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Chapter 1

General introduction 



Prefix

Schizophrenia is a neuropsychiatric disorder causing severe morbidity and high levels of 
mortality. Neurodevelopment has been implicated in the pathophysiology of schizophrenia 
for many years. Genetic and environmental influences affect both prenatal and postnatal 
neurodevelopmental processes, leading to an increased risk of developing schizophrenia. 

The genetic architecture of schizophrenia is highly polygenic, with many common and 
rare genetic variants explaining only a small proportion of the disease risk. Non-genetic 
environmental factors are considered important contributors to schizophrenia 
development. The environment during life, but also prenatal environmental disturbances, 
contribute to increased risk of developing schizophrenia in epidemiological studies. 

There is still a dire need to further elucidate the specific cellular and molecular 
mechanisms underlying the disturbances in neurodevelopmental processes suggested 
to be involved in schizophrenia pathology. To this end, the study of postmortem brain 
material and the use of 3D neurodevelopmental in vitro models provides opportunity to 
study brain alterations of schizophrenia patients on a microscopic level. 

This thesis reports studies on neurodevelopmental phenotypes of schizophrenia. 
In particular, on postnatal synaptic loss and prenatal environmental risk factors in 
schizophrenia. As an introduction to this, the basic concepts and current literature 
related to these subjects are described. First, we discuss the clinical characteristics 
of schizophrenia, and genetic and environmental risk factors involved (chapter 1.1). 
Followed by a brief overview of the two main topics studied in this thesis related to 
cortical neurodevelopment in schizophrenia: the dysconnectivity hypothesis, and 
prenatal environmental risk factors (maternal inflammation and prenatal nutritional 
deficits) (chapter 1.2). The next paragraphs introduce glial cells (microglia and astrocytes) 
and provide an overview of their role in cortical neurodevelopment and functioning, 
and their possible involvement in schizophrenia etiology (chapter 1.3). Then we describe 
translational models for mechanistic study of the brain in schizophrenia (chapter 1.4). 
Finally, the outline of the thesis is presented.  
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1
1.1 Schizophrenia 

Clinical characteristics of schizophrenia 
The term schizophrenia was first described by Kraeplin in 1896. Schizophrenia is a chronic 
psychiatric disorder affecting 20 million people worldwide1. The lifetime prevalence of 
schizophrenia is estimated at 0.5-1% in the general population2–4

Patients suffer from a broad spectrum of symptoms encompassing negative symptoms 
such as flattened affect, positive symptoms such as psychosis, accompanied by cognitive 
symptoms such as impairments in memory function5. Previously, the diagnosis of 
schizophrenia knew several subtypes (such as catatonic, disorganized, and paranoid). 
However, currently schizophrenia is viewed as a spectrum disorder, with patients 
presenting with varying combinations and intensities of symptoms, which can also 
change over the disease course6. Schizophrenia is associated with higher medical 
morbidity and a decrease in life expectancy7,8. Also, psychiatric comorbidities are frequent 
in schizophrenia, especially depression, anxiety, and substance abuse are common9,10. 
Besides symptoms of the disease impacting patient life on a physical, social, and 
occupational level, stigma, discrimination, and violation of human rights of people with 
schizophrenia is common, contributing to disease burden11.

Classification of schizophrenia is based on the diagnostic and statistical manual of mental 
disorders (DSM). To be diagnosed with schizophrenia, patients must experience at least 
two core symptoms for a significant proportion of time for one month, from which one 
must be delusions, hallucinations, or disorganized speech6. 

The disease is generally recognized and diagnosed in adolescence or early adulthood 
during the active phase, when the first psychosis manifests. Prodromal symptoms, such 
as a decline from social activities and in cognitive functioning, occur in a substantial 
proportion of patients, but often go unnoticed12. The current treatment consists of a 
holistic approach including psychological treatment, antipsychotic medication, and 
rehabilitation13,14. However, antipsychotic medication is not effective for all patients, 
often causes major side effects, and generally target positive, but not negative symptoms 
of the disease15. 

Genes and environment in schizophrenia
Schizophrenia is a highly heritable disease, with family and twin studies showing an 
incidence risk between 60 and 80 percent16,17. To identify and understand the underlying 
genetics, the disease has been studied using family cohorts, linkage studies, and more 
recently, genome wide association studies (GWAS)18–23. These studies have led to the 
identification of many schizophrenia risk loci. However, they also revealed that the 
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genetic architecture of schizophrenia is highly polygenic, with many common and rare 
genetic variants explaining only a small proportion of the risk24–26.

Besides the genetic risk, non-genetic environmental factors are important contributors 
to disease development in schizophrenia. Indeed, environmental factors such as 
(childhood) trauma, substance abuse, and pregnancy complications (like maternal 
infection and malnutrition) have been associated with an increased risk of developing 
schizophrenia27,28. Epigenetic regulation, modifying DNA accessibility trough both genetic 
and environmental influences, is thought to act as a mediator of environmental risk 
factors involved in schizophrenia pathology29–34. Both candidate- and epigenome-wide 
association study approaches have led to the identification of genetic loci that are 
differentially regulated epigenetically in schizophrenia35–38. 

Altogether this has led to the gene-environment hypothesis in schizophrenia: stating 
that genetic background, environmental risk factors, and their interaction contribute to 
rendering an individual more vulnerable for manifestation of the disease.

From symptoms and risk genes to disease mechanism
Altogether, the heterogeneity of the disease presentation in patients, the multitude of 
genetic and environmental risk factors for developing schizophrenia, and the lack of 
biological markers for the disease make it challenging to elucidate schizophrenia etiology. 
It is evident that there is a need for translation to underlying cellular and molecular 
phenotypes in the brain for better understanding of the disease and the development of 
novel treatment strategies. 

1.2 Schizophrenia as a neurodevelopmental disorder 

Because schizophrenia is not characterized by gross brain pathology, it was infamously 
called the ‘graveyard of neuropathologists’39. However, improved methods and the 
development of novel techniques have resulted in ample evidence of macroscopic 
and microscopic brain changes in schizophrenia. Neuro-imaging and postmortem 
brain studies have identified a decrease in grey and white matter volume and density, 
disruption of white matter connectivity, and changes in gyrification and cortical 
thickness9,40–50. Over the past decades many theories on the biological underpinnings 
of schizophrenia disease etiology have been proposed, relating to neurodegeneration, 
neurotransmitter disturbances (including glutamatergic, serotonergic, dopaminergic, and 
GABAergic transmitter systems), and increased immune activation.
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For the past 25 years, schizophrenia has increasingly been considered a neurodevel-
opmental disorder. During the prodromal phase of the disease subclinical features 
encompassing cognitive symptoms (such as IQ deficits) and neuropsychological 
symptoms are detectable, in some cases already before the age of 8 years51–55. Also, 
structural brain changes have been found premorbidly in frontal regions, with additional 
changes occurring over the transition to illness during adolescence and early adulthood56. 
Furthermore, schizophrenia risk loci identified by GWAS are shown to be enriched for 
transcript features that are involved in developmental regulation of the prefrontal 
cortex57,58. Altogether, development and maturation of the prefrontal cortex especially 
seems to be implicated in schizophrenia.  

Importantly, cortical neurodevelopment is not only something that happens prenatally, 
but is a process that continues postnatally (Figure 1 and BOX 1)59. In the context of 
schizophrenia, the neurodevelopmental theory proposes that the consequences of 
prenatal genetic predispositions and/or early adverse events during mid-gestation are 
latent throughout the first decades of life and become “unmasked” during normative 
maturational changes as psychosis becomes evident in early adulthood60,61. However, 
neurodevelopment is a continuing process, with neural network formation, optimization, 
and maturation in the frontal cortex extending beyond the perinatal period well into 
adolescence 62–64. Schizophrenia typically has its onset during late adolescence or early 
adulthood, coincident in time with cognitive maturation of the prefrontal cortices. 

Therefore, disruptions (genetic or environmental) affecting both pre- and postnatal stages 
of neurodevelopment are central in the neurodevelopmental theory of schizophrenia 
pathology. 

Dysconnectivity hypothesis
One of the most popular theories of postnatal neurodevelopmental origins of 
schizophrenia is related to the dysconnectivity hypothesis. The concept of schizophrenia 
being a disease of altered integration has been around for a long time, with psychiatrist 
Eugen Bleuler redefining schizophrenia as a splitting (schizen) of the mind’s (phren) 
normally integrated processes in 191165. The dysconnectivity hypothesis proposes that 
symptoms of schizophrenia arise from disturbed signaling within and between different 
brain regions, due to changes in neuronal connectivity and network organization66–70. A 
wealth of research has identified alterations in both structural (using magnetic resonance 
imaging and diffusion tensor imaging) and functional (using functional magnetic 
resonance imaging) measures of brain connectivity in schizophrenia, with many involving 
prefrontal brain regions71. Furthermore, brain network organization is associated with 
cognitive function in healthy subjects72–76 and symptom severity in schizophrenia77–81. 
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Accumulating evidence from genetic and neuropathological studies implies that changes 
in synapse density underlie these alterations in macroscale connectome organization in 
schizophrenia82–86. Repeatedly, studies have reported alterations in the density of pre- and 
post-synaptic elements in schizophrenia, and this phenotype is considered one of the 
most robust cellular aberrations found in schizophrenia postmortem tissue to date84.

Synapse formation and elimination are dynamic neurodevelopmental processes. 
Synapses are generated in large amounts during childhood, upon which many less 
functional/essential synapses are eliminated during early adolescence87. Already in 1983, 
the hypothesis was stated that schizophrenia could be caused by increased synaptic 
elimination during postnatal development88. 

However, although literature on the role of synapse pathology in the dysconnectivity 
phenotype of schizophrenia is extensive, questions remain. Studies quantifying synapse 
number in schizophrenia show conflicting results. Heterogeneity exists between studies 
on several levels, such as variety in pre-and postmortem confounders, differences in 
methodological approaches, and brain regions studied. Therefore, it remains challenging 
to infer conclusions about (sub-)brain region specificity, and the robustness of the 
phenotype in general. Furthermore, not much is known about either the cell autonomous 
or non-cell autonomous processes causing synaptic deficits in schizophrenia.

Prenatal environmental risk factors
Environmental influences during early life, when the brain is rapidly developing, have 
found to be important for healthy brain development. Both epidemiological and 
preclinical studies have shown that various prenatal disturbances during pregnancy are 
associated to the increase of psychiatric disease in offspring, such as maternal infection, 
and prenatal nutritional deficits.

Maternal immune activation

Prenatal infections have long been associated to the development of psychiatric disorders. 
Birth cohort studies have shown that offspring from mothers who experienced an infection 
during pregnancy (shown by the presence of antibodies or elevated c-reactive protein 
level) are at increased risk to develop schizophrenia later in life89–91. These findings are 
corroborated by rodent and non-human primate studies of maternal immune activation. 
Inducing an inflammatory response in a pregnant animal, increasing peripheral cytokine 
expression using viral or bacterial inflammatory stimuli, leads to a plethora of symptoms 
in the offspring. Behavioural alterations include deficits in sensorimotor gating, repetitive 
behaviour, and atypical social interactions92–99. Furthermore, prenatal inflammation 
leads to long lasting alterations in neurodevelopment, involving general reductions in 
brain volume, cortical and hippocampal abnormalities, neuronal loss, deficient neuronal 
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migration, changed dopaminergic and serotonergic neurotransmitter system functioning, 
astrogliosis, and microglia activation98,99. However, it remains to be determined how these 
changes, observed in animal studies, translate to the human situation. 

Prenatal nutrition

It is known that brain development is vulnerable to nutritional changes during early 
gestation100–102. Epidemiological studies have shown that maternal nutritional alterations 
during pregnancy increase the risk on psychiatric disease, such as schizophrenia, in the 
offspring102–107. For example, maternal famine increases the chance of schizophrenia 
by twofold108. Animal studies show that prenatal nutrition influences the developing 
brain in a structural way. Prenatal under- and over-nutrition, the availability of specific 
micronutrients (such as folate and vitamin A), and the composition of the diet, can affect 
neurogenesis, dendritic arborization, and glial phenotype109–112. However, “prenatal 
nutrition” is a broad concept, including many different components, leading to much 
heterogeneity among studies. Furthermore, studies disseminating the effect of maternal 
nutrition on specific signaling cascades and neurodevelopmental processes are scarce. 
Amino acids are a key component of nutrition and the essential amino acids need to be 
provided through the diet. Amino acids are best known as the building blocks of proteins, 
but also have an important regulatory function in the cell113. Specific amino acids 
have shown to influence mTOR activity. mTOR is involved in processes like cell growth, 
metabolism, and autophagy, and in neurodevelopment, regulating cortical structure 
formation through outer radial glia, timing of the gliogenic switch, axon formation and 
dendritic arborization114–118. Deregulation of mTOR function, due to genetic mutations 
or altered protein expression is involved in brain diseases, particularly developmental 
neuropsychiatric disorders such as autism spectrum disorder, schizophrenia, and 
tuberous sclerosis114,119–122. Therefore unravelling the effect of dietary amino acid changes 
on human neurodevelopment is of interest. 
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Box 1. Basics of human cortical development. 

