

of excitatory synapses, mainly driven by a loss of vGLUT1-positive presynaptic terminals (165, 

166). In vivo, axonal terminals are thought to initiate the assembly of a synapse by targeting 

the postsynaptic site. This first contact between pre- and postsynaptic sites is mainly mediated 

by cell adhesion molecules (232). The finding of reduced presynaptic sites explains the drastic 

loss of excitatory synapses, as less presynaptic sites form less contacts with postsynaptic 

ones.  

Quantification of inhibitory synapses did not reveal changes in inhibitory presynaptic nor in 

inhibitory synaptic densities, whereas Gephyrin-positive densities showed a slight increase in 

15q13 and 22q11 microdeletion E-I co-cultures. Contrary to those observations, one study 

identified reduced expression levels of the presynaptic marker GAD6, but no change in other 

interneuron markers in the PFC of (Df(h15q13)/+) mice (233), whereas no study reported 

altered inhibitory synapse formation in neurons with 22q11 microdeletions.  

Overall, these reports pinpoint towards deficits in excitatory synaptic signalling, which is 

consistent with the findings of this study. It is of note, that the observed excitatory synaptic 

phenotype was due to a drastic reduction of presynaptic sites. Nonetheless, the possible 

implication of cortical inhibitory synaptic signalling remains largely unstudied in these models.  

4.6.3 Altered network connectivity in E-I co-cultures carrying 15q13 and 22q11 

microdeletion syndromes 

Next, functional characterization was performed by measuring spontaneous calcium activity. 

In contrast to the previously described ALN-NGN2 co-culture model (as discussed in 4.4), 

recorded E-I co-cultures exhibited synchronous network activity. In vivo, synchronized bursting 

activity in the cortex is regulated by the precise interplay of excitatory and inhibitory neurons 

(215). Several studies demonstrated that patients with SCZ have altered cortical gamma 

oscillations in resting states and in response to stimuli (234), which was also observed in 

Df(h15q13)/+ mice (97). These oscillations are predominantly driven by fast spiking 

interneurons (126). The CHRNA7 gene is also affected by the critical 15q13 microdeletion and 

is mediating inhibitory transmission in the cortex (235). Although Chrna7-/- mice have very 

subtle phenotypes (236), suggesting that Chrna7 alone is not sufficient to induce characteristic 
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features observed in Df(h15q13)/+ mice, reduced expression may lead to compromised 

signalling of interneurons. While complex high-frequency oscillations in vivo cannot be simply 

compared to the simplified in vitro E-I co-culture model, the observations suggest altered 

network activity. Concordant to the results observed in the 15q13 microdeletion E-I co-culture 

model, Df(h15q13)/+ mouse cortical neurons in vitro demonstrated significantly reduced burst 

and network burst frequencies (92). Interestingly, the same study also reported elevated burst 

frequency of cultures comprising NGN2-transduced neurons derived from 15q13 and 

homozygous OTUD7A patients that reversed after eight weeks of cultivation. So far, studies 

using iPSC-based systems to model 15q13 microdeletions made use of NGN2 neurons. The 

use of more physiologically relevant culture systems, such as neuronal co-cultures comprising 

NGN2 and AD2 neurons is largely lacking in this iPSC research field and may contribute to the 

identification of microdeletion-related phenotypes.  

Despite the concordant synaptic phenotypes, functional characterization of 22q11 E-I co-

cultures as well revealed similar phenotypes as observed in 15q13 co-cultures. A possible 

mechanism contributing to altered neuronal activity was observed in a recent study using 

human 3D cortical spheroids derived from 22q11 patients, in which transcriptional profiling 

revealed enrichment of genes associated with neuronal excitability and calcium signalling 

(159). However, in contrast to the E-I co-culture under study, electrophysiological and calcium 

imaging experiments revealed increased spontaneous peak frequency, which was found to be 

related to altered membrane potential and deficits in calcium signalling. Additionally, the 

generation of a heterozygous DGCR8+/- isogenic iPSC line was able to recapitulate the 

functional features of 22q11 neurons and could be rescued by DGCR8 overexpression (159). 

Moreover, mitochondrial deficits were identified in NGN2 neurons derived from 22q11 patients 

contributing to reduced levels of ATP, which primarily resulted from reduced functionality of 

respiratory complexes I and IV (230). One could speculate that decreased ATP capacity may 

have an impact on functional properties of neurons and could contribute to reduced peak 

frequency. Hence, it would be interesting to perform experiments such as Seahorse assays to 

assess putative mitochondrial dysfunctions in NGN2 and AD2 neurons in the 22q11 E-I co-

culture model. The reported loss of excitatory synapses in both 15q13 and 22q11 microdeletion 

E-I co-culture systems under study, could as well account for the decreased network activity 

as both excitatory and inhibitory neurons may receive less input resulting in an overall 

downregulation of neuronal activity. However, this hypothesis needs to be addressed more 

thoroughly. Taken together, these findings support the hypothesis of aberrant neuronal network 

activity and suggest pervasive alterations during cortical neurodevelopment 

Besides the reduced peak frequency identified in the microdeletion E-I co-cultures, increased 

synchronicity was observed by the analysis of the GSI. Hypersynchronous neuronal networks 
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are a characteristic hallmark of epilepsy and are further accompanied by excess excitability 

(237). In support of this, studies focusing on 15q13 microdeletion mouse models reported 

epilepsy-related alterations and altered excitability of cortical neurons (97, 238).  

In summary, the analysis of synaptic and functional phenotypic features in mutant E-I co-

cultures provided a clear indication of a potential E-I imbalance. Aberrations of glutamatergic 

neurons were already observed during early neurodevelopment and were then reflected in the 

excitatory synaptic imbalance, which then might result in aberrant neuronal activity.  

4.7 Comparison of idiopathic ALN-NGN2 and isogenic E-I co-culture-

related phenotypes 

In this thesis, morphological and functional phenotypic features in SCZ and related 

neuropsychiatric disorders were studied using two co-culture models (ALN-NGN2 and E-I) with 

distinct neuronal compositions. Both co-culture systems were surrogates for distinct neuronal 

connectivity in vivo with NGN2 neurons as the common denominator, thus the aim was to 

identify common and divergent phenotypes. A comparative overview of observed 

morphological and functional phenotypes is listed in Table 27.  

