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Chapter 1

SCHIZOPHRENIA

Schizophrenia (SCZ) is a severely debilitating psychiatric disorder characterized by 
positive, negative and cognitive symptoms (Fig. 1a)1-3. The positive symptoms are 
psychotic behaviours that make people lose touch with reality, e.g., hallucinations and 
delusions. Negative symptoms manifest as reduced or altered affective behaviour, and 
include emotional blunting, anhedonia and changes in volition. Cognitive symptoms 
affect normal functioning, and include thought disorder and deficits in processing and 
executive functioning, working memory, verbal comprehension and social cognition. 
The onset of SCZ is in late adolescence/early adulthood and the disease lasts lifelong, 
dramatically impairing a patients’ life1-4.

At a neuropathological level, SCZ is characterized by a decrease in white matter 
volume and an enlargement of the ventricles (Fig. 1b)1,5,6. More specifically, several 
studies have shown an enlargement of lateral ventricles7,8, a decrease in the volume 
of the medial temporal lobe1,5,9,10 (including the hippocampus5,11) and a decrease in 
cortical volume1,5,9,10. Cortical, hippocampal and dorsal thalamic areas in SCZ are smaller 
and contain less neurons compared to healthy brains5,11. Moreover, several synaptic 
and dendritic markers (synaptophysin, MAP2/5, synapsin, SNAP25, complexin I and II 
and GAP43) show significantly decreased levels in cortical and hippocampal neurons5. 
Studies on post-mortem SCZ brains show an increase in dopamine D2 receptor levels, 
while studies on SCZ patients show an increase in dopamine synthesis and release 
during acute psychotic states1,5. Furthermore, other neurotransmitter systems seem 
also impaired, as SCZ patients show an increase in the levels of 5-HT1A serotonin and 
decrease in 5-HT2A serotonin receptors and an increase in NMDA glutamate receptors 
and decrease in non-NMDA glutamate receptors5. SCZ patients also show alterations 
in axon myelination and high levels of cytokines12.

Despite having a high heritability, ranging from 60% to 85%2,4,12-14, environmental 
factors play a key role in the development of SCZ. Some of the environmental factors 
known to be involved are foetal life damage such as hypoxia1,2,6, maternal infection1,2,6, 
maternal stress1,2,6 or maternal malnutrition1,2,6, living in an urban environment1,2,6, 
being an immigrant1,2,6 and cannabis use1,2,6. The involvement of both genetic and 
environmental factors has led to the two-hits theory of SCZ that states that on top 
of genetic susceptibility, a person has to suffer two injuries or stressors (hits) both in 
perinatal life and in adolescence in order to develop the disorder (Fig. 1c)5. Inappropriate 
support and therapy has been suggested to be a third hit, or stressor, to explain the 
recurrence and ingravescence of symptoms during the disease5.

VolledigBinnenwerkMartina.indd   8VolledigBinnenwerkMartina.indd   8 10/09/2020   12:49:3710/09/2020   12:49:37



9

Introduction

Figure 1. Theories of the display and development of schizophrenia (SCZ). (a) Symptoms: SCZ 
patients show three classes of symptoms. Positive symptoms, i.e., psychotic behaviours like hal-
lucinations or delusions, negative symptoms, i.e., reduced affective behaviours like anhedonia or 
emotional blunting, and cognitive symptoms, i.e., thought disorder or deficits in working memory. 
(b) Neurobiology: SCZ patients show neuropathological changes like decreased white matter 
volume, enlarged ventricles, smaller and less dense neuronal populations and neurotransmitter 
circuitry impairments. (c) Aetiology: The necessity of both genetic and environmental factors for 
SCZ pathogenesis has led to the two-hits theory of SCZ, i.e., the occurrence of two environmental 
stressors (hits) during early life (prenatal, early childhood) and early adolescence determine the 
onset of SCZ in persons with genetic susceptibility.
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CURRENT TREATMENT OF SCHIZOPHRENIA

Given the complexity of SCZ, the individual heterogeneity, the multiple symptom 
categories involved, and the absence of a clear model of molecular and cellular events 
underlying the disorder, intervention and treatment are challenging. Different drugs as 
well as other non-pharmacological treatments, e.g. haloperidol, have been developed 
treating aspects of the disorder. Furthermore, the introduction of whole-genome 
sequencing and the ongoing research for biomarkers are currently providing a new 
push to the development of personalized medication of the disorder.

Pharmacological Intervention
Antipsychotics are the primary intervention for SCZ. Classical antipsychotics, or 
neuroleptics, were discovered in the 1950s-60s15 and show a marked, yet broad, affinity 
for dopamine receptors. This high affinity for dopamine receptors also explains their 
main side effects, which are extrapyramidal motor symptoms, both reversible, like 
Parkinsonism, and irreversible, like tardive dyskinesia15-18. Classical antipsychotics 
primarily target the positive symptoms of SCZ but have little to no effect on negative 
and cognitive symptoms15,16,18, and their limited effect pushed for the development 
of antipsychotics that could target a broader range of SCZ symptoms. Atypical 
antipsychotics show reduced affinity for dopamine receptors15,16 but have a multi-target 
profile, which was a major breakthrough and allowed for intervention against both 
positive and negative symptoms of SCZ15,16. Atypical antipsychotics show effects at 
doses that do not cause extrapyramidal motor effect15,16,19, but can still have some major 
side effects: for example, clozapine can cause agranulocytosis15,16. Despite its side effect, 
clozapine is, to date, the best pharmacological treatment for SCZ patients that are 
resistant to other typical agents, such as chlorpromazine or haloperidol15,16,20. The broad 
range of targets recognized by atypical antipsychotics further led to the development 
of second-generation antipsychotics that display increased affinity for serotonin 
receptors15,18. Despite the marked reduction of extrapyramidal motor symptoms, the 
actual benefits of second-generation antipsychotics are still debated15,18,21,22. In fact, they 
do not reproduce the clinical profile of classical antipsychotic, and introduce new side 
effects such as sedation, weight gain and metabolic disturbances15,18. Current research 
is giving impulse to the development of drugs that target other neurotransmitter 
systems. Particular attention is toward the glutamate system, with the development of 
NMDA receptor agonists and antagonists or glutamate metabotropic receptor (mGluR) 
modulator drugs20,23-27, but despite some promising studies in mice24,27 early clinical trials 
have failed to show strong improvements of SCZ symptoms compared to placebo28-31. 
Finally, researchers are also investigating the use of anti-inflammatory agents to treat 
SCZ20,23.
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Psychological Intervention
In addition to pharmacological treatment, SCZ patients also often undergo psychological 
intervention aimed at ameliorating social and cognitive skills. Some type of interventions, 
like psychoeducational family treatment, target the parental environment to create a 
supportive space for the patient, but also to help and relieve part of the parents’ 
burden3,32. Psychoeducational family treatment significantly improves the quality of 
life, reduces family burden and promotes treatment adherence of chronic patients, 
but seems less effective for recent-onset patients32. Other interventions, like cognitive-
behavioural therapy, encourage patients to modify negative thoughts, emotions and 
behaviours and to develop coping strategies against delusions and hallucinations3,33,34. 
Cognitive-behavioural therapy is effective at reducing clinical symptoms, improving 
cognitive functioning and general quality of life33,34. Moreover, these treatments 
have been shown to be effective for improving depression and anxiety symptoms in 
patients with psychosis35. Psychological interventions are of particular importance 
for the treatment of psychotic episodes3 and are a powerful tool to decrease patient 
hospitalization33.