Basics of human cortical development.

Corticogenesis starts at the ventricular zone of the brain. Ventricular radial glia 
(PAX6+) are formed at the ventricular zone around 15-17 gestational weeks 
(GW), making full basal-apical contacts, extending a long protrusion towards 
the cortical plate. Asymmetric division of these apical progenitors generates 
intermediate progenitors (TBR2+), which migrate alongside a radial protrusion 
through the subventricular zone and intermediate zone towards the cortical 
plate. This process continues until mid-gestation (20 GW). In the cortical plate, 
the intermediate progenitors further develop into mature pyramidal neurons 
(NEUN+). Cortical inhibitory neurons arise from the ganglionic eminences and 
migrate tangentially to integrate into the cortex. Importantly, outer radial 
glia (PAX6+ and HOPX+), present in the outer subventricular zone, increase 
the progenitor pool and the number of radial fibers that neurons can use to 
migrate towards the cortical plate in humans. The process of cortical layer 
formation is regulated in an “inside-out” manner, a process regulated by reelin 
signaling. Early-born intermediate progenitors end up forming the deeper 
layers of the cortical plate (CTIP2+), while the late-born intermediate progenitors 
form the upper layers of the cortical plate (SATB2+), later giving rise to the six 
distinct layers of the cortex. After cortical neurogenesis, in the second half of 
human fetal development, radial glia switch to producing glial progenitors, 
which develop into astrocytes and oligodendrocytes. A process known as the 
gliogenic switch, which continues postnatally. Mesodermal derived microglia 
progenitors invade the brain parenchyma from the blood stream as early as 4 
GW and are fully colonizing the entire cerebral cortex from the middle of the 
second trimester. Neural network formation, including synaptogenesis, synaptic 
pruning, dendritic arborization, myelination, and development/finetuning 
of both excitatory and inhibitory neurotransmitter systems, are processes 
that continue well into adolescence, which is accompanied by an increase in 
cognitive executive function. The development of the brain postnatally is also 
emphasized by the great increase in brain weight in the first decade of life. (See 
Figure 1)59,123–131 
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Figure 1. Schematic depiction of prenatal and postnatal neurodevelopmental processes. 
During prenatal cortical development, a radial scaffold is formed in which neurons, astrocytes and 
oligodendrocytes are generated and migrate towards their accurate position in the six layered cortex to 
mature. During postnatal development the brain increases significantly in size, while processes concerning 
the interconnection of cells and different brain regions occur, coinciding with an increase in cognitive 
executive function development. This exemplifies that cortical neurodevelopment is a protracted process 
encompassing both prenatal and postnatal stages.

 
1.3 Role for glia 

Classically, hypothesis-driven research about schizophrenia etiology has focused on 
neuronal disfunction. However, recently an increasing amount of research has been 
dedicated towards the contribution of glial cells, like astrocytes and microglia, in this 
disease. 

Astrocytes
Astrocytes are often referred to as “the stars of the brain”. Not only because of their highly 
ramified, starshaped appearance, but also because of the numerous functions they exert 
in the brain. Astrocytes originate from the neuroectoderm. After a process called the 
gliogenic switch, sub-ventricular zone radial glia cells switch from producing neuronal 
precursors, to generating glial progenitors126. Astrocytes are involved in maintaining 
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homeostasis, provide structural and metabolic support for other brain cells, are a 
component of the blood brain barrier, immunologically protect the brain parenchyma, 
and influence neuronal connectivity by chemically and physically interacting with 
synapses132,133 (Figure 2).

Microglia
Microglia are known as the innate immune cells of the brain. These resident macrophages 
originate from mesodermal lineage in the yolk sac, from where primitive macrophages 
generated during primitive hematopoiesis infiltrate the brain parenchyma, where 
they further develop into microglia134–136. They are well-known for their function in 
inflammation, which includes secretion of pro- and anti-inflammatory cytokines, and 
phagocytosis of pathogens137,138. However, microglia are also found to be key players 
of neurodevelopment, as they eliminate excess neuronal progenitors, but also for their 
interaction with synapses and ability to eliminate them139–142 (Figure 2).

Astrocyte and microglia involvement in schizophrenia
A role for glia in schizophrenia was first proposed by Bogerts in 1983: ‘If the functional unit 
of the brain is not the neuron but rather the neuron-glial complex, then both neuronal and 
glial cells could be involved in mental diseases’143. 

Glia are especially interesting as the evolutionary appearance of uniquely human 
disorders, such as schizophrenia, parallels that of glia evolution. Glia evolution accelerated 
with the appearance of hominids, as astroglial complexity and pleomorphism increased 
significantly, also microglia acquired human specific transcriptomic programs144–146. 

Genes

Large genetic and transcriptome studies have identified both astrocytic and microglial 
schizophrenia risk genes. The GWAS study on schizophrenia in 2014 showed that the 
major histocompatibility complex class II (MHC-II) locus, involved in the immune response, 
was the strongest genetic association with schizophrenia147. Later, a study assessing 
multiple psychiatric disorders, found a shared association among pathways involved in 
(among histone methylation and synaptic function) immune related genes23. Because of 
their important role in the immune system of the CNS, these findings point to a genetic 
fundament for microglial involvement in schizophrenia. Furthermore, functional gene set 
analysis, testing for combined effects of genetic variants in glial genes in schizophrenia 
GWAS data, showed a high significance for the astrocyte gene set148. The study of Gandal 
(2018b), including both schizophrenia GWAS and transcriptomic data, also identified 
an astrocyte gene cluster to be upregulated in schizophrenia86. These genetic studies 
underline the involvement of astrocytes in schizophrenia. 
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Figure 2. Functions of astrocytes and microglia. 
Astrocytes (pink), and microglia (blue) are involved in many brain functions, such as structural and 
metabolic support, interaction with the blood-brain-barrier (BBB), the immunological response (containing 
glial scar formation, cytokine expression, and phagocytosis of foreign pathogens), and interact with 
neuronal (purple) synapses, forming the quad-partite synapse (red square) facilitating synapse formation, 
maturation, and elimination. 

Immune activation in schizophrenia?

Astrocytes and microglia have been studied extensively in relation to the immune 
hypothesis in schizophrenia pathogenesis, posing that microglia and/or astrocytes are 
immunologically activated, leading to disease. The theory is based on above-described 
genetic findings, the co-occurrence of auto-immune and infectious disorders, and 
increased immunological markers (such as cytokines) in blood and CSF in patients with 
schizophrenia149–155. However, this field has been losing playing field because of many 
reports showing no widespread microglia activation and/or astrogliosis in postmortem 
human brain tissue of patients with schizophrenia156,157. Now, the focus on the role of 
astrocytes and microglia in schizophrenia has shifted to different perspectives. 
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Synapse elimination

Astrocytes and microglia both interact closely with synapses, forming the quad-partite 
synapse. In their own way, astrocytes and microglia are involved in the formation, 
maintenance, and pruning of synapses during neurodevelopment158,159. Therefore, these 
glia are considered key suspects regarding the decreased density of synapses identified 
in postmortem brain of schizophrenia patients. Especially their role in synaptic pruning is 
hypothesized to be involved in schizophrenia pathology. 

Microglia are well-known as the “gardeners” of the brain, as for many years their role in 
synapse elimination has been observed160. Microglia prune away synapses through 
complement signaling. Complement factors C1q and C3 are expressed as “eat me” 
signals on synapses of specific neurons, which are recognized by the C3 receptor on 
microglia, which induces phagocytosis of the synapse142,159. Interestingly, astrocytes are 
also involved in this process. Astrocyte produced TGF-beta, inducing C1q expression in 
neurons, thereby promoting the elimination of synapses through microglial pruning161,162. 
However, astrocytes are also capable of actively pruning synapses themselves through 
the MEGF10 and MERTK phagocytic pathway158. 

The complement cascade has been strongly implied in schizophrenia pathogenesis. The 
major histocompatibility complex (MHC) stands out as the strongest region of association 
in multiple schizophrenia GWAS147,163,164. Complement factor 4a (C4a) was identified as 
an affected gene in this locus, as schizophrenia risk is associated to different C4a copy 
number variants, leading to increased expression of the gene165–167. 

Interestingly, a robust increase of glial mediated synaptic pruning during adolescence 
coincides with the general onset of psychotic symptoms in schizophrenia, further 
implicating glial functioning in the pathogenesis of schizophrenia. 

Susceptibility to environmental change during neurodevelopment

Because of their reactive nature, astrocytes and microglia are found to be important relay 
stations between the outside environment and the CNS. Also, this makes them highly 
susceptible to environmental stimuli, such as stress, but also, inflammation and altered 
nutrition, especially during prenatal development112,168–174. 

Deviations in the glial developmental trajectory are thought to influence neurodevel-
opment actively, by phenotypically changing to their activated state, releasing cytokines, 
and impairing neurogenesis. But also, passively, by not exerting their regular functions, 
thereby reducing neuronal support102,175–178. Furthermore, these environmental effects 
on glial development, can cause a shift in cell type ratio’s by changing the timing of the 
gliogenic switch, or affecting microglial regulation of the neural progenitor pool. 
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1.4 Translational approaches in schizophrenia 

Studying the brain in psychiatry comes with challenges. Although informative on a 
macroscale level, in vivo neuroimaging studies do not provide the spatial resolution 
necessary for the study of microscale (sub-)cellular processes. And due to obvious 
ethical and functional implications, brain biopsies from living donors are not performed. 
Therefore, the field often relies on preclinical animal models to study disease mechanisms. 
However, the use of animal models to study symptoms related to higher cognitive 
functioning in schizophrenia is controversial. Furthermore, rodent and human brain 
differentiate from each other significantly, not just in size and complexity, but also in 
cellular and molecular processes involved during development, and in form and function 
of various types of brain-cells144–146,179,180. Altogether, translational approaches for the 
study of schizophrenia are necessary. 

Postmortem human brain tissue
Postmortem human brain studies currently form the golden standard in research on 
the cellular and molecular basis of psychiatric disease. These tissues provide a valuable 
resource to study the diseased brain directly and in detail, and this approach has 
therefore been performed in schizophrenia quite extensively. The Netherlands Brain Bank 
(NBB) collects, processes, and stores postmortem human brain materials from premortem 
registered donors for research worldwide. Since 2012, the NBB started a program 
recruiting donors with psychiatric disorders specifically: NBB-Psychiatry (NBB-PSY). This 
has led to a novel cohort of schizophrenia postmortem brain tissue from the NBB-PSY 
initiative, which has been studied in this thesis. However, postmortem research comes 
with its own challenges, considering many confounders181. Importantly, this approach can 
only be applied for static “end-point” measurements and does not provide opportunity to 
study early neurodevelopmental disease processes. 

Cerebral organoids
In 2013, Lancaster and colleagues introduced a novel 3D in vitro model, enabling 
the study of the human developing brain in a dish: the cerebral organoid model182. 
Induced pluripotent stem cells (iPSC), generated from human blood or skin cells, are 
grown in spheres. The spheres are grown in an environment in which they develop 
neuroectoderm, after which they further self-assemble into 3D brain structures. The 
cerebral organoids are shown to resemble the human development of the neocortex 
on transcriptomic, epigenomic and structural level182–185. These studies have shown that 
cerebral organoids cultured up to 100 days simulate fetal brain development at post-con-
ceptional week 17-24. Furthermore, cerebral organoids originated from human iPSC show 
neurostructural phenotypes which are specific for the human developing cortex and not 
present in rodents, like the presence of an outer sub ventricular zone, with outer radial 
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glia182,183. As cerebral organoids mature, the system contains a multitude of different 
cell types: neurons, astrocytes, but as recently discovered, also microglia182,186,187. These 
different cell types form an integrated network in 3D, opposed to single cell type 2D in 
vitro iPSC derived approaches. Upon its discovery, multiple different variants of “brain 
organoids” have been developed, each with their own (dis)advantages188–192. The cerebral 
organoid model, and its derivatives, have previously been utilized to study neuropsy-
chiatric disorders, among which (specific genetic variants of ) schizophrenia, resulting in 
the identification of developmental abnormalities leading to cellular disfunction193–196. 
Furthermore, approaches exploring the effect of environmental stimuli on neurodevel-
opment have also been applied in these type of models, such as exposure to alcohol197, 
nicotine198, and drugs such as methamphetamine199. Altogether, the cerebral organoid 
model provides a unique translational opportunity to study human neurodevelopment in 
vitro in a dynamic system of alive cells.
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Aim of this thesis

Aim
The aim of this thesis is to elucidate underlying neurodevelopmental molecular and 
cellular mechanisms of schizophrenia pathology in the (developing) cortex, with a specific 
focus on tissue specificity and environmental risk factors.