One deviating phenotype in those co-cultures was observed on a functional level. While ALN-

NGN2 co-cultures did not show synchronous network activity, E-I co-cultures exhibited 

synchronous activity with an increased synchronicity in mutant cultures compared to CTR. 

Similar observations have been made in SCZ patient-derived E-I co-cultures, which 

demonstrated both synchronous as well as unsynchronous activity, however the synchronicity 

was decreased in these SCZ co-cultures (164, 239). When focusing on the calcium 

parameters, opposing effects were identified. While ALN and NGN2 neurons in SCZ co-

cultures exhibited increased peak frequency, this parameter was found to be decreased in E-I 

mutant co-cultures. Divergent observations have been made in the patient-derived E-I co-

culture study mentioned above. Both NGN2 and AD2 neurons involved in synchronous network 

activity exhibited increased peak frequency in SCZ E-I co-cultures (239).  

Interestingly, both co-culture systems revealed a shared synaptic phenotype. In SCZ ALN-

NGN2 co-cultures, as well as in mutant E-I co-cultures a significant loss of excitatory synapses 

was observed, which was in both cases due to a decrease in presynaptic sites (vGLUT1). 

Overall, shared and divergent phenotypes were observed in both co-cultures system 

suggesting that regardless of neuronal composition and genetic background, neuronal 

aberrations occur, which manifest in distinct outcomes. Although, an overarching synaptic 

phenotype was identified, the functional consequences differed from each other, which could 
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be due to different neuronal interactions. In addition, these findings suggest different 

mechanisms are likely at play, that not only depend on the interactions between neurons, but 

also on the genetic background preserved in these cultures. Moreover, the loss of excitatory 

synapses in both model systems implies that this phenotype is not SCZ specific but is rather a 

common phenomenon in neuropsychiatric disorders and manifests in distinct neuronal 

connectivity. One should also keep in mind that the degree of neuronal maturation can vary 

between cultures, which might also lead to different results. 

However, the comparison of both co-culture systems under study should be regarded with 

caution, as they differ in their neuronal interactions as well as in their genetic background. The 

characterization and direct comparison of idiopathic SCZ and isogenic microdeletion models 

would benefit from the same neuronal co-culture composition. This would on the one hand 

allow to identify phenotypes shared between SCZ and microdeletion syndromes, and on the 

other hand help to identify specific SCZ or specific microdeletion-related alterations.  

Table 27. Comparison of synaptic and functional phenotypes observed in patient-derived ALN-NGN2 

and isogenic 15q13 and 22q11 E-I co-cultures. Shared phenotypes observed in both co-culture model 

systems are marked with red arrows.  

Phenotypes observed  Idiopathic SCZ ALN-NGN2 
co-culture  

Isogenic 15q13 and 22q11 E-I 
co-culture  

Excitatory synapses  ↓ vGLUT1 on NGN2  
↓ vGLUT1+PSD95 on NGN2 
↓ SYP on ALN and NGN2  

↓ vGLUT1  
↓ vGLUT1+PSD95  

Inhibitory synapses  -  ↑ Gephyrin  

Dopaminergic synapses  no differences  -  

Calcium imaging  ↑ peak frequency 
no change in AUC 
↓ FWHM in ALN 
no change ΔF/F0 

↓ peak frequency 
↑ AUC 
↑ FWHM 
↑ ΔF/F0 

Synchronization (GSI) unsychronous activity synchronous activity  
↑ GSI 

 

4.8 Conclusion and future perspectives 

The dopamine hypothesis and cortical E-I imbalances are still leading theories in the 

pathophysiology of SCZ and related neuropsychiatric disorders. In order to study altered 

neuron-neuron interactions in SCZ patient-derived neurons, a highly defined iPSC-based co-

culture system comprising induced dopaminergic and glutamatergic neurons was established 

in this thesis. In the second part, isogenic iPSC-based E-I co-culture model systems carrying 

microdeletions, as genetic risk factors for SCZ, were studied to reveal disease-related neuronal 

aberrations. For the first time, a dopaminergic-glutamatergic neuronal co-culture model was 

employed. This newly established co-culture model supports the notion of a hypodopaminergic 
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phenotype in the PFC, which is suggested to result in cognitive and negative symptoms in 

SCZ, that so far are hardly addressed by therapeutic strategies. Additionally, the decreased 

excitatory synaptic connectivity and altered neuronal (network) activity observed in SCZ 

patient-derived and 15q13/22q11 mutant co-cultures indicate synaptic and functional 

disbalances as a common feature that occurs during neurodevelopment. Most strikingly, the 

study presented here demonstrates the importance of employing more complex model 

systems rather than characterizing one neuronal cell type, as disease-related phenotypes were 

unique to the co-culture system. 

Nevertheless, there are still some limitations and open questions regarding the observed 

disease-related features underlying the neuron-neuron interactions. For better understanding, 

single cell RNA sequencing of neuronal co-cultures could help to identify cell type-specific 

transcriptome profiles and subsequent gene enrichment analysis could provide further 

information regarding deregulated biological processes and cellular mechanisms. Likewise, 

detailed electrophysiological characterization of co-cultured neurons could be employed to 

decipher the neuronal cell type responsible for altered firing patterns, and to reveal alterations 

in neuronal excitability and neurotransmitter release probability. Despite numerous advantages 

in modelling neuropsychiatric disorders using 2D iPSC-derived neuronal culture systems, it 

remains challenging due to improper maturation and the lack of other physiologically relevant 

cell types such as glial cells and other neuronal cell types. Moreover, the cultivation period of 

2D monolayer models is limited making it impossible to examine long-term effects, which would 

be of great interest since the onset of SCZ is in late adolescence. In order to address these 

limitations, iPSC-derived 3D brain organoids, which resemble human brains more precisely 

and have improved maturity, could be used as a further approach. To date, several protocols 

describe the differentiation of iPSC into brain region-specific organoids allowing to recapitulate 

developing microcircuits in a more complex macroenvironment (240, 241). For the 

investigation of neuronal connectivity involving several brain areas such as the mesocortical, 

midbrain and cortical spheroids could be assembled. Finally, one important aspect to consider 

when employing 2D and 3D neuronal cultures derived from patients is the high inter-donor 

variability due to distinct genetic backgrounds. Hence, large sample sizes are required.  
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6. SUPPLEMENTARY INFORMATION  

6.1 Insertion of P2A-Puro sequence into the pLV-TetO-ALN plasmid  

 

Figure legend on the next page 
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Supplementary Figure 1: Insertion of a P2A-Puro sequence into the pLV-TetO-ALN plasmid. 