 Personalized Medicine
The recognition of patient heterogeneity in SCZ is pushing increasingly towards the 
development of personalized treatments15. A variety of genetic tests is available to 
determine metabolic status and receptor polymorphisms in patients16. For instance, 
the cytochrome P450 gene CYP2D6 is important for the metabolism of the vast majority 
of classical antipsychotics16. Polymorphisms or duplications of CYP2D6 are responsible 
for the profile of respectively poor metabolizers, patients that require lower doses 
of antipsychotics, or ultra-rapid metabolizers, patients that require higher doses of 
antipsychotics16,36-39. In addition, dopamine and serotonin receptor polymorphisms 
are strongly associated with treatment responsiveness16. More specifically, dopamine 
D2 and D3 receptor polymorphisms are associated with low (D2: 141-C Ins/Del)40-42 
or high (D3: Ser9Gly)41,43-45 responsiveness to antipsychotic treatment16, and the 
759-T/C polymorphism in the 5-HT2c receptor has been associated with improved 
clozapine responsiveness16,45-47. Other factors that might alter antipsychotics effects 
include smoking habits and diet, as well as clinical and demographic factors, and 
should therefore be taken into consideration while tailoring treatment to the patient’s 
needs16. Overall, personalized medicine is important for tailoring the treatment with the 
adequate choice of antipsychotics and can strongly ameliorate patients’ responsiveness 
to treatment.

To date, most antipsychotics have been identified serendipitously and the 
treatments are therefore useful only against a subset of symptoms but fail to treat the 
underlying pathology15,16,48. This is due to our lack of understanding of schizophrenia 
aetiology and pathophysiology, and identifying causal and developmental trajectories 
of SCZ is therefore critical for further improvement and personalization of current 
treatments.
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AETIOLOGY OF SCHIZOPHRENIA

Several hypotheses have been put forward over time to explain the aetiology of SCZ. 
The two most prominent ones, the dopamine and the glutamate hypotheses, stem 
from evidence obtained in drug abusers49-51. In addition, the inflammation hypothesis 
was first proposed based on the increased levels of cytokines and other inflammatory 
markers in SCZ patients52,53, and the neurodevelopmental hypothesis derives from 
evidence that early disruption in brain development contributes to the aetiology of 
the disorder54-58. Importantly, these hypotheses are not necessarily mutually exclusive; 
i.e., impairments in one of the pathways may affect each of the others. Moreover, 
subthreshold impairments in more than one of these pathways may explain SCZ in 
individual patients.

Dopamine Hypothesis
Several lines of evidence led to the foundation of the dopamine hypothesis. Abuse of 
amphetamine, a drug that increases extracellular levels of dopamine, induces psychotic 
symptoms49,50. Antipsychotics, which reduce psychotic symptoms, target the dopamine 
system and their clinical efficacy correlates well with their affinity for dopamine 
receptors49,50. Moreover, post-mortem studies have reported an increase of striatal 
dopamine levels from dopaminergic neurons in the substantia nigra49,50,59,60, as well as 
increased levels of tyrosine hydroxylase, the rate-limiting enzyme involved in dopamine 
synthesis49,50,61, and of presynaptic D2 dopamine receptors49,50,62. In addition, in vivo 
imaging studies in SCZ patients found an increase in dopamine release and dopamine 
levels at baseline and an increase in dopamine synthesis49,50,63. In vivo studies have 
also highlighted an increased dopaminergic transmission in the mesolimbic area64,65 
and the hippoccampus66 and a reduced dopaminergic transmission in the prefrontal 
cortex (PFC)65 (Fig. 2a).

Overall these studies provide evidence for the dopamine hypothesis stating that 
differential dysfunction of dopamine transmission in different brain areas leads to the 
psychotic symptoms (mesolimbic area) and cognitive symptoms (prefrontal cortex) 
in SCZ. It is important to note, though, that the dopamine hypothesis poorly explains 
negative and cognitive symptoms. In fact, first generation antipsychotics that have a 
high and specific affinity for dopamine receptors only treat the positive symptoms of 
SCZ and, furthermore, some patients do not respond to this class of antipsychotics 
at all15,16,18. This limitation has pushed forward several other hypotheses for SCZ 
aetiology.

Glutamate Hypothesis
The first evidence for the glutamate hypothesis comes from the observation that abuse 
of ketamine or phencyclidine (PCP), both N-methyl D-aspartate receptor (NMDAR) 
antagonists, may cause SCZ-like symptoms49,51,67. Moreover, post-mortem studies found 
a decrease in NMDAR1 density in the superior frontal cortex and superior temporal 
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Figure 2. Different hypotheses of SCZ pathogenesis. (a) SCZ brains show several neurotransmitter 
circuitry impairments. Dopamine neurons from substantia nigra (SN) and ventral tegmental area 
(VTA) project towards mesolimbic, striatum and nucleus accumbens (NA), and to the prefrontal 
cortex (PFC). Glutamate neurons from PFC project towards the striatum, the NA and the midbrain 
regions, SN and VTA. GABAergic interneurons from the hippocampus and the striatum project 
towards the PFC, SN and VTA. In SCZ, decreased hippocampal inhibition is observed due to either 
glutamate NMDA receptor hypofunction or GABAergic neuron deficits. Also, increased glutamater-
gic transmission, decreased dopaminergic transmission in the PFC and increased dopaminergic 
transmission in the mesolimbic areas (striatum and NA) are reported. The dopamine hypothesis 
states that dysfunction in the dopaminergic system is a leading cause for SCZ; the glutamate 
hypothesis states that dysfunction in the glutamate system or NMDAR-specific dysfunctions are 
the leading cause for SCZ. (b) The inflammation hypothesis states that inflammation-related envi-
ronmental stressors, like maternal immune activation, cause microglia priming and subsequent 
chronic inflammation that then induce neurotransmitter circuitry impairments and SCZ onset. 
(c) The neurodevelopment hypothesis states that early dysfunctions in brain development, like 
impaired neuronal migration or differentiation due to both genetic and environmental factors, 
lead to neurotransmitter circuitry impairments and SCZ onset.

cortex49,51. Genetic studies also showed variations in NMDAR genes in SCZ48,67-71. Despite 
evidence for NMDA receptor hypofunction in SCZ, overall glutamate transmission seems 
to be increased. In fact, increased glutamine to glutamate ratios have been reported 
in cerebrospinal fluid from SCZ patients72. Glutamate released in the synaptic cleft is 
taken up by glia and converted to glutamine; an increase in glutamine to glutamate ratio 
may indicate increased uptake of glutamate by astrocytes and, therefore, increased 
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release of glutamate. Furthermore, SCZ patients show increased levels of Glx/creatine, 
a measurement of the combined levels of GABA, glutamine and glutamate scaled to 
creatine73.