Hypothesis
We hypothesize that specific molecular and/or cellular neurodevelopmental processes 
are affected in schizophrenia pathogenesis.

Approach
We research tissue specific cortical abnormalities in schizophrenia using postmortem 
human brain tissue related to the dysconnectivity phenotype and DNA methylation (part 
I) and study the effect of potential prenatal environmental risk factors for developing 
schizophrenia on cortical development in an in vitro cerebral organoid model (part II). 

Main research questions
Can we identify tissue specific cellular/molecular phenotypes related to postnatal 
neurodevelopment in the postmortem brain of schizophrenia patients?

• Are synapse density changes more prevalent in schizophrenia postmortem brain 
 tissue compared to controls? 
• Are synapse, microglia, or astrocyte number or phenotype altered in schizophrenia,  
 and are they related to each other? 
• Are tissue type specific DNA methylation patterns affected in schizophrenia? 

Can we identify cellular/molecular phenotypes which are affected during early human 
neurodevelopment upon exposure to environmental risk factors for schizophrenia in 
cerebral organoids?

•  Are early neurodevelopmental processes, and especially glial function, affected  
 upon immune stimulation?  
•  Is there an mTOR mediated effect on neurodevelopment upon changed dietary  
 exposure? 
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Thesis outline

Part 1 Tissue specific cortical abnormalities in schizophrenia using 
postmortem human brain tissue 

Chapter 2. Changed synapse density has been suggested to be involved in altered 
brain connectivity underlying schizophrenia pathology. However, postmortem studies 
addressing this topic are heterogeneous and it is not known whether changes are 
restricted to specific brain regions. We systematically described and meta-analysed 
published literature on quantitative measures of postsynaptic elements in both 
subcortical and cortical postmortem human brain tissue comparing patients with 
schizophrenia and non-psychiatric controls. 

Chapter 3. Glial cells, like microglia and astrocytes, have repeatedly been implicated 
to contribute to the synapse decrease found in schizophrenia. However, few studies 
have investigated synapses and glia simultaneously, and the importance of spatial 
heterogeneity of the cortical layers has been underappreciated. In this study we 
performed an extensive phenotypical analysis of synapses, microglia, astrocytes and their 
association in cortical grey matter, and layer III specifically, in postmortem human cortical 
brain tissue comparing patients with schizophrenia and non-psychiatric controls. 

Chapter 4. Epigenetic regulation, such as DNA methylation, which functions as a 
mediator of both genetic differences and environmental risk factors involved in 
schizophrenia pathology, is hypothesized to contribute to changes in cortical functioning 
in schizophrenia. Therefore, we performed an explorative epigenome-wide DNA 
methylation study, separating grey and white matter, in cortical postmortem human 
brain tissue, comparing patients with schizophrenia and non-psychiatric controls.

Part II The effect of potential prenatal environmental risk factors for 
developing schizophrenia on neurodevelopment in cerebral organoids

Chapter 5. Maternal infection during pregnancy is a risk factor for developing 
schizophrenia and other psychiatric illness in the offspring. It remains difficult to 
investigate how early human development is affected in human subjects or with the use 
of animal models. We investigated the effect of prenatal immune activation on neurode-
velopment by exposing developing cerebral organoids to lipopolysaccharide.  

Chapter 6. Prenatal nutrition is a key modifier of neurodevelopment and affects the risk 
on a range of neuropsychiatric conditions such as schizophrenia. Specific alterations in 
amino acid ratios show to affect mTOR activity in cells and change mouse behaviour. In 
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Figure 3. Schematic overview of the different chapters of this thesis and their connection. 
The different thesis chapters are studies on post-and pre-natal neurodevelopmental phenotypes of 
schizophrenia which were performed using postmortem human brain tissue or cerebral organoids, 
studying the dysconnectivity phenotype or environmental risk factors. 

our study, we researched the effect of specific amino acid alterations on mTOR activation, 
general growth, and transcriptomics in human neurodevelopment by exposing cerebral 
organoids to increased concentrations of the three amino acids Histidine, Lysine, and 
Threonine. 

Chapter 7. Here, a summary of the findings from this thesis is given and the conclusions, 
limitations, and recommendations for further research are discussed. 
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Abstract 

Changed synapse density has been suggested to be involved in the altered brain 
connectivity underlying schizophrenia (SCZ) pathology. However, postmortem 
studies addressing this topic are heterogeneous and it is not known whether changes 
are restricted to specific brain regions. Using meta-analysis, we systematically and 
quantitatively reviewed literature on the density of postsynaptic elements in postmortem 
brain tissue of patients with schizophrenia compared to healthy controls. We included 
three outcome measurements for postsynaptic elements: dendritic spine density, 
postsynaptic density number, and postsynaptic density protein expression levels. 
Random-effects meta-analysis (31 studies) revealed an overall decrease in density 
of postsynaptic elements in schizophrenia (Hedges’s g: -0.33; 95%CI: -0.60 - -0.05; p 
= 0.020). Subgroup analyses showed reduction of postsynaptic elements in cortical, 
but not subcortical tissues (Hedges’s g: -0.44; 95%CI: -0.76 - -0.12; p = 0.008, Hedges’s 
g: -0.11; 95%CI: -0.54 – 0.35 p = 0.671), and specifically a decrease for the outcome 
measure dendritic spine density (Hedges’s g: -0.81; 95%CI: -1.37 - -0.26; p = 0.004). 
Further exploratory analyses showed a significant decrease of postsynaptic elements in 
the prefrontal cortex and cortical layer 3. In all analyses, substantial heterogeneity was 
present. Meta-regression analyses showed no influence of age, sex, postmortem interval 
or brain bank on the effect size. This meta-analysis shows a region-specific decrease in the 
density of postsynaptic elements in schizophrenia. This phenotype provides an important 
cellular hallmark for future preclinical and neuropathological research in order to increase 
our understanding of brain dysconnectivity in schizophrenia. 
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1. Introduction

Schizophrenia (SCZ) is a  severe  psychiatric disorder affecting approximately 0.5-1% of 
the general population, causing high morbidity and mortality rates1–4. Core symptoms of 
SCZ are characterized by hallucinations, lack of motivation, and cognitive impairments 
and are thought to result from altered brain connectivity and network organization5–9. 
Accumulating evidence from genetic and neuropathological studies implies that changes 
in synapse density underlie these alterations in macroscale connectome organization 
in SCZ10–19. This is supported by studies reporting grey matter volume reductions in SCZ 
patient brains, caused by a decrease in neuropil rather than a loss of cell number20–23. 

Furthermore, it was recently shown that levels of the presynaptic protein synaptophysin 
are decreased in SCZ hippocampus, frontal cortex and cingulate cortex19. However, a 
combined systematic analysis of changes in the expression of postsynaptic proteins, and 
the density of postsynaptic elements such as dendritic spines is lacking.

Dendritic spines are small bulges on dendrites, forming the primary site of input for 
most excitatory synapses in the brain24–26. The number of dendritic spines is dynamic, 
particularly during development, showing a rapid increase during childhood followed 
by a prominent decrease during adolescence27. Interestingly, changes in spine pruning 
rate during adolescence have been implicated in the development of schizophrenia28–31. 
Dendritic spines contain many different proteins involved in neuro-chemical signalling. In 
particular, neurotransmitter receptor proteins such as NMDARs and AMPARs are anchored 
in the postsynaptic density (PSD) by numerous scaffolding proteins such as PSD9532. Thus, 
the PSD has an important role in arranging and coordinating receptor function and is 
essential for efficient synaptic transmission. 

The density of postsynaptic structures in postmortem brain tissue can be determined 
using several approaches (Figure 1A-D). Dendritic spine density can be quantified with 
Golgi-staining and immunohistochemistry (IHC) (Figure 1B)33. At the ultrastructural level, 
electron microscopy studies can identify the number of PSD’s that are separated by a 
synaptic cleft from a presynaptic membrane, forming functional synapses (Figure 1C)34. 

Also, PSD protein expression levels, measured with Western blot or IHC, although varying 
with the size of the PSD, are thought to reflect the number of synapses (Figure 1D)35,36. 
Therefore, all these measures (dendritic spine density, PSD number and PSD protein 
expression), which we collectively refer to as “postsynaptic elements”, can be used as 
proxies for the number of excitatory synapses in postmortem brain tissue. 
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Figure 1. Schematic representation of postsynaptic element measurements and brain regions 
included in the meta-analysis. 
Panel A-D show measurements that are used to quantify postsynaptic elements in postmortem brain 
tissue. (A) shows a neuron with its dendritic tree. The enlargement in (B) shows that each dendrite contains 
numerous dendritic spines (arrows), which can be quantified using Golgi staining (B’ from Glantz and Lewis, 
200037) or immunohistochemistry (B’’ from Shelton et al., 201516). In (C) pre-synaptic terminals innervate 
postsynaptic-densities on a dendritic spine (white arrow), forming an axospinous synapse, or directly on 
the dendrite (black arrow), forming an axodendritic synapse. The number of these PSD can be measured 
with electron microscopy (C’ from Roberts et al., 2015). The postsynaptic-density in (D) is an accumulation 
of many postsynaptic proteins at the postsynaptic membrane, which can be quantified by western blot (D’ 
from Clinton et al., 2006) or immunohistochemistry (D’’ from Chung et al., 2016). (E-G) provide a simplified 
representation of brain regions and proteins in the postsynaptic-density that are assessed in studies 
included in our meta-analysis: PFC-Prefrontal Cortex; DLPFC-Dorsolateral Prefrontal Cortex; OFC-Orb-
itofrontal Cortex; OC-Olfactory Cortex; AC-Auditory Cortex; TC-Temporal Cortex; OCP-Occipital Cortex; 
ACC-Anterior Cingulate Cortex; NAcc-Nucleus Accumbens; Tha-Thalamus; Hip-Hippocampus. 
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Although literature on the density of postsynaptic elements in SCZ is quite extensive, 
findings are often conflicting. Most postmortem brain studies included a limited number 
of subjects, due to restricted availability of material and the labor intensiveness of 
performing histological studies. Furthermore, a large variety of pre- and postmortem 
confounders contributes to the high heterogeneity observed between postmortem 
studies38. In addition, it is difficult to draw conclusions on regional effects, as studies are 
performed using different methodological approaches, and assess different brain regions. 
Altogether, these factors limit the understanding of the contribution of changes in 
postsynaptic element in the pathophysiology of SCZ.

While literature on dendritic spine density, PSD number, and PSD protein expression 
in SCZ postmortem brain tissue has been reviewed individually13–18,39, an integrated 
assessment, combining these different types of synapse density measurements in 
multiple brain areas in SCZ using meta-analysis has not been performed before. Although 
not often performed in the context of preclinical studies, meta-analysis provides a 
powerful tool to synthesize data on a specific topic.

The primary aim of this study was to review the evidence for alterations in the density of 
postsynaptic elements in SCZ postmortem brain tissue. The second aim was to analyze 
whether changes in the density of postsynaptic elements are specific to certain brain 
regions. To this end, we performed a systematic search to qualitatively and quantitatively 
review available literature on dendritic spine density, PSD density, and PSD protein 
expression in SCZ. 

2. Methods

2.1 Search strategy
This quantitative review is performed according to the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA)40, following Meta-analysis of 
Observational Studies in Epidemiology (MOOSE)41 guidelines throughout. Two systematic 
searches were performed in PubMed: 1- (spine OR dendritic spine OR spine*) AND 
(density) AND ((Schizophrenia OR Psychosis OR Psychotic)), 2- (schizophreni* OR psychosis 
OR schizophrenia) AND (post synapse OR PSD OR post-synapse OR post-synapt* OR post 
synapt* OR postsynap*). The search was updated until April 30th, 2018. Pre-specified 
inclusion criteria were set as: human postmortem studies; comparing patients with 
healthy controls; measuring a structural outcome of postsynaptic elements (dendritic 
spine density, PSD number, or PSD protein expression); original research, published in 
a peer-reviewed journal; written in English. Exclusion criteria were: presence of other 
neurological disorders; animal studies; review articles; re-analysis of previously published 
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data; proteomic/transcriptomic approaches; studies that reported data incompletely and 
did not provide the information upon request. Furthermore, as messenger ribonucleic 
acid (mRNA) measurements provide no direct structural readout of the number of 
postsynaptic elements, and post translational modifications can result in a poor relation 
between transcript and protein expression, we excluded studies focussing on RNA only.