Puromycin (Puro) resistance gene was inserted at the 3’ end of the ASCL1-LMX1B-NURR1 sequence 

and separated by a 2A peptide sequence. (A) Schematic representation of the transition from TetO-ALN 

sequence to P2A-Puro sequence (indicated in blue). Confirmation of successful insertion was assessed 

by Sanger sequencing. (B) Schematic representation of the Transition from P2A-Puro sequence 

(indicated in blue) to TetO-ALN sequence. Confirmation of successful insertion was assessed by Sanger 

sequencing. (C) Schematic representation of the lentiviral vector containing a tetracycline-response 

element, the ASCL1-LMX1B-NURR1-P2A-Puro sequence and a WPRE fragment. (D) Schematic 

representation of the generated pLV-TetO-ALN-Puro plasmid. The two restriction enzymes AgeI and 

BstBI indicate the position of the inserted fragment. Created with SnapGene.  

 

6.2 Generation of the lentiviral vector pLV-EF1α-Synaptophysin-mRuby  

 
Supplementary Figure 2: Generation of the lentiviral vector pLV-EF1α-Synaptophysin-mRuby. 

Schematic representation of the generated pLV-EF1α-Synaptophysin-mRuby plasmid. The two 

restriction enzymes ClaI and SpeI indicate the position of the inserted fragment (EF1α promotor) into 

the lentiviral backbone. Insertion of the Synaptophysin-mRuby sequence in the plasmid pLV-

EF1α/WPRE was done by gateway cloning and resulted in the final plasmid pLV-EF1α-Synaptophysin-

mRuby. Created with SnapGene.  
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6.3 Calcium imaging of ALN and NGN2 monocltures  

 

Figure legend on the next page 



 

139 
 

Supplementary Figure 3. Analysis of spontaneous calcium activity of ALN and NGN2 neurons 

cultured separately. (A-D) Analysis of spontaneous somatic calcium traces from ALN neurons derived 

from three CTR and four SCZ lines cultured separately at DIV28. Mean peak parameters are indicated: 

area under the curve (AUC), full width at half maximum (FWHM), amplitude (ΔF/F0) and peak frequency 

(Hz) of ALN neurons and NGN2 neurons. (A) AUC of ALN neurons, (B) FWHM of ALN neurons, (C) 

ΔF/F0 of ALN neurons and (D) peak frequency of ALN neurons. CTR1 n=14, CTR2 n1=1, CTR3 n=8, 

SCZ1 n=9, SCZ2 n=6, SCZ4 n=7, SCZ5 n=6. Data points represent average values from two recordings 

taken within individual wells ± SEM. Values are normalized to CTR1, while values for peak frequency 

are represented as absolute values. (E-H) Analysis of spontaneous somatic calcium traces from NGN2 

neurons derived from three CTR and four SCZ lines cultured separately at DIV21. (E) AUC of NGN2 

neurons, (F) FWHM of NGN2 neurons, (G) ΔF/F0 of NGN2 neurons and (H) peak frequency of NGN2 

neurons. CTR1 n=5, CTR2 n=3, CTR3 n=6, SCZ1 n=6, SCZ2 n=6, SCZ4 n=5, SCZ5 n=7. Data points 

represent average values from two recordings taken within individual wells ± SEM. Values are 

normalized to CTR1, while values for peak frequency are represented as absolute values. 
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6.4 Calcium imaging of ALN and NGN2 co-cultures  

 
Figure legend on the next page 
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Supplementary Figure 4. Analysis of spontaneous calcium activity in ALN-NGN2 co-cultures. (A-

D) Analysis of spontaneous somatic calcium traces of ALN neurons in ALN-NGN2 co-cultures derived 

from three CTR and four SCZ lines at DIV28. Mean peak parameters are indicated: area under the curve 

(AUC), full width at half maximum (FWHM), amplitude (ΔF/F0) and peak frequency (Hz) of ALN neurons 

and NGN2 neurons. (A) AUC of ALN neurons, (B) FWHM of ALN neurons, (C) ΔF/F0 of ALN neurons 

and (D) peak frequency of ALN neurons. CTR1 n=12, CTR2 n=8, CTR3 n=6, SCZ1 n=10, SCZ2 n=10, 

SCZ4 n=10, SCZ5 n=7. Data points represent average values from recordings taken within individual 

wells ± SEM. Values are normalized to CTR1, while values for peak frequency are represented as 

absolute values. (E-H) Analysis of spontaneous somatic calcium traces of NGN2 neurons in ALN-NGN2 

co-culture at DIV28. (E) AUC of NGN2 neurons, (F) FWHM of NGN2 neurons, (G) ΔF/F0 of NGN2 

neurons and (H) peak frequency of NGN2 neurons. CTR1 n=12, CTR2 n=8, CTR3 n=6, SCZ1 n=10, 

SCZ2 n=10, SCZ4 n=10, SCZ5 n=7. Data points represent average values from recordings taken within 

individual wells ± SEM. Values are normalized to CTR1, whereas values for peak frequency are 

represented as absolute values. 
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6.5 Calcium imaging of ALN and NGN2 co-cultures treated with Pramipexole and 

Sulpiride    

 
Supplementary Figure 5. Calcium imaging of ALN-NGN2 co-cultures after 24 h treatment with a 

selective DRD2 agonist/antagonist. (A-F) Analysis of spontaneous somatic calcium activity of ALN 

and NGN2 neurons in mixed co-culture after 24 h treatment with DMSO, 10 µM Pramipexole (DRD2 

agonist) and 10 µM Sulpiride (DRD2 antagonist) at DIV28. Following parameters were analysed: area 

under the curve (AUC), full width at half maximum (FWHM), amplitude (ΔF/F0) and peak frequency (Hz). 