Importantly, the glutamate system has reciprocal interactions with the dopamine 
system, and dopamine D1 receptors and NMDA receptors may trans-activate 
reciprocally, i.e., activation of D1 receptors increases NMDA receptor trafficking74, 
while NMDA receptor activation leads to D1 receptor recruitment to the membrane75. 
These reciprocal interactions might explain the glutamate dysfunctions as secondary 
to impairments in the dopamine system, but could also suggest a pivotal role for the 
glutamate system itself.

At present, the glutamate hypothesis has been refined into the GABAergic 
interneuron origin hypothesis stating that NMDA receptor hypofunction in GABAergic 
interneurons may lead to increased glutamate release from the PFC and from thalamic 
glutamatergic neurons, and that dopamine dysfunction is secondary to altered 
glutamate transmission76-80 (Fig. 2a).

Inflammation Hypothesis
The inflammation hypothesis states that prenatal inflammation-related stimuli cause 
a priming of microglia, and that further stressors in childhood and adolescence cause 
primed microglia to become chronically active. The subsequent chronic inflammation 
is responsible for the neurodevelopmental changes and neurotransmitter circuitry 
dysfunctions that finally lead to SCZ onset (Fig. 2b). The hypothesis stems from 
the observed increase in inflammatory cytokines found in SCZ patients52,53. This is 
confirmed by post-mortem studies that show an increase in cytokines52,81 and an 
increase in microglial density and activation53,82,83. Furthermore, inflammation-related 
stimuli, like perinatal stress, maternal immune activation or childhood infection, are 
known risk factors for the development of SCZ52,53, and there is evidence that these 
stimuli increase microglia activation53. Studies with inflammation-related mouse models, 
like the maternal immune activation model, have shown a decrease in D2 receptor 
levels in medial PFC84 and a decrease in hippocampal GABA levels85. Finally, genome 
wide association studies (GWAS) have found associations for loci containing immune 
system genes, like the C4 gene53 in the major histocompatibility complex region68,86.

Neurodevelopment Hypothesis
There are several lines of evidence from epidemiological, post-mortem and 
neuroimaging analyses to support a role for early developmental impairment in 
SCZ54-58. Moreover, SCZ environmental risk factors, like prenatal and perinatal risk, 
all act years before the onset of the disorder, suggesting that impairment in brain 
development happens early in life55-58, while studies of genetic risk factors highlight 
several genes and microRNAs involved in the control of brain development54,55,57,58. Post-
mortem microarray studies provide evidences for changes in expression of proteins 
involved in early migration of neurons and glia, axonal growth and synaptogenesis57,58. 
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Furthermore, cognitive and behavioural symptoms, such as motor abnormalities, social 
deficits and cognitive impairments, may emerge already during childhood57,58. Finally, 
studies of early environmental impairment, as the mouse models of vitamin D deficiency 
or the maternal immune activation model, also show a delay in brain differentiation54, 
developmental abnormalities in the GABA system54 and impaired expression of genes 
involved in dopamine neuron induction, positioning and differentiation54.

These lines of evidence together suggest that impairments in early brain 
development are responsible for circuitry dysfunction and SCZ onset (Fig. 2c). In 
fact, SCZ is considered a neurodevelopmental disorder, with impairments happening 
early in prenatal and childhood life that finally show behavioural impairments in late 
adolescence or early adulthood. Importantly, early dysfunctions in the dopamine, 
glutamate or GABA neurotransmitter systems or early inflammation-induced alterations 
are likely to cause abnormalities in brain development, and therefore a clear pivotal 
role for general impairments in brain development over specific system dysfunctions 
cannot be concluded.
There is still an open debate about the aetiology of SCZ and, despite the supporting 
evidence, each hypothesis has limitations in explaining the disorder. It is important to 
note that also extensive and reciprocal interactions between the different systems 
are involved. Several studies with animal models have shown reciprocal interactions 
among NMDA and D1 receptors74,75, but also impairments in neurotransmitter circuitry 
due to inflammation84,85 or developmental impairments54. These extensive interactions 
also explain how subthreshold impairments in more than one of the pathways can 
simultaneously happen in individual SCZ patients, where they either converge onto the 
same phenotypic alterations or may cause the different classes of SCZ symptoms. Finally, 
given the heterogeneity of SCZ, the different hypotheses may explain the development 
of the disorder in different subsets of patients, i.e. any specific SCZ hypothesis may 
explain the disorder onset in a subset of patients, while a different subset of patients 
may have different neurobiological impairments underlying the disorder. Studying the 
genetics of SCZ may help to further explain how different pathways are involved and 
how they interact.

GENETICS OF SCHIZOPHRENIA

SCZ heritability, i.e., the proportion of variance explained by genetic factors, ranges 
from 60% to 80%2,4, suggesting an important role of genes in causing the disease. It 
is known that many genes are involved in SCZ, with each gene contributing for a very 
small fraction to the phenotype2,4. The small contribution of SCZ-associated variants is 
related to the frequency of those variants in the population (Fig. 3a): common variants 
are highly frequent in the population but have a very small effect size; rare variants 
instead have a low frequency in the population and are often causative for the disease. 
Common and rare variants are identified by different genetic approaches and can be 
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studied in the whole genome or in the protein-coding part of the genome, the exome. 
Furthermore, genetic variations can affect the genome in different ways: copy number 
variations are duplications or deletions of large genomic regions and usually encompass 
several to many genes, indels are duplications or deletions that only affect a small region 
of the genome and single nucleotide polymorphisms are mutations affect a single base 
pair only (Fig. 3b).
The three main genetic approaches to investigate genes involved in SCZ are genome 
wide association studies (GWAS), exome sequencing studies and copy number variation 
(CNV) studies. GWAS analysis looks at common allelic variation, in the form of single 
nucleotide polymorphisms (SNPs), between patients and controls to determine which 
SNPs occur more frequently in one population compared to the other48,68,70,86. Exome 
sequencing analysis highlights the rare variants, SNPs or small deletions or duplications 
(indels), in exomes of coding genes that are associated with an increased risk of 
developing SCZ4,71,87,88. CNV analysis associates SCZ risk with large genetic deletions or 
duplications involving multiple genes4,13,88. From genetic studies it became clear that SCZ 
shares many risk genes with other psychiatric conditions, including autism spectrum 
disorder (ASD) and bipolar disorder (BD)71,89,90. This is for instance demonstrated by the 
DISC1 gene. A balanced translocation affecting DISC1 has been significantly associated 
with a broad range of psychiatric illnesses, including SCZ91-93. Below I will discuss the 
different genetic approaches that have been applied to SCZ and the main findings that 
have been reported.