2.2 Data extraction
ABvB and LDW independently performed title and abstract screening for both systematic 
searches and reviewed full text for eligibility. Data extraction was performed by ABvB and 
checked independently by CHM. In addition to main outcome variables (dendritic spine 
density, PSD number and PSD protein expression), following variables were extracted 
for effect size (ES) calculation and potential moderator analyses: sample size, methods, 
brain-bank, brain-area, sub-region, age, sex, postmortem interval (PMI), and pH. When 
data records in the original article were not sufficient to generate ES, corresponding 
authors were asked to provide the raw data. Reference lists were checked for cross-re-
ferences. In case of follow-up data or re-analysis of previously reported data42–45, we only 
included outcomes of the original research. Studies using partly overlapping samples, 
studying different brain areas or different proteins, were included separately. Where data 
were not reported numerically, data were extracted using https://automeris.io/WebPlot-
Digitizer/.

2.3 Quality-control
Methodology, study design, and reporting were assessed to evaluate quality of included 
studies. Methodology was checked for complete description of technical methods and 
analyses. Study design was rated by researches blinded to diagnosis, whether they 
checked for neuropathology, the degree of matching of control and patient population, 
and the assessment/correction of general (age/PMI) and other confounding factors (such 
as: medication use, suicide or smoking). For reporting, we assessed whether studies fully 
described the method of psychopathological examination, population demographics 
and main outcome variables.

2.4 Statistical analysis
Meta-analyses were performed using the Comprehensive Meta-Analysis software (Biostat, 
Englewood, NJ USA). Change in dendritic spine density, PSD number, or PSD protein 
expression per brain (sub-)region was used to quantify ES between SCZ and the control 
group. Sample size, mean and standard deviation (SD) were used to generate ES. When 
mean and/or SD were unavailable, sample size and exact p-value were used to generate 
ES. Hedges’g and the upper/lower limit of the 95% confidence interval (95%CI) were used 
to express ES. A random effects model was used, as heterogeneity between studies was to 
be expected. Heterogeneity between studies was measured with Cochran’s Q-test and I2 
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statistic to provide an estimation of the variation attributed to differences in true effects. 
Q (weighted sum of squares) is, equal to df if studies share a common effect. I2 reflects the 
proportion of observed variance reflecting real differences in ES, by dividing the excess 
dispersion (Q-df) by the total dispersion (Q). I2 was considered low at 25%, moderate at 
50% and high at 75%. Publication bias was assessed by visual inspection of the Funnel 
Plot and calculated with Egger’s test (significance level: p < 0.1). Random effects meta-re-
gression analyses were performed to analyse the role of potential confounding factors 
(brain bank, age, sex and PMI).

As we expected that different measurements within the same study are not independent 
of each-other, we nested data from these studies in a conservative approach, computing 
combined scores from all measurement within one study.

The primary meta-analysis was performed pooling all included studies to assess a 
brain wide effect on the density of postsynaptic elements in SCZ. We further stratified 
the analysis with subgroup analysis of a-priori selected variables, analysing biological- 
(subcortical/cortical) and technical variation (outcome measures), to assess sources of 
heterogeneity. Data of the same study were included in multiple sub-categories when 
data were reported separately for these categories (indicated with *). As we assume a 
common among-study variance across different subgroups, we pooled within group 
estimates of tau-squared. Between-group differences were tested using the Q-test based 
analysis of variance to determine whether the variance within subgroups was significantly 
smaller than the variance of all the combined data (Qbetween = Qtotal – (QSubgroupA + QSubgroupB). 
Exploratory subgroup meta-analysis, separating data based on sub-brain area, were 
performed when at least five independent studies (recommended for random-effects 
meta-analysis) could be included46. Throughout the study, forest plot figures show 
random effects meta-analysis, representing ES in Hedges’s g with 95%CI for each study. 
Square size is proportional to study weight and the grey diamond indicates pooled effect 
size. Schematic images were produced using Motifolio.
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3. Results

3.1 Database Search 
Database searches in PubMed and cross-referencing yielded a total of 1527 records 
(Figure 2). After title and abstract screening, 116 studies remained for full text assessment. 
Of these, we excluded 81 studies (Supplementary Table 1). Authors of four studies47–50 
were contacted for additional information, a reply was received from one50. 

Figure 2. PRISMA flowchart. 
Diagram of the systematic search strategy. *One paper reported data on both dendritic spine density and 
PSD protein expression. 
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We identified 34 individual studies assessing structural measurements of postsynaptic 
elements: dendritic spine density (8), PSD number (6), and PSD protein expression (21) 
for qualitative analysis. One study measured both dendritic spine density and PSD protein 
expression51. These studies considered 12 different brain regions (Figure 1E) and a variety 
of PSD proteins (Figure 1F). Replication studies, analysing the exact same measurement 
in the same region in at least three separate cohorts, were scarce. Only PSD95 
measurements were replicated in the hippocampus51–54, ACC55–57 and DLPFC52,55,56,58,59. 
This limits the opportunity to perform separate analyses of specific brain regions. 
Therefore, we assessed all data together, to then further explore where possible sources 
of heterogeneity in sub-analyses. An overview of included studies and extracted data can be 
found in Supplementary Table 212,50,51,53–55,57–80.

3.2 Qualitative analysis
We performed a quality assessment for all 34 studies assessing methodology, study 
design and reporting (Supplementary Table 3). Although postmortem studies are labour 
intensive and involve many pre- and postmortem confounders, our assessment showed 
that in general the included studies were of good quality. Most studies reported the 
demographics in full, described their applied methods extensively, performed matching, 
and controlled for important confounders (age/PMI/sex). However, 16 studies did not 
report on neuropathological examinations. As changes in synapse number have been 
described in a number of neurodegenerative diseases81, neurologic comorbidity could be 
an important confounder. Moreover, we found that 16 studies did not report on blinding 
the experiment, and six studies did not report on the method of SCZ diagnosis. 

3.3 Primary analysis: association of postsynaptic element density in SCZ 
postmortem brain
We performed a random-effects meta-analysis on 31 separate studies including all brain 
regions and all three study categories (comprising 98 individual datapoints). To prevent 
overrepresentation of studies including multiple measurements, estimated ES within 
each study were nested. Meta-analysis of the nested data showed that the density of 
postsynaptic elements is lower in SCZ patients then in control subjects (Figure 3; ES: -0.33; 
95%CI: -0.60 – -0.05; p = 0.020). A similar result was obtained performing the analysis with 
un-nested data (Supplementary Figure 1; ES: -0.22; 95%CI: -0.37 – -0.07; p = 0.004). 

We detected high between study heterogeneity (I2: 78.39%; Q: 138.90; p < 0.001). 
Sensitivity analysis, excluding studies with a residual z-core +/-1.9616, showed no 
significant, but trend level decrease in postsynaptic elements (Supplementary Figure 2; 
ES: -0.24; 95%CI: -0.48 – -0.003; p = 0.053). Although decreased, heterogeneity remained 
moderate (I2: 70.59%; Q: 98.61; p < 0.001). 
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3.4 Subgroup analysis: stratified by brain region and study category
To assess possible sources of variation, we performed subgroup analyses. Data from the 
same study were included in both analyses when data were reported separately for each 
group51,53,60,82. First, we separated cortical and subcortical studies. Subgroup analyses 
revealed a significant decrease in density of postsynaptic elements in cortical tissues 
(Figure 4a; ES: -0.44; 95%CI: -0.76 – -0.12; p = 0.008), but no change in subcortical tissues 
(Figure 4a; ES: -0.11; 95%CI: -0.54 – 0.35 p = 0.671). However, the Q-test based analysis 

Publication bias was assessed based on visual inspection of the funnel plot and Egger’s 
regression test. No asymmetry was observed by visual inspection, which was confirmed 
by Egger’s regression test (p = 0.42) (Supplementary Figure 3). 

We performed meta-regression analyses to check potential continuous (age, sex 
distribution and PMI) and categorical (brain bank) confounder variables. Age, sex, PMI and 
brain bank showed no moderating effects on outcome measurements (Supplementary 
Figure 4; p > 0.05).
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Kolomeets et al., (2007) Subcortical PSD
Kung et al., (1998) Subcortical PSD
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Kajimoto et al., (2003) Subcortical Protein
Matosin et al., (2016) Subcortical Protein
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Glantz and Lewis (2000) Cortical DSD
Kolluri et al., (2005) Cortical DSD
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Shelton et al., (2015) Cortical DSD
Sweet et al., (2009) Cortical DSD
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Figure 3. Forest plot of primary meta-analysis on density of postsynaptic elements in SCZ. 
The pooled effect size of all studies on postsynaptic elements indicates that the density of postsynaptic 
elements is decreased in SCZ (p < 0.05). PSD-PSD number; Protein-PSD protein expression level; DSD-den-
dritic-spine density. 
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Figure 4. Forest plots of subgroup meta-analyses on density of postsynaptic elements in SCZ. 
Subgroup meta-analyses for postsynaptic density in SCZ stratified per (A) brain region (cortical/subcortical) 
and (B) study category. The pooled effect size of studies on the density of postsynaptic elements in cortical 
tissues is decreased in SCZ (p<0.05), but not significantly changed in studies on subcortical tissues (p > 
0.05). PSD-PSD number; Protein-PSD protein expression level; DSD-dendritic-spine density.
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Funk et al., (2011) Cortical Protein
Funk et al., (2017) Cortical Protein
Hammond et al., (2010) Cortical Protein
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Toyooka et al., (2002) Cortical Protein
Garey et al.,  (1998) Cortical DSD
Glantz and Lewis (2000) Cortical DSD
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Konopaske et al., (2014) Cortical DSD
Shelton et al., (2015) Cortical DSD
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of variance for subgroup differences indicated no significant difference between the 
two groups (Qbetween = 1.50; p = 0.221). No publication bias (Supplementary Figure 5) 
or confounding effects of age, sex, PMI and brain bank (Supplementary Figure 6) were 
found. High between-study heterogeneity remained in both cortical (I2: 77.98%; Q: 90.82; 
p < 0.001) and subcortical (I2: 76.18%; Q: 46.17; p < 0.001) studies. 

A subgroup analysis was also performed separating the three study categories (dendritic 
spine density, PSD number, and PSD protein expression). We found a significant decrease 
in dendritic spine density (Figure 4b; ES: -0.81; 95%CI: -1.37 – -0.26; p = 0.004), and no 
difference for PSD protein expression (Figure 4b; ES: -0.17; 95%CI: -0.51 – 0.16; p = 0.320) 
or PSD number (Figure 4b; ES: -0.01; 95%CI: -0.72 – 0.70; p = 0.98). However, no difference 
between groups was detected as shown by the Q-test based analysis of variance (Qbetween 

= 4.45; p = 0.108). No publication bias (Supplementary Figure 7) or confounding effects 
of age, sex, PMI, aor brain bank (Supplementary Figure 8) were found. Moderate to high 
heterogeneity was observed in all study categories; dendritic spine density (I2: 88.72%; 
Q: 62.07; p < 0.001), synapse density (I2: 80.31%; Q: 25.39; p < 0.001) and PSD protein 
expression (I2: 61.44%; Q: 44.09; p < 0.001). 

Surprisingly, we identified a study reporting significant opposite effect directions in 
the expression of PSD proteins: showing an upregulation for Homer1a and Preso, and 
downregulation for PSD95 and Homer1b/c in the hippocampus54. This was also the 
case at a non-significant level in other studies50,51,55,60,63–65. To visualize the variation in 
expression of different PSD proteins in SCZ postmortem tissue, we generated a forest plot 
with un-nested data of all PSD protein expression studies (Supplementary Figure 9). 