(A) AUC of ALN neurons, (B) AUC of NGN2 neurons, (C) FWHM of ALN neurons, (D) FWHM of NGN2 

neurons, (E) ΔF/F0 of ALN neurons and (F) ΔF/F0 of NGN2 neurons. CTR DMSO n=10, CTR 

Pramipexole n=10, CTR Sulpiride n=9, SCZ DMSO n=10, SCZ Pramipexole n=10, SCZ Sulpiride n=9. 

Data points represent averaged values of recordings taken within individual wells ± SEM. Values are 

normalized to CTR DMSO. 
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6.6 Synapse quantification in ALN-NGN2 co-cultures  

 
Figure legend on the next page 
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Supplementary Figure 6. Synapse quantification in ALN-NGN2 co-cultures at DIV28. (A-D) 

Quantification of synaptic markers on ALN neurons, (E-H) and on NGN2 neurons in ALN-NGN2 co-

cultures derived from three CTR and four SCZ lines at DIV28. Data points represent average values 

from individual wells ± SEM. Values are normalized to CTR1. (A) Presynaptic density (SYN1) on ALN 

neurons, CTR1 n=8, CTR2 n=8, CTR3 n=8, SCZ1 n=8, SCZ2 n=6, SCZ3 n=7, SCZ4 n=7. (B) Synapse 

density (SYN1+PSD95) on ALN neurons, CTR1 n=8, CTR2 n=8, CTR3 n=8, SCZ1 n=8, SCZ2 n=6, 

SCZ3 n=7, SCZ4 n=7. (C) Excitatory presynaptic density (vGLUT1) on ALN neurons, CTR1 n=8, CTR2 

n=7, CTR3 n=7, SCZ1 n=8, SCZ2 n=8, SCZ3 n=7, SCZ4 n=8. (D) Excitatory synapse density 

(vGLUT1+PSD95) on ALN neurons, CTR1 n=8, CTR2 n=8, CTR3 n=8, SCZ1 n=8, SCZ2 n=8, SCZ3 

n=8, SCZ4 n=8. (E) Presynaptic density (SYN1) on NGN2 neurons, CTR1 n=8, CTR2 n=8, CTR3 n=8, 

SCZ1 n=8, SCZ2 n=6, SCZ3 n=7, SCZ4 n=7. (F) Synapse density (SYN1+PSD95) on NGN2 neurons, 

CTR1 n=8, CTR2 n=8, CTR3 n=8, SCZ1 n=8, SCZ2 n=6, SCZ3 n=7, SCZ4 n=7. (G) Excitatory 

presynaptic density (vGLUT1) on NGN2 neurons, CTR1 n=8, CTR2 n=8, CTR3 n=8, SCZ1 n=8, SCZ2 

n=8, SCZ3 n=8, SCZ4 n=8. (H) Excitatory synapse density (vGLUT1+PSD95) on NGN2 neurons, CTR1 

n=8, CTR2 n=8, CTR3 n=7, SCZ1 n=8, SCZ2 n=8, SCZ3 n=7, SCZ4 n=7. 
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6.7 Synapse quantification in transduced ALN-NGN2 co-cultures  

 
Supplementary Figure 7. Presynaptic SYP-mRuby quantification in ALN-NGN2 co-cultures at 

DIV28. (A-B) Transduction of ALN neurons and quantification of SYP-mRuby-positive presynaptic 

boutons on ALN and NGN2 neurons in co-culture. (C-D) Transduction of NGN2 neurons and 

quantification of SYP-mRuby-positive presynaptic boutons on ALN and NGN2 neurons in co-culture 

derived from one CTR and four SCZ lines at DIV28. Data points represent average values from individual 

wells ± SEM. Values are normalized to CTR1. (A) SYP-mRuby-positive presynaptic densities on ALN 

neurons, CTR1 n=12, SCZ1 n=10, SCZ2 n=8, SCZ3 n=10, SCZ4 n=10. (B) SYP-mRuby-positive 

presynaptic densities on NGN2 neurons, CTR1 n=12, SCZ1 n=10, SCZ2 n=8, SCZ3 n=10, SCZ4 n=10. 

(C) SYP-mRuby-positive presynaptic densities on ALN neurons, CTR1 n=8, SCZ1 n=8, SCZ2 n=6, 

SCZ3 n=8, SCZ4 n=8. (D) SYP-mRuby-positive presynaptic densities on NGN2 neurons, CTR1 n=8, 

SCZ1 n=8, SCZ2 n=6, SCZ3 n=8, SCZ4 n=8.   
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6.8 Top 5 % of DEGs down- and upregulated in SCZ ALN neurons 

Supplementary Table 1: Top 5 % of DEGs down- and upregulated in SCZ ALN neurons. Gene ID, gene 

name, log2 fold change, as well as the function of the protein encoded by the respective gene, based on 

the website of the ‘Human Protein Atlas’ (https://www.proteinatlas.org), are depicted. In addition, 

research articles, which have also found those genes implicated in SCZ are listed.  