Genome-Wide Association Studies (GWAS)
GWAS investigate common variants and compare SNPs frequencies in whole genomes 
of SCZ and control populations (Fig. 3c). GWAS results are represented as Manhattan 
plots that show, for each chromosomal location, the significantly SCZ-associated SNPs 
against the p-value. Furthermore, based on their linkage disequilibrium SNPs are 
grouped in GWAS loci that can be further analysed for target gene inference. Given the 
broad distribution of common variants, a big challenge in GWAS is the high number of 
patients and controls needed to achieve enough statistical power. Indeed, an important 
breakthrough in the field of SCZ genetics was made in 2014 when a GWAS study with 
~36,000 cases and ~113,000 controls reported 108 loci that are significantly associated 
with SCZ48. The study was confirmed and further expanded to a total of 145 loci in 
2018 when ~24,000 cases and ~11,000 controls were added70. Both studies confirmed 
that about one third to one half of the genetic risk for SCZ is explained by common 
variants48,70. SCZ GWAS data provide further evidence for the dopamine hypothesis, with 
an association with the dopamine receptor gene DRD248,70, the glutamate hypothesis, 
with associations with glutamate receptor genes GRM3 and GRIN2A48,70, and for the 
inflammation hypothesis, with associations in the major histocompatibility complex 
region48,70. Furthermore, both studies highlight associations with multiple voltage-gated 
calcium channel (VGCC) subunits, e.g., CACNA1C, CACNB2 and CACNA1I48,70. The GWAS
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Figure 3. Genetics of SCZ. (a) Variants that have a high effect size on disease development are 
usually rare in the population, while common variants usually possess a small effect size on 
disease onset. SCZ is a highly polygenic disorder that is mainly caused by multiple common vari-
ants, each one with a very small effect size. Examples of rare variants associated with SCZ are 
the t(1:11) balanced translocation affecting Disc1 and several CNVs, like the 2p16.3 deletion and 
the 7q36.6 duplication. (Modified with permission from Manolio et al. Nature 2009.) (b) Genetic 
studies analyse whole genomes (all genetic information) or the exomes (the protein-coding part 
of the genome). Different types of mutations and variants are addressed: copy number variations 
(CNVs) are duplication or deletion of large genetic regions that involve multiple genes, Indels are 
duplications or deletions of small genetic regions, and single nucleotide polymorphisms (SNPs) 
are single base changes. (c) Genome-wide association studies (GWAS) compares SNP frequencies 
in whole genomes of disease and control populations. The Manhattan plot shows GWAS results 
for the entire genome with each dot representing a SNP and a significance threshold that is 
corrected for multiple testing. Green stacking of dots highlights the SNPs that are significantly 
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associated with SCZ. GWAS loci highlight SCZ-associated SNPs in linkage disequilibrium and are 
used for SNP target gene inference. (Modified with permission from SWG Nature 2014.) (d) Disc1 
genomic structure is highly conserved between human and mouse. The breakpoint for the human 
balanced t(1:11) translocation falls between exons 8 and 9 and can be mimicked in mice by join-
ing the human chromosome 11 fragment to the same genomic region of mouse chromosome 
1. Disc1 balanced translocation can result in either loss-of-function due to haploinsufficiency or 
negative dominance of DISC1 protein, or in gain-of-function from a fusion protein generated on 
chromosome 11.

data also show significant overlap of SCZ risk genes with intellectual disability and ASD 
risk genes48 as well as enrichment for target genes of the fragile-X mental retardation 
protein (FMRP)70. Finally, Pardiñas et al.70 also demonstrated that many of the common 
variations associated with SCZ are localized to mutation-intolerant genes. Mutation-
intolerant genes are most likely involved in neurodevelopment and are associated with 
early onset diseases94-96. GWAS data therefore also support the neurodevelopment 
hypothesis of SCZ.
GWAS data highlight the importance of common variants for the development of SCZ 
disorders and confirms the polygenic nature of the disorder. Moreover, broad GWAS-
derived evidence for the different hypotheses for SCZ aetiology further suggest that 
multiple pathway impairments may co-occur in the same patient or that different 
subsets of patients may bear impairments in different pathways. Finally, GWAS data 
point to an additional layer of complexity among psychiatric disorders due to their 
broad overlap.

Exome Sequencing
Exome sequencing studies only analyse the coding regions of the genome, the exome, 
and look for rare SNPs or indels. Several exome sequencing studies have highlighted a 
polygenic burden of rare coding variants in SCZ71,87,97 and many rare or de novo variants 
were found. These results are in line with GWAS studies that link about one third to one 
half of the genetic risk of SCZ to common variants48,70. Moreover, the analysis of the 
many SCZ-associated rare variants found in exomes brought further evidence for the 
association of SCZ with specific biological pathways, in particular the ARC complex71,87,88, 
the NMDAR complex71,87,88, the postsynaptic density protein 95 (PSD-95) complex71,87,88, 
VGCCs71,87,88 and FMRP target genes71,87,88. These findings are consistent with GWAS 
data, CNVs and de novo mutation studies71,87, and further confirm the involvement of 
many synaptic and developmental genes, supporting the various hypotheses of SCZ 
aetiology. Finally, exome sequencing data have shown overlap with other psychiatric 
disorders like intellectual disability and ASD71,87, which is also consistent with GWAS 
and CNVs genetic studies. The fact that both rare and common variants affect the 
same or overlapping biological pathways provides strong evidence for the involvement 
of those pathways in the development of SCZ. Exome sequencing data also provide 
further evidence that multiple SCZ pathways are simultaneously affected in patients 
or that the heterogeneous SCZ population may be subdivided into different subsets 
of patients that bear different impairments.
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Copy Number Variations (CNVs)
CNVs usually encompass multiple genes, and therefore are rare and often possess 
high genetic risk for disorders4,13,88. Moreover, the involvement of multiple genes makes 
most CNVs non-specific in that they increase genetic risk for multiple disorders and 
conditions4,13,88. Nonetheless, several genetic studies have demonstrated that in SCZ 
there is an increased genetic burden due to CNVs4,13,88, consistent with the polygenic 
burden identified in exome sequencing studies of SCZ71,87,97.