3.5 Exploratory sub-analyses: specific brain areas 
Lastly, we performed an exploratory subgroup-analyses when five or more studies 
were performed on the same brain area. These analyses showed a significant decrease 
of postsynaptic elements in the prefrontal cortex (Figure 5a; ES: -0.27; 95%CI: -0.53 – 
-0.01; p = 0.043) and cortical layer 3 (Figure 5b; ES: -1.39; 95%CI: -2.24 – -0.54; p = 0.001). 
No change was found in the ACC (Figure 5c; ES: -0.25; 95%CI: -0.97 – 0.47; p = 0,50) 
and the hippocampus (Figure 5d; ES: -0.57; 95%CI: -1.17 – 0.02; p = 0.059). A graphical 
representation of these results is depicted in Figure 6. Heterogeneity in these analyses 
was moderate in the PFC (I2: 58.42%; Q: 28.86; p = 0.004) and high in cortical layer 3 (I2: 
81.79%; Q: 27.46; p < 0.001), the ACC (I2: 71.14%; Q: 13.86; p = 0.008) and hippocampus (I2: 
75.21%; Q: 24.20; p < 0.001).
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Figure 5. Forest plots of brain area specific exploratory subanalyses. 
Exploratory subgroup meta-analyses for postsynaptic elements in SCZ in the (A) Prefrontal cortex (PFC), 
(B) Cortical layer 3, (C) Anterior Cingulate Cortex (ACC) and (D) Hippocampus. The pooled effect sizes of 
studies on the density of postsynaptic elements in the PFC and layer 3 are significantly decreased (p<0.05), 
but not changed in studies on the ACC and hippocampus (p > 0.05). PSD-PSD number; Protein-PSD protein 
expression level; DSD-dendritic-spine density. 
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Figure 6. Schematic representation of changes in postsynaptic elements.
The schematic represents changes in postsynaptic elements in SCZ for brain regions tested with 
meta-analyses (unchanged or decreased) and shows which brain regions could not be tested 
(undetermined). 
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4. Discussion

In this study, we quantitatively investigated three outcome measures reflecting the 
number of postsynaptic elements in SCZ postmortem brain tissue: dendritic spine density, 
PSD number and PSD protein expression. Our meta-analysis showed a significant decrease 
in density of postsynaptic elements in SCZ patients compared to healthy controls. 
However, sensitivity analyses showed high heterogeneity, suggesting the presence of 
sub-groups. No evidence was found for publication bias, or confounding factors (age, 
PMI, sex and brain bank). With our meta-analysis we quantitatively assessed, to our 
knowledge, the largest sample size to date on structural abnormalities of postsynaptic 
elements in postmortem brain tissue of SCZ patients, providing an extensive overview of 
the current literature on this topic. 

At the same time, we recognise that several of the included studies were performed on 
sample populations from the same brain bank or cohort12,37,75,76,78,83,84. It was not feasible 
to determine which parts of the samples were overlapping, to compute separate ES. 
This could result in an overrepresentation of specific populations in our meta-analysis. 
Furthermore, our research design provided evidence that alterations in postsynaptic 
elements were not due to age, sex or PMI of the studied subjects. However, given the 
limited availability of data, several potential confounding factors such as suicide rate, 
severity of symptoms, and antipsychotic use could not be considered. Confounding 
by these factors is unavoidable in SCZ postmortem research and should therefore be 
addressed in future analyses. In particular, the use of antipsychotics has been suggested 
to influence synapse density85,86. Although some studies (10) did not/could not correct for 
medication use50,55,59,60,73,75,76,78,80,83, most studies included in our meta-analyses (18) found 
no association between medication use and the outcome measurement12,49,51,53,58,63–66,68–

70,72,74,77,79,87. Thus, while our study shows a decrease in density of postsynaptic elements in 
SCZ, future research will need to address the contribution of these confounding factors. 

High heterogeneity was observed among included studies in the primary analysis. 
Although this is common in meta-analyses on preclinical data41, it should be considered 
and explored. A-priori, we defined brain region and study category as potential sources of 
heterogeneity. Our subgroup and exploratory sub-analyses showed a significant decrease 
of postsynaptic elements in cortical regions, specifically in the PFC and cortical layer 3. 
We did not observe this effect in subgroup analysis for subcortical regions or in analyses 
of the ACC and hippocampus. Although this suggests that the effect is most pronounced 
in cortical tissues, subgroup differences between cortical and subcortical studies were 
not statistically significant. Regional heterogeneity of postsynaptic element deficits in 
SCZ has been hypothesized before13,16. An earlier study showed that spine density was 
decreased in cortical layer 3, but not in layer 5/6 of the same cohort83. Studies of the basal 



52

ganglia show an opposite effect, with an increase of PSD number76,79. These changes 
also seem to be specific to sub-regions, as increases are exclusively found in the core 
compartment of the NAcc76, and in the caudate but not the putamen of the striatum79. It 
should be considered that we were unable to perform meta-analysis for each brain region 
separately, as most are underrepresented in our dataset. Strikingly, electron microscopy 
studies are almost exclusively performed on subcortical tissues, while most dendritic spine 
studies are performed selectively in cortical layer 3. Other cortical layers were researched 
in two separate studies75,83. Systematic analysis of different brain regions and replication 
studies  with large cohorts, recently shown feasible for transcriptomic studies88,89,  are 
necessary to compare specific brain areas to fully identify sources of heterogeneity.

Understanding local heterogeneity could also help determine the neuronal populations 
most vulnerable to pathology in SCZ. Our study has focussed primarily on excitatory 
synapses. Dendritic spines form the primary source of excitatory input24–26, and the 
structural proteins of the PSD in our analysis are almost exclusively found in excitatory 
synapses32,90. Furthermore, with exception of one study91, most electron microscopy 
studies show that effects are specific for excitatory (asymmetric and axospinous) 
synapses44,75,76,79. Although impaired inhibition also has been hypothesized to affect 
cognition in SCZ, few structural postmortem studies have been performed to asses this92.

Our subgroup analysis identified no significant difference between the three study 
categories, dendritic spine density, synapse density, or PSD protein expression. However, 
we identified a significant decrease in dendritic spine density, suggesting that the effect 
is most pronounced in dendritic spines. Some electron microscopy studies indeed show a 
specific decrease of axospinous synapses in SCZ75,77. An alternative explanation for these 
findings could be the brain regions represented in each category. Subcortical studies are 
overrepresented in the category of PSD number and are less prevalent in dendritic spine 
density studies. 

Our subgroup meta-analysis showed no significant difference in PSD protein expression 
in SCZ. Unexpectedly, some studies show opposite regulation of different individual PSD 
proteins, a phenomenon masked in our analysis because we nested the data. It suggests 
that the expression level of some PSD proteins is actively regulated in SCZ, and not only a 
consequence of the number of synapses. 

Possible mechanisms explaining the decrease in density of postsynaptic elements found 
in our meta-analysis include deficits in synapse formation, maintenance, or elimination. 
Defects in synapse formation are suggested by studies identifying SCZ risk genes 
encoding for PSD scaffolding proteins like DISC1, SHANK, and HOMER11. Altered synapse 
stabilization is implicated by a study showing that especially smaller, transient dendritic 
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spines are decreased in SCZ45. SCZ risk genes like CACNB2 and CACNB493 could affect local 
calcium transients at dendritic spines, necessary for their stabilization45,94,95. Alternatively, 
non-cell autonomous involvement of glia (microglia and astrocytes) might play a role. 
Studies have shown altered secretion of astrocytic gliotransmitters, necessary for synapse 
stability96,97. Furthermore, increased glial pruning of synapses is suggested by a recent in 
vitro study98, and because of the high association between complement 4 genes in the 
MHC locus and risk of developing SCZ93,99. 

A recent elaborate transcriptomic study from the PsychENCODE consortium, using cortical 
brain tissue, could provide insight in postsynaptic element disfunction in SCZ89. Most 
genes coding for proteins assessed in our meta-analyses were not differentially expressed 
(Supplementary Table 4). However, many novel SCZ risk genes, related to synaptic or 
glial function, were suggested. For example, the kinase DCLK3, which enhances dendritic 
remodelling and synapse maturation89,100. Also, the astrocytic glutamate transporters 
SLC1A3 and SLC1A2, which dysfunction could affect astrocyte-synapse interaction at 
excitatory synapses89,101. More SCZ risk genes were identified within the modules of PSD/
trans-synaptic signaling, astrocytes and microglia that need to be further explored in 
future studies assessing the relation to synapse dysfunction. 

In general, the observed decrease of postsynaptic elements in the cortex, and layer 3 
specifically, could be related to the clinical phenotype of SCZ. Cortical layer 3 contains 
pyramidal neurons, important for corticocortical projections102. These projections are 
required for higher cognitive functions, like working memory, which are affected in 
SCZ92,103. A decrease in excitatory synapses is predicted to result in a reduced excitatory 
drive, possibly resulting in hypoactivity of layer 3 neurons. Previously, decreases in 
spine density were shown to be associated with alterations in connectome architecture 
as measured with diffusion tensor imaging104. Therefore, microscale deficits in synapse 
structure and function could influence brain connectivity at macroscale, potentially 
underlying the symptoms observed in SCZ. Altogether, the overall decrease in 
postsynaptic elements in the cortex also provides a specific cellular hallmark for 
translational research in SCZ that could be studied in human cell culture systems, brain 
organoid models, and animal studies. However, study approaches extending histological 
analyses to integrate cellular phenotypes with proteomic, transcriptomic, genomic and 
clinical data in large cohorts are imperative for translational research. 

Furthermore, this phenotype also provides a possible target for diagnostics and novel 
therapeutics. Interestingly, several positron-emission tomography (PET) tracers visualizing 
presynaptic elements in vivo have been developed105, providing means to analyse synapse 
density in the living human brain. Currently, PET tracers for postsynaptic elements are 
targeted towards receptor proteins, like the NMDA and dopamine receptor, which are 
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suspected to be actively regulated in SCZ. The development of intracellular PET tracers 
for postsynaptic scaffolding proteins would contribute to the analysis of postsynaptic 
element dynamics during disease states and could provide a biological outcome 
measurement for diagnostic purposes. Eventually, strategies that target postsynaptic 
elements, for instance stabilizing PSD integrity, could present a novel therapeutic 
approach in the treatment of SCZ. 
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Abstract 

Elucidating the cellular and molecular changes in schizophrenia patients is essential 
for progress in diagnosis and treatment of this disabling disorder. Mounting evidence 
suggests that synaptic changes are at the root of the disorder. Decreases in cortical 
synaptic density have been repeatedly identified, particularly in cortical layer III. Glial cells, 
like microglia and astrocytes, are suggested to impact synapse number in schizophrenia, 
as they play a role in synapse formation, maintenance, and elimination. Despite the 
importance of the interaction between synapses and glia, few studies have investigated 
them simultaneously and the importance of layer specificity has been underappreciated. 
In this study the phenotype and number of synapses, microglia, astrocytes, and their 
association in cortical grey matter and layer III in schizophrenia are analysed. For that 
purpose, we performed analyses for gene and protein expression, and morphometric 
analyses based on Nissl staining and immunohistochemistry in human postmortem 
brain tissue of the gyrus frontalis medialis in schizophrenia patients and unaffected 
controls. Altogether, despite rigorous efforts, we did not find evidence that synapses, 
glia, or their association are different in schizophrenia patients, except for a decrease in 
mRNA expression of microglial receptor genes CX3CR1 and ITGAM in total grey matter. 
These results show the need for additional postmortem studies addressing glia synapse 
interactions, as well as studies that can bridge the gap between preclinical mechanistic 
findings and static human postmortem specimens. 
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1. Introduction 

Although the pathogenesis of schizophrenia (SCZ) is largely unknown, there is an 
increasing support for the hypothesis that changes in connectivity and network 
organization form the basis of the disease1–5. Changes in synapse number are suspected 
to contribute to this altered connectivity, based on genetic (GWAS), gene-expression 
(RNAseq) and histological postmortem brain studies6–9. A decrease in cortical synaptic 
density has been repeatedly reported and is considered a robust cellular aberration in 
postmortem tissue of SCZ patients9–11. Interestingly, synapse decrease seems to be 
specifically localized in cortical layer III, as studies examining cortical layer V and VI and 
subcortical areas did not show this phenomenon9,12–15. 

Although previous studies predominantly focused on neuronal dysfunction in SCZ 
synapse pathology, mounting research suggests a contribution of glial cells, such as 
astrocytes and microglia16–20. Astrocytes and microglia are abundantly present in the brain 
and play an essential role in many central nervous system functions in health and disease21. 
Astrocytes are involved in blood flow regulation, metabolic and structural support, and 
modulating inflammatory response22–25. Microglia function as the resident immune cells 
of the brain, involved in responding to neuronal injury and pathogen invasion. Moreover, 
they also have a role in neurodevelopment by eliminating excess neuronal progenitors 
26–28. Both glial cell-types are in close contact with synapses, interacting chemically and 
physically, forming the quad-partite synapse29,30. They have been shown to be involved in 
the formation, maintenance, and pruning of synapses during development31,32. 