Top 5 % of downregulated genes in SCZ  

Gene ID Gene Log2FoldChange Function of the protein 
encoded by the gene  

Implication 
in SCZ 

ENSG00000198300 PEG3 
 

-11.83538183 
 

Apoptosis  Not 
reported 

ENSG00000171772 SYCE1 
 

-11.79296336 
 

Cell cycle, Cell division, 
Meiosis 

Not 
reported 

ENSG00000128617 OPN1SW -10.86263725 
 

G-protein coupled 
receptor, Photoreceptor 
protein, Receptor, Retinal 
protein, Transducer 

(242) 

ENSG00000182053 TRIM49B -9.751395702 
 

Protein ubiquitination, 
Regulation of gene 
expression 

(243) 

ENSG00000188886 ASTL 
 

-9.712374284 
 

Hydrolase, 
Metalloprotease, 
Protease 

Not 
reported 

ENSG00000225581 TRIM53AP 
 

-9.694803279 
 

Pseudogene Not 
reported 

ENSG00000214285 NPS -9.486095506 
 

Neuropeptide, involved in 
positive regulation of 
GABAergic synaptic 
transmission 

(244) 

ENSG00000186223 SSU72P4 
 

-9.466536317 
 

Pseudogene Not 
reported 

ENSG00000109272 PF4V1 -9.445315243 
 

Cytokine, Heparin-
binding, impairs tumor 
growth and can protect 
against blood-retinal 
barrier breakdown 

Not 
reported 

ENSG00000116721 PRAMEF1 -9.262235644 
 

May function in 
reproductive tissues 
during development 

Not 
reported 

ENSG00000120068 HOXB8 
 

-9.257034998 
 

Transcription, 
Transcription regulation 

(245) 

ENSG00000215547 DEFB115 -9.104273729 
 

Antibiotic, Antimicrobial, 
Defensin, a family of 
antimicrobial and 
cytotoxic peptides made 
by neutrophils 

(243) 

ENSG00000166603 MC4R -8.938349919 
 

G-protein coupled 
receptor, Receptor, 
interacts with 
adrenocorticotropic and 
MSH hormones 

(246) 

ENSG00000162891 IL20 -8.891984713 
 

Cytokine, ansduce its 
signal through signal 
transducer and activator 
of transcription 3 (STAT3) 
in keratinocytes 

Not 
reported 

ENSG00000163534 FCRL1 -8.816530236 
 

Fc receptor-like 
glycoprotein, may play a 

Not 
reported 

https://www.proteinatlas.org/
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role in the regulation of 
cancer cell growth 

ENSG00000261739 GOLGA8S -8.774587315 
 

Predicted to be involved 
in Golgi organization and 
Golgi network 

(247) 

ENSG00000229542 SSU72P7 
 

-8.632514577 
 

Pseudogene Not 
reported 

ENSG00000202496 RNVU1-20 
 

-8.564446743 
 

Affiliated with the snRNA Not 
reported 

ENSG00000120952 PRAMEF2 -8.539054346 
 

Predicted to be involved 
in several processes, 
including negative 
regulation of apoptotic 
process, positive 
regulation of cell 
population proliferation 

Not 
reported 

ENSG00000230522 MBD3L2 
 

-8.509850393 
 

Related to methyl-CpG-
binding proteins  

Not 
reported 

ENSG00000138136 LBX1 -8.458821952 
 

Transcription factor 
required for the 
development of 
GABAergic interneurons 

(248) 

ENSG00000036473 OTC 
 

-8.162639939 
 

Encodes a mitochondrial 
matrix enzyme 

Not 
reported 

ENSG00000145863 GABRA6 
 

-8.048575283 
 

GABA receptor subunit 
alpha6 

(249, 250) 

ENSG00000147206 NXF3 -7.527831159 
 

May function as a tissue-
specific nuclear mRNA 
export factor 

Not 
reported 

ENSG00000115263 GCG -7.487182174 
 

Hormone, key role in 
glucose metabolism and 
homeostasis 

(251) 

ENSG00000035720 STAP1 -7.384375757 
 

thought to participate in a 
positive feedback loop by 
upregulating the activity of 
tyrosine-protein kinase 
Tec 

Not 
reported 

ENSG00000142515 KLK3 
 

-7.337514313 
 

Hydrolase, Protease, 
Serine protease 

Not 
reported 

ENSG00000174948 GPR149 -7.219880283 
 

G-protein coupled 
receptor, Receptor, 
Orphan receptor 

(252) 

ENSG00000095627 TDRD1 -7.197414863 
 

Differentiation, Meiosis, 
RNA-mediated gene 
silencing, 
Spermatogenesis 

Not 
reported 

ENSG00000251258 RFPL4B 
 

-6.759827035 
 

Predicted to enable metal 
ion binding activity 

(253) 

 

Top 5 % of upregulated genes in SCZ 

Gene ID Gene Log2FoldChange Function of the protein 
encoded by the gene  

Implication 
in SCZ 

ENSG00000176728 
 

TTTY14 
 

13.69942899 
 

Long intergenic non-
coding RNAs 

(254) 

ENSG00000206159 
 

GYG2P1 
 

12.88446616 
 

Pseudogene Not 
reported 

ENSG00000092377 
 

TBL1Y 
 

12.68208204 
 

Involved in the 
recruitment of the 
ubiquitin/19S proteasome 
complex to nuclear 

Not 
reported 
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receptor-regulated 
transcription units 

ENSG00000134184 
 

GSTM1 
 

11.75284824 
 

Involved in the formation 
of glutathione conjugates, 
lipid metabolism 

(255, 256) 

ENSG00000226555 
 

AGKP1 
 

11.17591894 
 

Pseudogene Not 
reported 

ENSG00000183878 
 

UTY 
 

10.99789332 
 

Chromatin regulator, 
Dioxygenase, 
Oxidoreductase 

Not 
reported  

ENSG00000136457 
 

CHAD 
 

10.86925779 
 

Cartilage matrix protein 
thought to mediate 
adhesion of isolated 
chondrocyte 

Not 
reported 

ENSG00000064218 
 

DMRT3 
 

10.61480144 
 

Differentiation, Sexual 
differentiation, 
Transcription, 
Transcription regulation 

Not 
reported 

ENSG00000179097 
 

HTR1F 
 

10.00132364 
 

Enables G protein-
coupled serotonin 
receptor activity and 
serotonin binding activity. 
Involved in adenylate 
cyclase-inhibiting G 
protein-coupled receptor 
signaling pathway 