Many CNVs are associated with SCZ, but only two impact just one gene; 2p16.3 del, 
which impacts on NRXN1 expression4,13,88,98,99, and 7q36.3 dup, which impacts on VIPR2 
expression4,13,88,98. Despite affecting only one gene, the NRXN1 CNV is associated also 
with ASD, developmental delay, intellectual disability and epilepsy88. Other CNVs span 
across multiple genes. One of the first CNVs associated with SCZ is the 22q11.2 del, 
a relatively large deletion that is also the known cause of velocardiofacial-DiGeorge 
syndrome4,13,88,98-100. The deletion spans between 1.6 Mb and 3 Mb encompassing up 
to 46 protein-coding genes. It has an odds ratio of 20.313 making it one of the CNVs 
with the largest effect size for SCZ4,13,88. Interestingly, recent studies suggest that a 
duplication encompassing the same region might protect against SCZ88. Among the 
first CNVs associated with SCZ are also 1q21 deletions and duplications13,88,98,100 that 
encompass around 34 genes13,88 and are associated also with developmental delay, 
intellectual disability, micro and macrocephaly, epilepsy and autism13, and two CNVs 
on chromosome 15, 15q11.213,88,99,100 and 15q13.313,88,98-100, that encompass up to 70 
genes and are associated also with developmental delay, Prader-Willi and Angelman 
syndromes and ASD13. Other CNVs include the 3q29 del13,88,98,101, that encompass 20 
genes, among which DLG1 and FBXO4588, and the 7q11.23 dup13,88,99,102, that causes 
Williams-Beuren syndrome13,88. Three CNVs along regions of chromosome 16 have 
also been associated with SCZ, i.e., 16p11.213,88,98,99, 16p12.113,88 and 16p13.113,88,103; 
and deletions as well as duplications in these regions are also associated with ASD, 
developmental delay and epilepsy13,88. Two CNVs along chromosome 17 are associated 
with SCZ, 17p12 del13,88 and 17q12104 deletion and duplication13,88; the latter is associated 
also with ASD and intellectual disability88.

Given the many genes involved it is not surprising that most CNVs are not SCZ-
specific, but at the same time these CNVs also confirm the broad overlap with other 
psychiatric disorders. Furthermore, analysis of the many SCZ-associated CNVs and 
their associated genes provide further evidence for association of synaptic and 
developmental genes and for FMRP target genes with SCZ105. Finally, the high genetic 
heterogeneity of SCZ is confirmed once more by the many CNVs associated with the 
disorder.

Single Gene Studies: DISC1
The research of the disrupted in schizophrenia 1 (DISC1) gene and its balanced 
translocation co-segregating with major mental illnesses spans over two decades91-93,106. 
Medical records kept in Scotland enabled to trace the pedigree of a Scottish family 
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suffering from a high burden of psychiatric disorders91,106. St Clair et al.106 first confirmed 
the co-segregation of a balanced t(1:11) chromosomal translocation with a broad 
range of major mental disorders, like schizophrenia, schizoaffective disorder, bipolar 
disorder or major depressive disorder (MDD)106. Major efforts were put into dissecting 
the breakpoint region on both chromosomes, 1 and 11, and no evidence was found 
for genes in the proximity of the breakpoint on chromosome 1192. Then, a decade after 
the St Clair study, Millar et al.93 reported two transcripts on chromosome 1, DISC1 and 
DISC2, whose sequence was disrupted by the translocation93. Of the two transcripts, 
DISC2 likely specifies a pseudogene93. Pseudogenes are DNA segments that resembles 
functional genes but lack essential sequences necessary for function and do not result 
in functional protein. DISC2 consists of a single large exon and the 3’ UTR length suggest 
it is non-coding; on the contrary, DISC1 likely encodes for a protein93. Therefore, DISC1 
is believed to be the driver gene of the dysfunctions caused by the balanced t(1:11) 
translocation. Importantly, DISC1 genomic structure is highly conserved across species 
(Fig. 3d) and a mouse model mimicking the human translocation has recently been 
developed107. In the last decade, several genetic studies have associated rare DISC1 
variants with SCZ and bipolar disorder91,92. Moreover, there is evidence for a linkage 
between SCZ and the 1q32.2-q41 region of chromosome 192, where DISC1 is located. 
However, it is important to note that no GWAS has ever associated DISC1 with SCZ or 
bipolar disorder91, and that no specific allele or variant is consistently associated with 
the risk of psychiatric illness92, suggesting heterogeneity for DISC1 variations in mental 
disorders92. Together, these findings suggest that DISC1 confers risk for impaired brain 
development and connectivity rather than being a causal risk factor in SCZ91.

Genetic Overlap Between Psychiatric Disorders
SCZ shares a high genetic overlap with other psychiatric disorders71,89,90,97,108,109. Many 
SCZ risk genes are also targets of FMRP71, a protein involved in Fragile-X mental 
retardation syndrome, a genetic condition that shares phenotypic features with ASD. 
Interestingly, SCZ and ASD shares many risk genes and there is evidence for high co-
heritability between the two disorders89. Moreover, several preciously mentioned CNVs 
are known to confer risk for both SCZ and ASD, including 2p16.3 del, 22q11.2, 1q21.1 
and 15q13.313,88,89,109. When looking at GWAS data across different psychiatric disorders, 
there is significant evidence for shared polygenic risk between SCZ and ASD90,109, but 
the highest significance for shared risk is between SCZ and bipolar disorder and for 
SCZ and MDD90,109. Moreover, co-heritability is significant between SCZ and bipolar 
disorder, MDD or ASD108.

The genetic overlap between psychiatric disorders is an additional challenge in 
the study of these disorders. It is important to note that most psychiatric disorders 
are highly heterogeneous, their diagnosis is based on multiple signs and symptoms, 
and some signs frequently occur in different psychiatric disorders, e.g. emotional 
blunting in both SCZ and MDD110,111. Furthermore, many patients show co-morbidity, 
for example for SCZ and MDD or anxiety112,113 but also for MDD and ASD114. The genetic 
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overlap may therefore be a result of either co-occurrence of symptoms or co-morbidity. 
Another explanation for the broad genetic overlap is that the same synaptic and 
neurodevelopmental pathways may be a common ground for all psychiatric disorders. 
Recently, Crabtree and Gogos115 have suggested that both SCZ and ASD may arise due 
to synaptic dysfunction, with short-term plasticity specifically affected in SCZ and long-
term plasticity in ASD. Elucidating the meaning of genetic overlap between psychiatric 
disorders is important to understand their development and to differentiate among 
common pathways and specific impairments.