Compelling evidence suggests that the interaction between glia and neurons, and more 
specifically the role of glia in synaptic pruning, is linked to SCZ. Genetic studies identified 
an association between SCZ and different variants of the complement component 4 
(C4) gene, which is involved in microglial mediated synaptic pruning7,32–34. In the same 
line, microglia derived from induced pluripotent stem cells of SCZ patients showed 
an increase in synaptosome uptake35. Further, studies suggest alterations in synapse 
supporting functions by astrocytes in SCZ. Dysregulation of astrocytic glutamate related 
genes and proteins, important for synaptic functioning, have been observed in SCZ 
postmortem tissue36,37. Furthermore, chimeric mice containing human glial cells from 
SCZ patients showed impaired structural maturation of astrocytes38. Lastly, the pruning 
phase during early adolescence, when glia remove less functional synapses generated 
during childhood, coincides with the general onset of SCZ39. Altogether, this has led to 
the hypothesis that alterations in astrocyte and microglia form and function influence 
synapse density in SCZ.
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Astrocytes and microglia have been studied extensively in postmortem human brain 
tissue of SCZ patients, especially in relation to reactive gliosis and immune activation40,41. 
However, the relation between glia and synaptic density has not yet been assessed and 
cortical layer specificity has been underappreciated. The synapse deficit observed in 
postmortem brain tissue of SCZ patients seems to possess specific spatial heterogeneity. 
Glia also express strong spatial heterogeneity, with evident differences between cells in 
the grey and white matter or even between cortical layers42–45.

To assess the association between glial number and synaptic density in SCZ, it is essential 
to assess both readouts within the same tissue and take layer specificity into account. 
Therefore, in our study we apply a multi-modal approach using gene and protein 
expression analyses, and morphometric analyses to assess microglia, astrocytes, synapses, 
and glia-synapse interaction in cortical grey matter of the gyrus frontalis medialis, and 
more specifically layer III, using human postmortem brain tissue.

2. Methods and Materials 

2.1 Donors
Postmortem brain tissue of SCZ patients and control (CTR) donors was obtained from the 
Netherlands Brain Bank (NBB, www.brainbank.nl). Ante-mortem written informed consent 
was obtained for brain autopsy, and the use of tissue and clinical information for research 
purposes. We obtained fresh frozen (SCZ N = 12, CTR N = 11) and paraffin embedded (SCZ 
N = 13, CTR N= 12) tissue from the gyrus frontalis medialis (area 1 and 2) (GFM). A detailed 
description of the anatomical dissection boundaries of these regions used during autopsy 
can be found on the website of the NBB (www.brainbank.nl/brain-tissue/autopsy/). At the 
NBB, the diagnoses of participants were confirmed by trained research assistants using 
standardized instruments (like the Structured Clinical Interview for DSM-IV (SCID-I), Mini 
International Neuropsychiatric Interview (M.I.N.I.) plus, Comprehensive Assessment of 
Symptoms and History (CASH), or Composite International Diagnostic Interview (CIDI))46. 
Furthermore, the clinicopathological information from all donors of the NBB was reviewed 
by two individual psychiatrists in our group (LdW and GS) to confirm a SCZ diagnosis. CTR 
donors did not have a history of major neurological or psychiatric disorders. SCZ and CTR 
donor groups were matched based on age and sex to ensure diagnostic groups did not 
differ in mean age and sex (table 1). All donors were checked for neuropathology by a 
pathologist and excluded in case of neurodegenerative pathology in the frontal cortex. 
For each donor we subtracted information on PMD, pH, age, sex, onset of disease, cause 
of death, Braak and amyloid score, substance dependency (smoking, alcohol and drugs), 
neuropathology score, somatic and DSM comorbidities, when available (Table 1 and 
Supplementary Table 1). Four main possible confounding factors (sex, age, pH and PMD) 
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were assessed for difference on group level with Mann-Whitney and Chi-square tests 
where appropriate (significance level p < 0.05).  

2.2 Ethics statement
The Netherlands Brain Bank received permission to perform autopsies, and to use donor 
tissue and medical records, from the VU medical center Ethical Committee (VUMC, 
Amsterdam, The Netherlands).

2.3 Panel design
We designed a gene panel based on literature11,23,47–49, including general markers for 
synapses (SYN1, SYP, PPP1R9B and PSD95), microglia (TREM2, TGFB1, P2RY12, AIF1, 
TMEM119, HLA-DRA, IL-6, CSF1R, CSF1, and C1Q) and astrocytes (GFAP, GJA1, VIM, S100B, 
AQP4, ALDH1L1, GRM3, SOX9, GJB6, GLUL, and C4), and for interacting factors of microglia 
and synapses (CX3CR1, ITGAM, and ITGAX) and astrocytes and synapses (SLC1A1, MERTK, 
SLC1A3, and MEGF10). We selected three markers for markers for synapses, astrocytes, 
and microglia for which we were able to detect specific bands with western blot 
(Synaptophysin, Spinophilin, PSD95, ALDH1L1, GFAP, VIM, CX3CR1, IBA1 and HLA-DRA), 
for protein analysis.

2.4 Processing fresh tissue for RNA and protein extraction
Fresh frozen tissue was sectioned (100µm) using the cryostat (Leica Biosystems, Germany) 
and grey matter dissected manually. Tissue was dissociated in TRIzol reagent (Thermo Life 
Technologies, USA) for RNA isolation, or suspension buffer and 2x SDS loading buffer for 
protein extraction. Tissue was dissociated using the Ultra Turrax Homogenizer (IKA) and 
stored at -80°C. Protein samples were heated at 95 °C for 5 minutes and DNA fractions 
broken up with a 25-gauge needle.

2.5 RNA expression
RNA extraction and cDNA preparation were performed as described before 49 using the 
chloroform/isopropanol method and the Quantitect Reverse Transcription Kit (QIAGEN, 
Germany). For quantitative real-time polymerase chain reaction (qPCR) 3.5ng input 
cDNA per reaction was used with SYBR green PCR mix (FastStart Universal, Roche, 
Germany). Primers (intron spanning) were designed using the NCBI primer-BLAST tool 
(Supplementary table 4). QuantStudioTM 6 Flex Real-Time PCR System (Life Technologies 
Corporation, USA) was used with the following cycle conditions: 50°C for 2 minutes, 
95°C for 10 minutes, 40 cycles at 95°C for 15 seconds, and 60°C for 60 seconds. All qPCR 
experiments were performed in triplo and averaged. Absolute fluorescence levels were 
calculated (2 ∆CT) and normalized using the geomean of reference genes Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) and 18S ribosomal RNA (18S), stable for brain 
tissue50. Expression levels of GAPDH and 18S was not different between CTR and SCZ 
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subjects. Samples with an undetermined Cycle Threshold were included in the rank-based 
non-parametric analyses as 0. SCZ and CTR samples were processed together by placing 
them alternately on each qPCR plate and master mixes with the cDNA were added to all 
plates simultaneously. 

2.6 Protein expression
Proteins were separated by SDS-PAGE gel electrophoresis on 7.5%, 10%, or 15% gels, and 
blotted on a 0.45 or 0.22 µm pore size nitrocellulose membrane (GE Healthcare) using 
wet blotting. Blots were incubated in blocking buffer and stained with primary antibody 
(Supplementary table 5) in blocking buffer at 4°C over-night. Blots were washed in TBS-T 
and incubated in secondary antibody in blocking buffer at RT for one hour. Blots were 
washed in TBS-T and rinsed with demineralized-H2O before scanning. Both scanning and 
quantification were performed using the Odyssey CLx Western blot Detection System 
(LI-COR biosciences, USA). Each protein of interest was normalized against a reference 
protein on the same blot (GAPDH or beta-actin). SCZ and CTR samples were placed 
alternately on each western blot. 

2.7 Tissue preparation paraffin tissue
Paraffin embedded tissue was sectioned (7μm) on the microtome (Leica Microsystems) 
and mounted on glass slides. Sections were cut in series of four adjacent sections for layer 
determination (Nissl) and analysis of different markers in cortical layer III (GFAP, IBA1 and 
Spinophilin). 

2.8 Nissl staining
Tissue sections were deparaffinized through xylene and alcohol series and stained using 
0.1% cresyl fast violet solution (0.14%, Clin-Tech, UK) for 7 minutes, rinsed with tap water 
and dehydrated through an alcohol series and mounted using Entellan (Merk Millipore, 
Germany).

2.9 Immunohistochemistry
Tissue sections were deparaffinized through xylene and alcohol series, washed in 1x PBS 
and quenched for endogenous peroxidases (1% H2O2 (Sigma-Aldrich, the Netherlands) in 
1x PBS) for 10 minutes and washed in 1x PBS/0.05% Tween (PBST). For antigen retrieval, 
slides were heated for 15 minutes in citrate buffer, in demineralized H2O, pH 6, followed by 
incubation in blocking buffer 2 for 30 minutes. Sections were incubated at 4°C overnight 
with primary antibody (GFAP, 1:1000; IBA1, 1:1000; Spinophilin; 1:1000, see Supplementary 
table 5) in blocking buffer 2. The next day, slides were washed in PBST and processed 
for DAB (glia) or immunofluorescence (synapse). For DAB, sections were incubated with 
secondary goat-anti-rabbit biotinylated antibody (1:400 (Jackson ImmunoReserach, UK)) 
in blocking buffer 2 for one hour, washed in PBST and treated for 30 minutes in avidin-bi-
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otin-peroxidase complex solution (1:50, (Avidin-Biotin Complex Peroxidase Staining kit, 
Vector Laboratories) in blocking buffer 2). After PBST wash, slides were incubated for 10 
minutes in DAB-nickel solution. Sections were rehydrated in ethanol/xylene series and 
mounted in Entellan. For immunofluorescence, sections were incubated in secondary 
goat-anti-rabbit Alexa 488 antibody (1:1000, Jackson ImmunoResearch, UK) and Hoechst 
(1:1000, Fisher Scientific, USA) for nuclei staining at RT for two hours, washed in PBST and 
incubated in Sudan-black. After a final PBS wash, slides were mounted in prolong-gold 
(Invitrogen, UK). All samples (SCZ and CTR) were processed simultaneously in the same 
run. Supplementary table 3 describes the composition of the buffers and solutions.

2.10 Microscopy
Both the Nissl and DAB-stainings were imaged using the NanoZoomer-XR (Hamamatsu 
Photonics, Pathology department UMC Utrecht, The Netherlands) to obtain whole-slide 
brightfield images (40x). Illumination time and settings were kept constant for all sections.

For the synapse immunohistochemistry, a confocal microscope (LSM 880 Zeiss) was used 
(63x). For each section, five image regions within cortical layer III were randomly selected 
within the Hoechst channel. Exposure times for the 488-nm excitation wavelength were 
pre-set and kept consistent. Maximum intensity projections were generated from image 
stacks of five (0.2μm step size).

2.11 Quantification
Open-source software ImageJ/FIJI and Nanozoomer Digital Pathology View (NDP view, 
(Hamamatsu Photonics, Japan) were used to pre-process and quantify images. In NDP 
view the Nissl staining was used to determine cortical layer III based on layer features 
and cell density for each donor. To determine the relative thickness of layer III, three 
random sites within each section were measured for the width of layer III, dived by the 
total distance between the pia and the white matter, and averaged per donor. For each 
section, 10 image regions containing cortical layer III were randomly selected at 2.5x 
in NDP View and exported as TIFF images for further processing. For quantification of 
the IBA1 and GFAP positive cell bodies in cortical layer III, an overlay was created with 
the Nissl staining using the TrakEM tool in FIJI. For each glial image, a region of interest 
(ROI) was generated for layer III. To minimize quantification bias, we developed a macro 
to determine the number of GFAP positive cell bodies within the ROI using automated 
thresholding, which was validated by counting 10 random samples by hand by J.E.J 
and A.BvB. The number of IBA1 positive cell bodies within each ROI was quantified by 
systematic manual counting in FIJI, as heterogeneity between donors did not allow for 
automated threshold determination. Images were excluded when: the image was not 
in focus, we did not observe any positive staining in the image, or when the tissue was 
damaged. One image region was used for the determination of the number of glial nuclei 
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in cortical layer III based on the Nissl staining, by designing a macro in FIJI quantifying the 
amount of round and smaller glial nuclei, and the total amount of nuclei within cortical 
layer III per mm2. 

The puncta-analyzer plugin was used to quantify Spinophilin immunofluorescence. 
Maximum intensity projections were converted to RGB using FIJI and processed through 
the puncta-analyzer plugin pipeline in ImageJ (V1.29X). Output masks were saved and 
used for area coverage determination in ImageJ. 

We calculated and removed image outliers within each donor using the interquartile 
range for glia and synapse immunohistochemistry (images excluded: IBA1 CTR: 3 SCZ: 3; 
GFAP CTR: 5 SCZ: 7; Spinophilin CTR: 5 SCZ: 8). This resulted in the analysis of 112 SCZ and 
96 CTR GFAP images (average: 8; minimum: 4), 84 SCZ and 85 CTR IBA1 images (average: 
7; minimum 3), and 55 SCZ and 55 CTR Spinophilin images (average: 4; minimum: 3). 
Results of the analyzed pictures were averaged.