Not 
reported 

ENSG00000231007 
 

CDC20P1 
 

9.955421398 
 

Pseudogene Not 
reported 

ENSG00000067048 
 

DDX3Y 
 

9.812234302 
 

ATP-binding, Nucleotide-
binding, involved in ATP 
binding, hydrolysis, RNA 
binding 

(257) 

ENSG00000221710 
 

MIR1298 
 

9.767028859 
 

microRNA Not 
reported 

ENSG00000162782 
 

TDRD5 
 

9.753216241 
 

Differentiation, 
Spermatogenesis 

Not 
reported 

ENSG00000099725 
 

PRKY 
 

9.593343887 
 

Pseudogene Not 
reported 

ENSG00000174156 
 

GSTA3 
 

9.270018621 
 

Lipid metabolism, 
catalyses the double bond 
isomerization of 
precursors for 
progesterone and 
testosterone 

(258) 

ENSG00000203489 
 

HMGB1P39 
 

9.230168231 Pseudogene Not 
reported 

ENSG00000223543 
 

TCEAL4P1 
 

9.21453461 
 

Pseudogene Not 
reported 

ENSG00000160994 
 

CCDC105 
 

9.148446074 
 

Located in extracellular 
exosome 

Not 
reported 

ENSG00000187513 
 

GJA4 
 

9.138870429 
 

Encoded protein is a 
component of gap 
junctions, which are 
composed of arrays of 
intercellular channels 

Not 
reported 

ENSG00000253649 
 

PRSS51 
 

9.091410257 
 

Predicted to enable 
serine-type 
endopeptidase activity. 
Predicted to be involved 
in proteolysis 

Not 
reported 
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ENSG00000251389 
 

YTHDF1P1 
 

9.080192055 
 

Pseudogene Not 
reported 

ENSG00000130383 
 

FUT5 
 

8.889430701 
 

Lipid metabolism, 
Predicted to be located in 
Golgi membrane 

(242) 

ENSG00000170477 
 

KRT4 
 

8.856444898 
 

Protein encoded by this 
gene is a member of the 
keratin gene family 

Not 
reported 

ENSG00000236969 
 

GGT8P 
 

8.837332389 
 

Pseudogene Not 
reported 

ENSG00000170486 
 

KRT72 
 

8.811472082 
 

Encodes a type II keratin 
that is specifically 
expressed in the inner 
root sheath of hair follicles 

Not 
reported 

ENSG00000053438 
 

NNAT 
 

7.364011118 
 

Protein encoded by this 
gene is a proteolipid that 
may be involved in the 
regulation of ion channels 
during brain development 

(166, 259) 

ENSG00000007350 
 

TKTL1 
 

8.776348656 
 

Calcium, Magnesium, 
Metal-binding, Thiamine 
pyrophosphate 

Not 
reported 

ENSG00000120949 
 

TNFRSF8 
 

8.745841225 
 

Protein encoded by this 
gene is a member of the 
TNF-receptor superfamily 

Not 
reported 

ENSG00000227145 
 

IL21-AS1 
 

8.652886434 
 

Antisense RNA Not 
reported 

ENSG00000239005 
 

ACA64 
 

8.624670058 
 

Small nucleolar RNA Not 
reported 

 

 

6.9 GO enrichment analysis – category ‘cellular component’ 

Supplementary Table 2: GO enrichment analysis of the category 'cellular components’ (CC, cut-off q-

val <0.05) using the online classification system PantherDB (https://www.pantherdb.org/). Complete list 

with downregulated gene sets, as well as upregulated gene sets is depicted. (FDR=false discovery rate) 

Downregulated gene sets  

GO cellular component complete raw p-value FDR -log10(pvalue) 

cellular anatomical entity 
(GO:0110165) 

9.73E-11 1.95E-07 10.01188716 

synapse (GO:0045202) 4.46E-10 4.45E-07 9.350665141 

cellular_component (GO:0005575) 6.66E-10 3.33E-07 9.176525771 

neuron projection (GO:0043005) 9.86E-10 3.94E-07 9.006123085 

membrane (GO:0016020) 5.12E-09 1.70E-06 8.290730039 

extracellular region (GO:0005576) 5.43E-08 1.55E-05 7.26520017 

neuronal cell body (GO:0043025) 6.44E-08 1.61E-05 7.191114133 

synaptic membrane (GO:0097060) 8.24E-08 1.83E-05 7.084072788 

Golgi cis cisterna (GO:0000137) 2.24E-07 4.47E-05 6.649751982 
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cell body (GO:0044297) 2.58E-07 4.69E-05 6.588380294 

axon terminus (GO:0043679) 3.39E-07 5.64E-05 6.469800302 

cell periphery (GO:0071944) 4.06E-07 6.24E-05 6.391473966 

nuclear protein-containing complex 
(GO:0140513) 

4.56E-07 6.51E-05 6.341035157 

organelle membrane (GO:0031090) 5.25E-07 7.00E-05 6.279840697 

postsynaptic membrane (GO:0045211) 1.55E-06 1.93E-04 5.809668302 

cell junction (GO:0030054) 1.58E-06 1.86E-04 5.801342913 

nucleoplasm (GO:0005654) 1.68E-06 1.87E-04 5.774690718 

neuron projection terminus 
(GO:0044306) 

2.04E-06 2.15E-04 5.690369833 

axon (GO:0030424) 2.15E-06 2.14E-04 5.66756154 

nuclear lumen (GO:0031981) 2.16E-06 2.05E-04 5.665546249 

extracellular space (GO:0005615) 3.09E-06 2.81E-04 5.510041521 

cytoplasm (GO:0005737) 4.18E-06 3.63E-04 5.378823718 

terminal bouton (GO:0043195) 8.16E-06 6.79E-04 5.088309841 

postsynapse (GO:0098794) 1.16E-05 9.25E-04 4.935542011 

somatodendritic compartment 
(GO:0036477) 

2.11E-05 1.62E-03 4.675717545 

recycling endosome membrane 
(GO:0055038) 

2.85E-05 2.11E-03 4.54515514 

plasma membrane bounded cell 
projection (GO:0120025) 