From Genes to Biological Pathways
Shared genetic risk between different psychiatric disorders may in part be explained 
by common biological pathways involved. For instance, biological pathways that are 
believed to be important for SCZ, like synaptic plasticity, neurogenesis and brain 
connectivity, are also found important for ASD, MDD and bipolar disorder115-120. 
More specifically, exome sequencing, GWAS and CNVs analyses have consistently 
provided evidence for a role of ARC, NMDAR, VGCCs, PSD-95 and FMRP pathways 
in SCZ development4,48,68,70,71,87,88,109,121, and many of the underlying genes are known 
to play a central role in synaptic plasticity69,122-134. Further analysis of genetic and 
clinical data suggest a combined role for genes involved in neurodevelopment135, 
neurotrophin signaling136, neurite formation137, neurogenesis138, brain connectivity139 
and the immune system135 in SCZ development. Evidence from known candidate genes 
further validated and expanded the biological pathways involved. For instance, the 
metabotropic glutamate receptor 3 (mGluR3), whose gene has been robustly associated 
to SCZ in multiple GWAS studies48,70, is important for long-term depression (LTD) in 
medial prefrontal cortex in mouse134 and the strengthening of working memory in the 
primates133. Moreover, group II metabotropic glutamate receptor mediate potentiation 
of NMDAR currents140. DISC1 protein and its interactors are involved in multiple SCZ-
associated biological pathways, including neurodevelopment91,92,141-143, neuronal 
migration91,92,141-143, cytoskeletal function92,141, neurite outgrowth141,143,144, cAMP signaling92, 
regulation and maturation of spine and synapses91,141,144,145 and mitochondrial transport 
and regulation146,147. There is also evidence that suggests that DISC1 may be involved 
in dopamine system regulation148. Finally, neurexin 1, associated to SCZ by the 2p16.3 
del13,88, is a cell-adhesion protein involved in synapse development149,150 and synaptic 
plasticity151-153.
Overall, the genes and biological pathways associated with SCZ provide combined 
evidence for the dopamine and glutamate hypotheses of SCZ, through the association 
of synaptic pathways, but also for the neurodevelopmental and inflammation 
hypotheses, through the association of many pathways involved in neuronal migration 
and differentiation and with the immune system. Subthreshold impairments in multiple 
of these different associated-pathways may co-occur, thus explaining the broad range of 
SCZ symptoms, i.e. negative, positive and cognitive symptoms. Alternatively, the many 
pathways associated with SCZ may also reflect the high heterogeneity of the disorder 
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and suggest that patients can be grouped into disease subtypes based on the specific 
pathway impairments that they have.

ANIMAL MODELS OF SCHIZOPHRENIA

Several animal models have been developed over the years in an effort to further 
explore the biological mechanisms underlying SCZ154-156. It is important however to note 
that, given the elusive and complex nature of SCZ, no animal model is able to fully mirror 
the extent of it. Nonetheless, reasonable correlates can be made for some disease 
features, including abnormal social behaviour, motivation, working memory, emotions 
and executive functioning (Table 1)154-159. Different strategies can be adopted for the 
development of SCZ animal models. For example, many models follow the insights from 
genetic studies and recreate one or more genetic mutations in mice154-156. Other models 
mimic environmental risk factors in mice154-156. Furthermore, multiple aspects of SCZ 
can be modelled in various pathophysiological and neurodevelopmental models154-156. 
All these approaches aim for robust construct validity, since they all recreate in part 
the proposed etiologic processes that lead to the disorder154-157. Moreover, all of those 
animal models also recapitulate some of the SCZ manifestations, therefore claiming 
to some extent also face validity154-157. Finally, for most of those models the predictive 
validity has been tested with antipsychotics154-157.

Table 1. Schizophrenia symptoms and related mouse behavioural test

Schizophrenia symptoms Mice behavioural test
Positive Hyperactivity Locomotor activity

Drug induced psychotic symptoms (i.e. 
Ketamine abuse)

Locomotor activity

Negative Anxiety Elevated plus maze
Social withdrawal Social interaction/preference
Low motivation Forced swim test

Cognitive Attention deficits Pre-pulse inhibition (PPI)
5-choice serial reaction time test (5-
CSRTT)

Working memory T-maze test
Morris water maze

Stereotypy Stereotypy

Genetic Models
SCZ is a highly polygenic disorder and most risk genes only explain a minor increase 
in risk. Consequently, many models take advantage of those rare exome variants and 
large CNVs that possess high risk for psychiatric disorders155,156. A widely studied CNV 
model is the 22q11.2 microdeletion mouse model that exploits the synteny on mouse 
chromosome 16 to the human chromosome 22 and has a deletion that spans the same 
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set of genes as in humans 155,156,160,161. This model displays several SCZ-like behaviours, 
including impairments in prepulse inhibition (PPI), fear conditioning, working memory 
and reversal learning160-164. Consistent with SCZ pathophysiology, the 22q11.2 
microdeletion mice also show delayed neuronal maturation165, decreased interneuron 
activity in the hippocampus166 and decreased number of interneurons in layer 6 of the 
PFC161. PFC neurons also show increased short-term and long-term depression160,161 and 
synchrony between PFC and hippocampus is impaired164. Other studies that used the 
Nrxn1a knockout mouse model that mimics the 2p16.3 CNV showed many behavioural 
impairments that are shared primarily with ASD, i.e., PPI, attention, associative learning, 
memory, social approach, and locomotor activity in a novel environment are all impaired 
in these mice167,168. Several mouse models have also been created based on the balanced 
t(1:11) translocation affecting Disc1. The vast majority of the studies have either used the 
overexpression (OE) of a truncated form of Disc1, or the knockdown/downregulation 
of endogenous Disc1 expression91,92,141-148,156,169-174. Finally, a new mouse model of DISC1, 
that recreates the exact translocation found in humans, reported evidence for impaired 
NMDAR modulation by DISC1107.

Environmental Models
Environmental risk factors for SCZ involve maternal stress, maternal malnutrition or 
maternal infection1,2,6 or recreate maternal infection during pregnancy using injection 
of lipopolysaccharide (LPS), an endotoxin found on bacterial membrane175, or poly I:C, 
a synthetic strand of RNA that mimics viral infection54,155. The latter models induce a 
strong activation of the maternal immune system and are ideal to test the inflammation 
hypothesis of SCZ. Results from these mouse models have shown an increase in 
locomotor activity in a novel environment175, increase in anxiety176, deficits in attention 
tasks176, and a decrease in social contact175. Offspring also displays enlarged ventricles54, 
hypertrophy in the prefrontal cortex175 and basolateral amygdala175 and reduced spine 
density in the nucleus accumbens175. Interestingly, in line with the hypothesis of an NMDA 
receptor hypofunction of hippocampal interneurons, offspring also shows a decrease in 
hippocampal and PFC expression of parvalbumin54, a decrease in parvalbumin positive 
GABAergic transmission onto pyramidal prefrontal cortex neurons176  and impaired 
hippocampal-prefrontal synchrony155. Finally, offspring also suffers from abnormalities 
in the dopamine system54. Interestingly, administration of antipsychotics significantly 
reduces many of these impairments54,155.