2.12 Statistics
Statistical analysis and figure design were performed with Graphpad software (version 
8.4) and R studio (version 4.0.0, R core team (2020)). We assessed the influence of six 
main confounding factors, i.e. age, sex, brain pH, PMD, Braak- and amyloid score for 
each datapoint with Spearman Rho correlation or the Kruskal Wallis test as appropriate 
(supplemental table 6). When a significant association was found (p < 0.05), the variable 
was entered as a covariate in post-hoc analyses using logistic regression. Unpaired 
Mann-Whitney U tests were used to compare gene expression, protein expression, and 
the number of astrocytes, microglia, and between SCZ and CTR donors because data were 
not normally distributed. Spearman Rho correlation analyses were applied to determine 
the main correlation effect between numerical values (glia- and synapse number, genes, 
or effect sizes) and Fisher’s r to z transformation was applied to assess the interaction 
effect. For the gene expression association analysis, we grouped the genes based on 
cell-type enrichment expression 47 into three clusters: microglia, astrocyte and synapse. 
Expression data were z-transformed, and the mean z-value was calculated for each cluster. 
Subsequently gene-module correlations were performed using the corrplot package 
(Taiyun Wei & Viliam Simko (2018)). Given limited number and the inherent relation 
between the different transcripts, and small sample size no correction for multiple testing 
was applied this increasing type I error rate of the study.

2.13 Data availability statement
Relevant data supporting the discussed findings are included in the paper and its 
supplementary information files. Extended information and data are available from the 
corresponding author upon request.
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3. Results 

In order to study the phenotype and number of synapses, astrocytes, microglia, and their 
association in cortical grey matter and layer III specifically, we performed gene (qPCR) 
and protein (western blot) expression analyses, and morphometric analyses using Nissl 
staining and immunohistochemistry (Figure 1).

Figure 1. Experimental set-up to assess synapses, glia (microglia and astrocytes) and their interaction 
in SCZ postmortem cortical grey matter and layer III specifically. 
Both frozen and paraffin embedded tissue were used from the gyrus frontalis medialis (GFM) from SCZ 
and CTR donors. Grey matter was dissected from the frozen tissue and processed for gene and protein 
expression analyses using qPCR and western blot. Paraffin tissue was sectioned in series and stained with a 
Nissl stain to determine cortical layer III and immunohistochemistry to determine the number of glia using 
GFAP for astrocytes and IBA1 for microglia and Spinophilin to visualize post-synapses. The cortical layer III 
determined by Nissl stain was super-imposed on the whole slide scans of the GFAP and IBA1 stainings to 
determine the number of glia in layer III specifically. Confocal z-stack imaging was used for imaging of the 
synapses in cortical layer III. 
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3.1 Demographics
The demographic data of donors included in this study (frozen tissue: SCZ N = 12; CTR N 
= 11, paraffinized tissue: SCZ N = 13; CTR N = 12) are summarized in Table 1 and details 
are provided in Supplementary Table 1. Neither age, nor sex, PMD or brain pH differed 
between SCZ and CTR donors on group level.

Paraffin % Male Age (years) PMD (hours) pH

CTR (N=12) 58.33 73 (13) 9 (6.1) 6.6 (0.3)

SCZ (N=13) 66.66 75 (13) 26.4 (29.2) 6.5 (0.4)

 Frozen % Male Age (years) PMD (hours) pH

CTR (N=11) 33.33 77 (14) 7.6 (3.5) 6.6 (0.3)

SCZ (N=12) 33.33 69 (15) 9.3 (4.2) 6.7 (0.5)

Table 1. Summary of demographic data of donors within the study. 
Summary of main clinical and postmortem variables of SCZ and CTR donors within this study (sex, age, 
PMD and pH). Information separated for frozen and paraffin tissue donors. Values represent mean and 
standard deviation. Sex is represented as number of male and female donors. Age in years and PMD in 
minutes. PMD = postmortem delay, pH = brain pH. None of the measures were found to be different in 
paraffin or frozen tissue between SCZ patients and CTR donors  (p > 0.05). 

3.2 Synaptic markers
Synaptic changes between SCZ and CTR were measured using both post- and 
pre-synaptic markers. Gene expression analysis of Spinophilin (PPP1R9B/SPIN), Postsyn-
aptic-density protein 95 (PSD95), Synapsin 1 (SYN1) and Synaptophysin (SYP) (Figure 2a) 
showed no difference between SCZ and CTR donors in cortical grey matter (Figure 2b; 
Supplementary table2). Protein levels of three of these makers (SPIN, PSD95, and SYP) 
were assessed by western blot, also revealing no difference between SCZ and CTR donors 
(Figure2c; Supplementary figure 3; Supplementary table 2). 

It is suggested that synaptic changes in the cortex are more specifically localized to 
cortical layer III12,51,52. Therefore, we used immunohistochemistry with the postsynaptic 
maker SPIN as a proxy for synapse density (Figure 2d). Quantification of the number of 
immunofluorescent puncta did not show a difference in the postsynaptic SPIN+ puncta 
per 10µm2 (SCZ: median = 35.23, IQR = 31.49; CTR: median = 21.09, IQR = 41.53; p = 0.61) 
or area percentage covered by SPIN+ (SCZ: median = 1.71, IQR = 1.79; CTR: median = 0.86, 
IQR = 1.18; p = 0.19) in layer III between the SCZ and CTR group (Figure 2e). 
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Figure 2. Synaptic measures in cortical grey matter and layer III specifically. 
A Markers used within the study for the assessment of synapses in cortical grey matter and layer III. 
Pre-synaptic markers Synapsin 1 and Synaptophysin and postsynaptic markers Spinophilin and PSD95. B-C 
mRNA and protein expression of these synaptic markers were determined by qPCR and western blot in the 
gyrus frontalis medialis of SCZ patients (N = 12) and CTR donors (N = 11). Gene expression was normalized 
against reference genes 18S ribosomal RNA (18S) and glyceraldehyde 3-phosphate dehydrogenease 
(GAPDH). Protein expression was normalized against reference proteins GAPDH or beta-actin. Data were 
transformed to a relative value to show relative gene or protein expression. D Spinophilin immunohisto-
chemistry with HOECHST staining was used to visualize synapses in CTR (D’) and SCZ (D’’) donors at 63x 
magnification (scale bar 10um). E Spinophilin immunoreactivity was quantified by counting the number 
of SPIN+ puncta (E’) and the area covered by SPIN+ staining (E’’). Graphs show boxplots (white for CTR and 
grey for SCZ) containing individual datapoints for CTR (circles) and SCZ (squares) indicating the median, 
25th and 75th percentile, with the whiskers showing the maximum and minimum values. 
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3.3 Microglia and astrocytes 
To assess microglia and astrocytes in cortical grey matter of SCZ patients on a molecular 
level, we measured gene and protein expression from a panel of markers for microglia, 
astrocytes, and glia-synapse interacting factors (Supplementary table 2). We found a 
decreased expression of two microglia markers: ITGAM (SCZ: median = 0.07, IQR = 0.04; 
CTR: median = 0.03, IQR = 0.09; p = 0.048) and CX3CR1 (SCZ: median = 7.08, IQR = 8.73; CTR: 
median = 2.85, IQR = 3.63; p = 0.04) in SCZ patients(Figure 3a). There was no difference in 
expression of the ligand of CX3CR1, CX3CL1 (SCZ: median = 3.34, IQR = 3.07; CTR: median 
= 3.03, IQR = 1.52; p = 0.79), or in any other glial gene or protein from the analysed panel 
(Supplementary figure 2, Supplementary table 2, Supplementary figure 3). 

Subsequently, we assessed whether we could identify changes in number of microglia 
and astrocytes specifically in cortical layer III using Nissl, GFAP and IBA1 immunohisto-
chemistry (Figure 3c). Whole slide scanning was performed, enabling us to quantify the 
glia in a large proportion of the cortical layer III opposed to only selected image regions. 
Based on the Nissl staining we found no difference between SCZ and CTR donors in the 
relative width of layer III (SCZ: median = 34.08, IQR = 6.78; CTR: median = 36.47, IQR = 
05.79 ; p = 0.32) (Supplementary figure 1a), the number of glial nuclei per mm2 in layer 
III (SCZ: median = 771.8, IQR = 107.7; CTR: median = 844.9, IQR = 248.2; p = 0.16) (Figure 
3d) and the percentage of glial nuclei in layer III (SCZ: median =78.79, IQR = 10.85; CTR: 
median = 80.65, IQR = 9.47; p = 0.73) (Supplementary figure 1b). Also the number of 
GFAP-immunoreactive astrocytic cell bodies per mm2 (SCZ: median = 197.7, IQR = 178.4; 
CTR: median = 221.8, IQR = 117.6; p = 0.27) and IBA1-immunoreactive microglial cell 
bodies per mm2 (SCZ: median = 34.11, IQR = 54.9; CTR: median = 54.67, IQR = 35.68; p = 
0.14) in layer III were the same between SCZ and CTR groups (Figure 3d). 
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Figure 3. Microglia and astrocytes in grey matter and cortical layer III in SCZ. 
A mRNA expression of microglia and astrocyte genes was measured using qPCR in the gyrus frontalis 
medialis of SCZ patients (N = 12) and CTR donors (N = 11). Gene expression was normalized against 
reference genes 18S ribosomal RNA (18S) and glyceraldehyde 3-phosphate dehydrogenease (GAPDH). (A) 
Significant downregulation (p < 0.05) was found in SCZ donors for the microglial genes CX3CR1 (A’) and 
ITGAM (A’’). B The gyrus frontalis medialis of CTR donors (top, N = 12) and SCZ patients (bottom, N = 13) was 
stained using Nissl staining and DAB-immunohistochemistry for GFA and IBA1 to visualize cortical layer 
III, astrocytes and microglia respectively at 40x magnification (scale bar 100µm). C The number of glia was 
quantified in layer III using the Nissl staining by counting the number of glial nuclei in the Nissl staining 
and the number of GFAP+ or IBA+ cell bodies. Boxplot graphs (white for CTR and grey for SCZ) contain 
individual datapoints for CTR (circles) and SCZ (squares) indicating the median, 25th

 and 75th percentile, 
with the whiskers showing the maximum and minimum values. * p < 0.05
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3.4 Association between synapse- and glial markers 
After analysing the synaptic and glial markers in cortical grey matter and layer III 
specifically, the next goal of this study was to assess the relationship between these 
different entities. To this end, we performed association studies for both the gene 
expression and histological data. 

Regarding the gene expression data, we created a correlation matrix assessing the 
association of the average expression of genes between the three clusters: astrocyte, 
microglia, and synapse for CTR donors and SCZ patients separately (synapse-astrocyte: 
SCZ= -0.04, p = 0.92; CTR ρ = -0.35, p = 0.30 ; synapse-microglia SCZ ρ = 0.18, p = 0.59; 
CTR ρ = 0.1, p = 0.78; microglia-astrocyte: SCZ ρ = 0.61, p = 0.04; CTR ρ = 0.33, p = 0.33 ) 
(Figure 4a). We did not find a difference in the strength of the interaction of these clusters 
between SCZ and CTR (synapse-astrocyte: Z = -0.65, p = 0.52; synapse-microglia: Z = 
-0.25, p = 0.80; microglia-astrocyte: Z = -0.21, p = 0.83).

Further, we assessed the association between the number of synapses and the number of 
glia in cortical layer III for SCZ and CTR donors (synapse-astrocyte: SCZ ρ = 0.07, p = 0.82; 
CTR ρ = -0.06 p = 0.87; synapse-microglia SCZ ρ = -0,02 p = 0.96; CTR ρ = 0.13 p = 0.68) 
(figure 4b). We found no different interaction in SCZ compared to CTR (synapse-astrocyte: 
Z = -0.24, p = 0.81; synapse-microglia: Z = 1.16, p = 0.25) or an interaction between these 
measures in general (synapse-astrocyte: ρ = 0.04, p = 0.86; synapse-microglia: ρ = 0.08, p 
= 0.70) (Supplementary figure 4a). 