4.25E-05 3.04E-03 4.37161107 

nucleus (GO:0005634) 4.29E-05 2.96E-03 4.367542708 

Golgi stack (GO:0005795) 6.06E-05 4.04E-03 4.217527376 

plasma membrane (GO:0005886) 6.17E-05 3.98E-03 4.209714836 

endomembrane system (GO:0012505) 6.18E-05 3.86E-03 4.209011525 

Golgi cisterna (GO:0031985) 6.54E-05 3.96E-03 4.184422252 

perikaryon (GO:0043204) 7.04E-05 4.14E-03 4.152427341 

MHC class I protein complex 
(GO:0042612) 

9.28E-05 5.30E-03 4.032452024 

cell projection (GO:0042995) 1.07E-04 5.93E-03 3.970616222 

acetylcholine-gated channel complex 
(GO:0005892) 

1.14E-04 6.18E-03 3.943095149 

endoplasmic reticulum (GO:0005783) 1.37E-04 7.22E-03 3.863279433 

transport vesicle membrane 
(GO:0030658) 

1.54E-04 7.89E-03 3.812479279 

presynapse (GO:0098793) 1.60E-04 8.01E-03 3.795880017 

endoplasmic reticulum membrane 
(GO:0005789) 

1.68E-04 8.18E-03 3.774690718 
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endoplasmic reticulum 
subcompartment (GO:0098827) 

1.74E-04 8.28E-03 3.759450752 

nuclear outer membrane-endoplasmic 
reticulum membrane network 
(GO:0042175) 

2.71E-04 1.26E-02 3.567030709 

distal axon (GO:0150034) 3.04E-04 1.38E-02 3.517126416 

organelle subcompartment 
(GO:0031984) 

3.33E-04 1.48E-02 3.477555766 

GABA receptor complex 
(GO:1902710) 

3.40E-04 1.48E-02 3.468521083 

transmembrane transporter complex 
(GO:1902495) 

3.53E-04 1.50E-02 3.452225295 

early endosome membrane 
(GO:0031901) 

3.62E-04 1.51E-02 3.441291429 

Golgi apparatus (GO:0005794) 5.06E-04 2.06E-02 3.295849483 

membrane protein complex 
(GO:0098796) 

5.33E-04 2.13E-02 3.273272791 

transport vesicle (GO:0030133) 5.63E-04 2.21E-02 3.249491605 

plasma membrane region 
(GO:0098590) 

7.30E-04 2.81E-02 3.13667714 

chromosomal region (GO:0098687) 8.78E-04 3.31E-02 3.056505484 

receptor complex (GO:0043235) 8.96E-04 3.32E-02 3.04769199 

transporter complex (GO:1990351) 9.02E-04 3.28E-02 3.044793462 

excitatory synapse (GO:0060076) 9.13E-04 3.26E-02 3.039529222 

collagen type I trimer (GO:0005584) 9.15E-04 3.21E-02 3.038578906 

extrinsic component of endosome 
membrane (GO:0031313) 

9.15E-04 3.15E-02 3.038578906 

neuronal dense core vesicle 
(GO:0098992) 

9.71E-04 3.29E-02 3.01278077 

vesicle (GO:0031982) 9.97E-04 3.32E-02 3.001304842 

dense core granule (GO:0031045) 1.05E-03 3.43E-02 2.978810701 

respirasome (GO:0070469) 1.05E-03 3.39E-02 2.978810701 

ribonucleoprotein complex 
(GO:1990904) 

1.12E-03 3.56E-02 2.950781977 

monoatomic ion channel complex 
(GO:0034702) 

1.18E-03 3.64E-02 2.928117993 

mitochondrial membrane 
(GO:0031966) 

1.18E-03 3.68E-02 2.928117993 

Golgi membrane (GO:0000139) 1.23E-03 3.73E-02 2.910094889 

intracellular non-membrane-bounded 
organelle (GO:0043232) 

1.33E-03 3.92E-02 2.876148359 

non-membrane-bounded organelle 
(GO:0043228) 

1.33E-03 3.97E-02 2.876148359 

organelle lumen (GO:0043233) 1.39E-03 4.04E-02 2.8569852 

intracellular organelle lumen 
(GO:0070013) 

1.39E-03 3.98E-02 2.8569852 

membrane-enclosed lumen 
(GO:0031974) 

1.39E-03 3.92E-02 2.8569852 
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extracellular exosome (GO:0070062) 1.56E-03 4.34E-02 2.806875402 

extracellular vesicle (GO:1903561) 1.62E-03 4.44E-02 2.790484985 

extracellular organelle (GO:0043230) 1.63E-03 4.39E-02 2.787812396 

extracellular membrane-bounded 
organelle (GO:0065010) 

1.63E-03 4.33E-02 2.787812396 

mitochondrial envelope (GO:0005740) 1.70E-03 4.46E-02 2.769551079 

 
Upregulated gene sets  

GO cellular component complete raw p-value FDR -log10(pvalue) 

plasma membrane bounded cell 
projection (GO:0120025) 

8.97E-06 1.79E-02 5.047207557 

apical part of cell (GO:0045177) 1.17E-05 1.17E-02 4.931814138 

cilium (GO:0005929) 1.18E-05 7.89E-03 4.928117993 

cell periphery (GO:0071944) 2.81E-05 1.40E-02 4.55129368 

cell projection (GO:0042995) 3.61E-05 1.44E-02 4.442492798 

cell surface (GO:0009986) 9.07E-05 3.02E-02 4.042392713 

axoneme (GO:0005930) 1.01E-04 2.90E-02 3.995678626 

ciliary plasm (GO:0097014) 1.08E-04 2.69E-02 3.966576245 

extracellular matrix (GO:0031012) 1.18E-04 2.62E-02 3.928117993 

external encapsulating structure 
(GO:0030312) 

1.21E-04 2.42E-02 3.91721463 

cell junction (GO:0030054) 1.80E-04 3.27E-02 3.744727495 

FACIT collagen trimer (GO:0005593) 2.62E-04 4.37E-02 3.581698709 
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7. STATEMENT OF CONTRIBUTIONS  

Following iPSC lines were a kind gift from other groups and used in this study: 

1) Names and shares of colleagues: one isogenic CTR and two PINK1 K.O. (PINK1 Δ8.9 

and PINK1 Δ40.7) iPSC lines were a kind gift from Dr. Julia Fitzgerald (Hertie Institute for 

Clinical Brain Research, Tübingen).   