Pathophysiological Models
Pathophysiological models are based on the theories of NMDAR hypofunction, D2R 
overexpression in early development and other neurodevelopmental mechanisms. 
Most models of NMDAR hypofunction use either the administration of ketamine155,177, an 
antagonist of NMDAR, or genetic manipulation to silence NMDAR expression79,155,178. Both 
approaches cause a variety of SCZ-like symptoms, including hyperlocomotion79,155,177,178, 
impaired working memory79,155,177,178, reduced PPI79,155,177,178 and impairments in object 
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recognition79,155,177,178 and fear conditioning79,155,177,178. Ketamine administration has 
been shown to increase the firing rates of pyramidal neurons in the PFC155,177, 
whereas interneuron firing rates are reduced155,177. Mouse models lacking NMDAR 
expression, either in inhibitory interneurons or in pyramidal neurons, show reduced 
synchrony between neurons79,155,178 and reduced hippocampal pyramidal neuron firing 
rates79,155,178. Interestingly, lack of NMDAR expression in adulthood did not produce these 
impairments79,155,178, indicating that NMDAR function is important for brain development 
and NMDAR impairments in early life but not adulthood may be involved in SCZ 
pathogenesis. These findings also provide evidence for the glutamate hypothesis that 
NMDAR impairments are the primary cause of SCZ-associated neurotransmitter system 
dysfunction. Dopamine receptor D2R overexpression mouse models are designed 
to overexpress D2R specifically in the striatum. The transgene is usually expressed 
in early development and can be turned off during adulthood155,176,179. These models 
typically show psychotic behaviours, including deficits in working memory, incentive 
and motivation155,176,179. D2R overexpression models also show synaptic abnormalities 
that can be reversed by turning off the transgene155,179 and decreased firing rates of 
dopaminergic neurons projecting to the medial prefrontal cortex, which cannot be 
reversed by turning off the transgene in adulthood176. The presence of both reversible 
and irreversible effects of dopamine receptor impairments may explain the partial 
efficacy of classical antipsychotics, which are high-affinity dopamine antagonists that 
are effective only against positive symptoms. Lesion-induced neurodevelopmental 
models usually have limited construct validity155. Nonetheless, both the ventral 
hippocampus lesion model (NVHL)157,180 and methylazoxymethanol acetate (MAM) 
administration at gestational day 17157,181 result in mice that display a number of SCZ-
like behaviours, including hypersensitivity to psychostimulants182,183, reduced PPI182,184-186, 
social interaction deficits185-187, and impairments in cognitive abilities such as spatial 
learning155,180,182 and in working memory155,181,185,188-190. Importantly, in both models these 
behavioural abnormalities emerge only in adulthood155,180-190, which is consistent with 
the neurodevelopment hypothesis and provides evidence that early impairments in 
brain development induce long-lasting changes that result in behavioural abnormalities 
only in adulthood. Moreover, both models produce alterations of the dopaminergic 
system155,180,181,191-193 providing evidence that early impairments in brain development 
may also results in SCZ-associated neurotransmitter dysfunction.
In conclusion, several different animal models for SCZ have been developed from 
genetic and environmental risk factors and from pathophysiological hypotheses. 
Despite the evident difficulty of modelling the full complexity of SCZ behaviour, every 
animal model recapitulates some aspects of each of the three classes of SCZ symptoms. 
Importantly, animal studies provide evidence that any of the proposed hypothesis for 
SCZ may produce alterations in the other systems implied in SCZ development as they 
all bring evidence for alterations in brain development and glutamate and dopamine 
neurotransmitter system dysfunction. 
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THE MISSING LINK: FROM GENES TO BIOLOGY

Despite huge advances in the study of SCZ genetics in the past decade, we currently still 
have very limited information about the disease biology. In fact, the often very detailed 
insights gained from in-depth studies of individual risk genes can simply not compensate 
for the overall complex biology derived from the modulation of a wide spectrum of 
hundreds of risk genes. Therefore, there is a need for more comprehensive and inclusive 
studies that take into consideration the biology of the many risk genes and pathways 
involved in SCZ together. Moreover, genetic studies can only associate risk SNPs or 
risk loci (i.e. exome sequencing or GWAS loci) with the disorder, but cannot directly 
relate a genetic polymorphism to a specific outcome in terms of gene expression. This 
conundrum requires further genetic analysis to uncover the regulatory and epigenetic 
landscapes of the brain, which is currently a topic of active investigations194-196. Further 
complexity arises from both the pleiotropy of genes and encoded proteins, which are 
often involved in multiple biological processes, and the limited knowledge of how 
neural circuit architecture and brain development are affected in SCZ. The increasing 
availability of large-scale –omics techniques that provide a wide array of information at 
different levels are promising for future perspective to uncover this pleiotropy. Examples 
of –omics techniques are cellomics, the study of the morphology of whole populations 
of cells, proteomics, the study of the expression of whole proteomes of a cell type or 
tissue, and transcriptomics, the study of all mRNAs expressed in a cell type or tissue. 
These techniques provide the possibility to analyse the biological function of multiple 
genes at a time and also enable hypothesis-free approaches for the study of psychiatric 
disorders. The big data coming from –omics studies needs proper handling and quality 
checking to detect significant results. Moreover, when more than one –omic technique 
is used, a proper integration of these datasets is needed. Finally, a circular reasoning, 
from the disorder, through big data, back to the disorder, is essential to highlight the 
discoveries that are truly linked to disease. Recently, there is increasing consensus for 
the need of integrated, multilevel –omics approaches in neuroscience14,197,198. Several 
cancer studies199-201 have already proved the importance of –omics integration for the 
improvement of disease knowledge, for both the selection of candidate genes and 
proteins for drug design200 and for the development of personalized medicine202. Recent 
studies also expand into the field of psychiatric disorders198,203-205; Patel et al.206 propose 
the integration of genetic and biological data obtained in mouse models with human 
post-mortem transcriptomic data to help prioritize genes from bipolar disorder GWAS 
data. Ayalew et al.207 performed a similar analysis on SCZ data and highlighted 22 genes 
involved in brain development, myelination, cell adhesion, glutamate receptor signalling, 
G-protein-coupled receptor signalling and cAMP-mediated signalling as target for future 
studies and therapeutic intervention. Similarly, Schubert et al.205 integrated data from 
gene expression microarrays, weighted gene co-expression analysis and proteomics 
from MDD patients and pointed to three biomarker candidates for cognitive dysfunction 
in MDD. The Psychiatric Cell Map Initiative208 is a project that aims at mapping both 
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genomic and proteomic networks of different psychiatric disorders, including ASD, 
intellectual disability and SCZ. Skene et al.209 combined genomics data and single-cell 
RNA sequencing (scRNA seq) data to find evidence for the association of SCZ with 
specific cell types. Their work implicated three main cell types: hippocampal CA1 
pyramidal cells, striatal medium spiny neurons and cortical interneurons. Moreover, 
the study also showed that some of the previously SCZ-associated biological pathways, 
like the NMDAR complex, the PSD-95 complex and FMRP target genes, share the same 
association for these specific cell types209. Recently, Watanabe et al.210 challenged the 
scRNA seq data integration methods because often only a few scRNA seq datasets are 
used, often confined to cell types from a single tissue and, importantly, there is not 
a benchmark tool for analysis yet. The replicability of these studies is currently low. 
Therefore, Watanabe et al. proposed a workflow with conditional analysis used on 
several different scRNA seq datasets from different tissues to uncover true associations 
of traits with cell types. Their analysis highlights association with excitatory, inhibitory 
and embryonic neurons in SCZ210. This study also clearly highlights some of the 
challenges of multi-omics approaches like the problem of merging different datasets, 
even from the same technique, i.e. different scRNA seq datasets from different labs. 
Despite the challenges, multi-omics approaches are a powerful tool for the discovery of 
genes, pathways and biomarkers, and the development of personalized medicine.