2) Names and shares of colleagues: one isogenic CTR and three deletion iPSC lines (one 

iPSC clone with a deletion in chromosome 15q13 and two iPSC clones with a deletion in 

chromosome 22q11) were a kind gift from Prof. Dr. Moritz Rossner (Department of 

Psychiatry and Psychotherapy, Munich).  

3) Names and shares of colleagues: one CTR iPSC line (CTR3) was a kind gift from the 

Tumorbiology group (NMI, Reutlingen).  

 

Colleagues who contributed to the following experiments in this study: 

4) Framework of the experiment: Transcriptome analysis of iPSC-derived dopaminergic 

neurons and subsequent GO enrichment analysis, as well as hierarchical cluster analysis 

were performed. This experiment is described in chapter 3.2.2 ‘RNA expression profiling 

reveals thousands of differentially expressed genes in SCZ ALN neurons’.  

Names and shares of colleagues: Aaron Stahl (Assay Development, NMI, Reutlingen) 

performed the hierarchical cluster analysis in the MeV software (see Figure 8B).  

My own contribution: I differentiated the respective iPSC lines into dopaminergic neurons 

until DIV21 and prepared cell pellets for following RNA sequencing. Data processing 

necessary for hierarchical cluster analysis was performed by me. 

 
5) Framework of the experiment: Calcium imaging of mixed iPSC-derived dopaminergic 

and glutamatergic co-cultures to identify a neuronal cell type responsible for elevated 

neuronal activity. This experiment is described in chapter 3.5.3 ‘SCZ ALN neurons as 

possible driver for elevated neuronal activity in co-cultures’. 

Names and shares of colleagues: Patricia Pizarro Garcia (Master student, Molecular 

Neurobiology, NMI, Reutlingen) differentiated the neurons, seeded the cells into mixed co-

cultures and performed calcium imaging. Three biological replicates were analysed by her. 

My own contribution: I supervised Patricia Pizarro Garcia in seeding the cells, performing 

calcium imaging of the mixed co-cultures and analysing the data. I transduced the starting 
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cell types with the lentiviral vectors. Two additional biological replicates were analysed by 

me.  

 
6) Framework of the experiment: iPSC-derived dopaminergic and glutamatergic neurons 

were transduced with the lentiviral vector pEF1α-Synaptophysin-mRuby to label 

presynaptic boutons, respectively. This experiment is described in chapter 3.7.3 

‘Development of a lentiviral vector for cell type-specific presynaptic-bouton labelling’.  

Names and shares of colleagues: Cloning of EF1α-Synaptophysin-mRuby into the 

lentiviral backbone pLV-04CAMKII-s/WPRE and generation of the pLV-EF1α-

Synaptophysin-mRuby lentivirus were performed by Lisa-Sophie Wüstner (Molecular 

Neurobiology, NMI, Reutlingen). 

My own contribution: Transduction of respective cell types with this lentiviral vector, 

differentiation into dopaminergic and glutamatergic neurons, immunocytochemistry and 

synapse quantification were carried out by me. 

 
7) Framework of the experiment: Neurite outgrowth and neurite branching assays with 

differentiating NGN2 neurons carrying microdeletions were performed to identify early 

neurodevelopmental aberrations. This experiment is described in chapter 3.8.1 ‘Aberrant 

neurite branching in NGN2 neurons carrying microdeletions’. 

Names and shares of colleagues: Sabrina Vogel (Molecular Neurobiology, NMI, 

Reutlingen) seeded the cells and analysed two of the four biological replicates.  

My own contribution: I seeded the cells and analysed two of the four biological replicates. 

I developed the analysis procedure.  

8) Framework of the experiment: The GSI as a measure for the level of synchronization 

within the E-I co-cultures was analysed. This experiment is described in chapter 3.8.4 

‘Increased synchronization in E-I co-cultures carrying microdeletions’. 

Names and shares of colleagues: Emilio Pardo Gonzalez (Electrophysiology group, NMI, 

Reutlingen) wrote a Python code that allowed to analyse the GSI based on the calcium 

imaging raw data.  

My own contribution: I differentiated the neurons, seeded the co-culture, performed 

calcium imaging and processed the data. I applied the Python code to the raw data to 

obtain the GSI for each recording.  
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8. STATEMENT OF PUBLICATIONS 

Parts of this thesis are included in the following submitted article: 

Hartmann SM, Pizarro Garcia P, Heider J, et al. A co-culture model of dopaminergic and 

glutamatergic neurons derived from patients with idiopathic schizophrenia reveals a 

hypodopaminergic phenotype. 

 

The transcriptome data discussed in this thesis have been deposited in NCBI's Gene 

Expression Omnibus (GEO) and are part of the submitted article. The data are accessible 

through GEO Series accession number GSE275064 
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Following data, that are part of this thesis, can be found in the above-mentioned 

submitted article: 

Characterization of ALN-induced 
dopaminergic neurons 
 

Described in section 
3.1.2 

Figure 4B 

Differentiation efficiency of ALN-
induced dopaminergic neurons  
 

Described in section 
3.1.3 

Figure 5C 

Transcriptome analysis of ALN-
induced dopaminergic neurons 
 

Described in section 3.2 
(3.2.2; 3.2.3; 3.2.4; 3.2.5) 

Figure 8; Figure 9; 
Figure 10; Figure 11 

Functional characterization of ALN 
and NGN2 neurons  

Described in section 3.5 
(3.5.1; 3.5.2; 3.5.3; 3.5.4) 

Figure 15; Figure 16; 
Figure 17; Figure 18; 
Figure 19 
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(3.7.1; 3.7.2; 3.7.4) 
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