AIM AND THESIS OUTLINE

Schizophrenia is a challenging and complex disorder. Throughout my thesis I will navigate 
from a rare SCZ-associated gene to the simultaneous analysis of many common SCZ-
risk genes using multiple –omics approaches. The aim is to uncover missing links from 
genes to biology for both rare and common variants and to highlight shared mechanism 
that may be key pathways for SCZ development. Moreover, the thesis aims at bringing 
evidence for the importance of a multi-omics approach in the study of complex and 
polygenic disorders like SCZ. My final aim is to explain the underlying biology of SCZ 
using rodent primary hippocampal neuronal cultures, a simplified model that allows for 
high throughput genetic manipulation and morphological and molecular profiling. The 
common research question throughout my thesis is how –omics data are linked to the 
genetic pleiotropy of SCZ and how they may increase our understanding of the disorder. 
Several examples are put forward to show that combined analysis of multi-omics data 
can be employed to gain useful insights into the broad complexity of SCZ biology. 

Chapter 2 describes how, starting from GWAS data, the combination of two –
omics techniques, cellomics and proteomics, can be used to formulate new testable 
hypothesis about the underlying biology of psychiatric diseases. First, the chapter 
provides a comprehensive explanation of cellomics, a technique that aims to provide 
reliable medium-throughput analysis of neuronal morphologies using automated 
microscopy. The different steps in the cellomics approach, including the critical 
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ones regarding sample preparation, experimental design and statistical analysis, are 
highlighted and its advantages and limitations are being discussed. Cellomics analysis 
provides unbiased target selection based on morphological data that can be further 
investigated using additional -omics approaches, such as proteomics. Proteomics aims 
to provide reliable measurement of the expression of the whole proteome of a cell type 
or tissue using mass spectrometry. The resulting data provide an overall view on the 
changes in protein expression that can be used to highlight key proteins involved in the 
observed cellomics phenotypes. The proteomics analysis also enables the discovery of 
shared functional pathways that are linked to the selected morphological phenotypes. 
Furthermore, proteomics data can be used for the generation of protein-protein 
interaction networks associated with the morphological phenotype. Importantly, 
pathway and network analyses from proteomics data can be linked back to SCZ to 
help identify and prioritize additional risk genes, e.g. from GWAS data, or to develop 
new testable hypothesis of the disorder.

In Chapter 3, the combination of cellomics and proteomics is employed for the 
analysis of a rare genetic variant associated with SCZ, the DISC1 t(1:11) balanced 
translocation, in mice. The aim of this chapter is to study how translocation in the 
DISC1 locus affects neuronal morphology. One hypothesis is that the translocation 
results in truncation of the DISC1 gene and protein, and consequently produces a DISC1 
loss-of-function phenotype. Alternatively, the translocation leads to the production of 
one or more fusion transcripts and proteins, producing an aberrant gain-of-function 
phenotype. To address this question, two in vitro cell models were employed, i.e., 
shRNA-mediated knockdown of DISC1, mimicking the loss-of-function of DISC1, and 
neurons derived from a novel mouse model that mimics the human translocation and 
expresses the aberrant fusion protein107. Combined cellomics and proteomics analysis 
of cultured neurons from the two models show two distinct profiles: the homozygous 
translocation causes cell loss as early as 7 days in vitro (DIV7). Proteomics and pathway 
analysis from heterozygous translocation cells show enrichment in broad ‘cytoplasm’-
related GO terms. The DISC1 knockdown model shows a significant increase in dendrite 
length and synapse numbers at DIV14. Moreover, pathway analysis shows enrichment 
for ‘neuronal projection’, ‘neuron development’ and ‘synapse’ GO terms. These results 
suggest that DISC1 translocation affects neuronal connectivity properties, i.e. dendrite 
growth and synapse formation, primarily through reduced Disc1 expression and DISC1 
loss-of-function, whereas gain-of-function mechanisms, i.e. the production of aberrant 
DISC1 fusion proteins, impose cellular stress and reduce neuronal viability in culture.

The combined cellomics and proteomics approach is also used in Chapter 4, but 
now to identify shared biological pathways for multiple candidate risk genes for SCZ. We 
used RNA interference (RNAi) to knockdown 41 selected SCZ-risk genes for cellomics 
analysis. Cluster analysis was then performed to first select reliable phenotypes and 
then to identify different morphological profiles. Clustering highlighted three genes, 
TBR1, TCF4 and TOP3B, that share a phenotype marked by an early and progressive 
reduction of synapse densities. Further proteomics analysis showed little to no 
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overlap when data were analysed for the three genes individually, but when the three 
proteomics datasets were combined, a significant enrichment emerged for syntaxin-
mediated neurotransmitter release pathways. This study supports the idea that 
polygenic risk is the result of multiple small impacts on common neuronal signaling 
pathways.

Chapter 5 is the study of a single GWAS locus: the GRM3 locus. GWAS loci group 
the SCZ-associated SNPs that fall into the same linkage disequilibrium region, and a 
challenge of these loci is the identification of the target gene, or genes, affected by SCZ-
associated SNPs. The GRM3 locus contains seven genes, including the putative target 
gene GRM3 that codes for the metabotropic glutamate receptor 3 (mGluR3). Recently, 
several metabotropic glutamate receptors modulators were developed and tested as 
treatment for SCZ24-27,30,31. Therefore, this chapter has two aims, first to characterize the 
morphological phenotype associated with every gene in the locus in order to facilitate 
target gene selection based on the neuronal phenotype that they induce, and second, 
to specifically identify transcriptomics and proteomics enriched pathways associated 
with GRM3 knockdown. RNAi combined with cellomics analysis showed that three genes 
in the GRM3 locus, ADAM22, GRM3, and KIAA1324L, have a role in dendrite growth and 
synapse development. Next, in-depth analysis with transcriptomics and proteomics of 
GRM3 knockdown cells shows evidence for enrichment in protein binding, enzymatic 
activity, transport and localization, vesicle-mediated transport, Rab regulation of 
trafficking and glutamatergic synaptic transmission. Interestingly, both proteomic and 
transcriptomic data showed an increase in expression of the RNA-binding fragile X 
mental retardation protein FMRP and its encoding gene Fmr1, and the transcriptomics 
data further revealed an enrichment for FMRP target mRNAs. Our data therefore hint 
for a novel functional connection between mGluR3, FMRP and synaptic dysfunction 
that may be of particular relevance in the pathogenesis of SCZ..

Finally, in Chapter 6 an overall discussion of my findings is presented. I will focus 
on the impact of multi-omics approaches in SCZ research, with an emphasis on the 
results presented in chapters 2-5, and then address the advantages and limitations 
of multi-omics approaches for the disentanglement of complex polygenic disorders 
in general.
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