3.5 Confounder analysis
Spearman correlation analysis and Kruskal Wallis tests with the pre-selected confounders 
(sex, age, PMD, pH, braak-score and amyloid-score) revealed a significant correlation 
between microglia number and PMD (r = -0.63, p = <0.001), CX3CL1 gene expression and 
age (r = -0.51 , p = 0.005) and C4 gene expression and amyloid pathology (H = 8.32, p = 
0.005) (Supplementary table 6). After adjustment for these potential confounders, using 
logistic regression, the interpretation of the data remained the same (microglia number: 
p = 0.44; CX3CL1: p = 0.06; C4: p = 0.77). 
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Figure 4. Association between synapse- and glial markers in grey matter and cortical layer III in SCZ. 
A A correlation matrix was generated from the average expression of genes within the three clusters: 
microglia, astrocyte, and synapse, in the gyrus frontalis medialis for SCZ patients (N = 12, right-top) and CTR 
donors (N = 11, left-bottom) separately. Negative associations are indicated with a red colour and positive 
associations in blue. The size of the square corresponds to the Spearman’s rho and the number represents 
the p-value. B Linear regression was performed to assess the association between the number of synapses 
and astrocytes (B’) and microglia (B’’) in the gyrus frontalis medialis of SCZ patients (N = 13) and CTR donors 
(N = 12). Spearman’s rho correlation is given separately for CTR donors (circles, grey) and SCZ patients 
(squares, black). 
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4. Discussion 

In this study synapses, microglia, astrocytes, and their association in postmortem brain tissue 
of SCZ patients were assessed, focussing on grey matter and more specifically on cortical 
layer III. A multi-level approach assessing gene and protein expression, and morphometric 
analysis did not find differences in synaptic or glial density, gene- and protein expression, 
except for an altered gene expression of microglia genes CX3CR1 and ITGAM in SCZ.

4.1 Synaptic findings
In contrast to previous studies we did not identify differences in pre- or post-synaptic 
gene or protein expression, nor in the number of Spinophilin positive puncta in cortical 
layer III8,9. Although the cortical layer III synapse deficit has developed into an important 
hypothesis in SCZ research, only two studies assessed this phenotype in cortical layer 
III specifically (both finding a decrease)51,52. In contrast to our study, these studies used 
Golgi staining for synapse quantification. However, previous studies in the auditory 
cortex (BA 41) of SCZ patients did show an effect on synapse number in cortical layer 
III using immunohistochemistry53,54. Furthermore, gene and protein expression data on 
this topic are notoriously heterogeneous, and most synaptic genes or proteins have not 
been replicated in enough datasets to perform individual meta-analyses on them8,9. This 
shows the need for additional studies, like ours, to advance our understanding of synaptic 
density changes in SCZ. Interestingly, a study in layer III of the auditory cortex (BA 41) 
of SCZ patients showed that only the smallest spines are lost in cortical layer III of the 
auditory cortex in SCZ55. Therefore, a more in-depth specification of smaller synapses in 
the GFM could be relevant. 

4.2 Glia phenotype 
Regarding astrocytes and microglia, studies have focussed on gene expression, protein 
expression, and density in SCZ, with heterogeneous results40,41. Only few glia density 
studies have taken cortical layer specificity into account56–58, but those reported varying 
results. Although we did not find differences in glial density or protein expression, we did 
identify a downregulation of ITGAM and CX3CR1 in SCZ. This is in line with several previous 
hypothesis-driven studies59,60. Both ITGAM and CX3CR1 are receptors involved in microglia-
synapse interaction through complement and fractalkine signaling, respectively61–63. 
In mice, knock-out of CX3CR1 resulted in 31% decrease in spine density in the rostral 
migratory stream64 while depletion of the complement receptor 3 (deleting the CD11b/
ITGAM subunit) caused a 50% decrease in engulfment of retinal ganglion cell inputs65. 

Moreover, we performed a correlation analysis between the effect-sizes (log2-fold changes) 
of the current study with the data from the largest RNAseq dataset on postmortem cortical 
brain tissue in SCZ to date (Gandal et al., 2018). Interestingly, this analysis showed a 
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similarity in the direction (mostly downregulated) and size of the effect-sizes measured 
with the microglia markers (r = 0.58, p = 0.04) (Supplementary figure 5). Together, these 
data suggest an altered microglial phenotype in SCZ, with genes that are known to play a 
role in neuron-glia interactions. 

4.3 Glia-synapse interaction effect
Pre-clinical research has convincingly shown an important role for glia in the formation, 
maintenance, and elimination of synapses29–31,65, which has led to the hypothesis that 
glial cells are involved in the synapse pathology underlying schizophrenia16–20. Recent 
RNA-sequencing studies and the present study have shown differential expression 
of microglial genes6 and the next step is to understand whether and how microglial 
phenotype could be linked to synapse pathology. In our study, we did not find an 
association between glia and synapses on gene, protein, or cell number level. If changes 
in association between synapses and glia in SCZ are very subtle, more refined analyses 
may be needed to detect these small effects. 

4.4 Limitations
This study should be interpreted in the context of its limitations. SCZ is a complex 
psychiatric disorder and heterogeneity between patients is further increased in 
postmortem research due to the large number of technical confounding factors that 
must be considered. In the current study we have analysed the effect of several potential 
confounding factors (age, PMD, sex, pH, and Braak-score). However other potential 
confounders were not included, such as the use of antipsychotic medication. Another 
important limitation is that the limited sample size of our study could have affected the 
power to determine differences between SCZ and CTR donors. However, a statistical 
power analysis based on the pooled effect size of previous studies on synapse density 
in cortical layer III (Hedges’s g = -1.39) showed that our sample size (N = 26, alpha = 
0.05, power = 0.92) would be sufficient to determine the effect on synapse density in a 
between group comparison. In addition, the size of our cohort (N = 11-13 per group) is in 
the range of samples sizes of previous studies varying from N = 6 to N = 20 per group12,51–

54,66. Furthermore, the marker Spinophilin, quantifying postsynaptic elements, is only a 
proxy of the amount of synapses. Although numerous studies have used these type of 
measures for synaptic density (Golgi staining or synaptic protein levels), only few studies 
have quantified actual synapses (pre and post synaptic connections) in SCZ13–15,67–70. In 
the same line, a single antibody marker was utilized for the identification of astrocytes 
(GFAP) and microglia (IBA1) in the morphometric study of cortical layer III. Although these 
markers are broadly used for the identification of these glia, we cannot rule out that the 
results are specific for the proteins we choose to analyse. 
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Overall, in this study we were able to analyse synapses and glia on multiple levels (gene 
and protein expression, and morphometric) in the same tissue from a well-matched 
cohort of SCZ and CTR donors, with a relatively low PMD. However, our data underscore 
the challenge of detecting convincing preclinical identified mechanisms about the role of 
glia in synapse formation and pruning in postmortem brain tissue of patients. At present, 
it is unclear how changes in glia-synapse interaction that are dynamic, dependent on 
developmental stage and brain region, can best be investigated in postmortem human 
brain tissue of older patients with psychiatric symptoms. A potential way forward would 
be to incorporate findings from human postmortem brain tissue into preclinical models 
(like rodent models or in vitro models like cerebral organoids) and explore the impact of 
these moderate gene-expression changes, like a lower expression of CX3CR1 or ITGAM, in 
living cells. This may be essential in the pursuit to gain a better understanding about the 
interaction between synapses and glia in patients with SCZ. 
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Abstract

Aim: Identify grey- and white-matter-specific DNA methylation differences between 
schizophrenia patients and controls in postmortem brain cortical tissue. 

Methods: Grey and white matter were separated from postmortem brain tissue of the 
superior temporal and medial frontal gyrus from schizophrenia (N=10) and control (N=11) 
cases. Genome-wide DNA methylation analysis was performed using the Infinium EPIC 
Methylation Array.

Results: Four differentially methylated regions associated with schizophrenia status and 
tissue type (grey vs. white matter) were identified within or near KLF9, SFXN1, SPRED2 
and ALS2CL genes. Gene-expression analysis showed differential expression of KLF9 and 
SFXN1 in SCZ. 

Conclusion: Our data show distinct differences in DNA methylation between grey and 
white matter that are unique to schizophrenia, providing new leads to unravel the 
pathogenesis of schizophrenia.
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1. Introduction

Schizophrenia (SCZ) is a complex chronic psychiatric disorder characterized by a 
heterogeneous spectrum of symptoms like hallucinations, lack of motivation, and cognitive 
impairment. Neuro-imaging and postmortem brain studies have identified multiple cortical 
abnormalities in SCZ patients, such as a decrease in grey and white matter volume and 
density, disruption of white matter connectivity, and changes in gyrification and cortical 
thickness1–10. 

Epigenetic regulation that acts as a mediator of both genetic differences11 and environmental 
risk factors that are involved in SCZ pathology12–16, is hypothesized to underlie these 
cortical differences in SCZ. One of the best-characterized epigenetic modifications is DNA 
methylation, the process of adding a methyl group (CH3) to a cytosine-guanine (CpG) 
dinucleotide. Methylated cytosines impact gene transcription with varying directionality17. 

Much remains unknown about the possible role of DNA methylation in SCZ. There have 
been a large number of epigenetic studies that analyzed DNA methylation differences in 
peripheral tissue in SCZ (recently reviewed by Smigielski et al., (2020))18. However, the number 
of studies on brain tissue of SCZ patients and control donors using an epigenome-wide 
approach remains limited19–29. Recent studies have explored the role of tissue-specific DNA 
methylation. Although compelling evidence suggests that individual differences exceed 
differences in tissue type, substantial epigenetic variation has been detected between 
functionally distinct regions of the brain and between different brain cell types30,31. Therefore, 
an effort is made to identify epigenetic differences specific to the primary tissue type that is 
relevant for SCZ, the brain. In addition, significant differences have been detected between 
cortical grey and white matter in function, representation of cell populations, developmental 
trajectories, and epigenetic marks, including DNA methylation32–35.

This study aims to identify tissue-specific DNA methylation differences between SCZ and 
control (CTR) postmortem brain tissue from two cortical areas (gyrus frontalis medialis 
and gyrus temporalis superior). To this end, we separated grey and white matter from the 
brain specimens, followed by epigenome-wide methylation analysis using the Infinium 
Methylation EPIC Bead Chip. The study focuses on differences in grey and white matter 
between SCZ and CTR donors. Differences between patients and controls, independent 
from the tissue type (grey vs. white matter), have previously been identified. Therefore, 
in this study, we aimed to identify differences between SCZ and CTR that are distinct 
between grey and white matter tissues. The strongest DNA methylation findings were 
validated by gene expression analyses. The resultant data contribute to our understanding 
of grey-white matter DNA methylation differences in SCZ and provide valuable targets for 
follow-up research of the pathogenesis of SCZ. 
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2. Materials and Methods

2.1 Donors
Postmortem brain tissue of SCZ patients and CTR donors was obtained from the 
Netherlands Brain Bank (NBB, www.brainbank.nl) and the Edinburgh Brain and Tissue 
Bank (Edinburgh). We obtained fresh frozen (SCZ N = 10, CTR N = 11) tissue from the 
rostral side of the gyrus frontalis medialis (area 1 and 2) (GFM), and the middle of the gyrus 
temporalis superior (area 2 to 4) (GTS) (Figure 1A). A detailed description of the anatomical 
dissection boundaries of these regions used during autopsy can be found on the website 
of the NBB (www.brainbank.nl/brain-tissue/autopsy/). These brain regions have previously 
been associated with the pathogenesis of SCZ 36–38. At the NBB, exclusively Dutch, donors 
are registered ante-mortem, giving permission for brain autopsy and the use of these 
materials and medical records for research purposes. The NBB-psychiatry program 
focusses especially on the establishment of a resource of brain tissue of major psychiatric 
disorders, together with five Dutch university medical centers. They actively approach 
extensively phenotyped participants of fifteen large psychiatric research cohorts to 
register as prospective brain donor at the NBB 39. At the Edinburgh Brain and Tissue Bank, 
permission for brain autopsy is obtained (verbally and written) from the next of kin upon 
sudden deaths, occurring in the general population, reported by police 40. The Edinburgh 
Brain and Tissue Bank gains access to general practice and hospital records, including 
psychiatric records, and confirms the absence of illness with the next of kin 40. CTR donors 
did not have a history of major neurological or psychiatric disorders and SCZ donors were 
diagnosed according to the DSM-III/IV criteria. At the Edinburgh Brain and Tissue Bank 
two psychiatrists assess the clinical information to confirm a psychiatric diagnosis 40. At 
the NBB, the diagnoses of participants were confirmed by trained research assistants 
using standardized instruments (like the Structured Clinical Interview for DSM-IV (SCID-I), 
Mini International Neuropsychiatric Interview (M.I.N.I.) plus, Comprehensive Assessment 
of Symptoms and History (CASH), or Composite International Diagnostic Interview 
(CIDI)) 39. Furthermore, the clinicopathological information from all donors of the NBB 
was reviewed by two individual psychiatrists in our group (LdW and GS) to confirm a SCZ 
diagnosis. SCZ and CTR donors were matched by age and sex. The tissues from all donors 
were checked for neuropathology by a pathologist and excluded in case of neurodegen-
erative pathology in the cortex. For each donor, we obtained information on PMD, pH, age, 
sex, onset of disease, cause of death, Braak- and amyloid score, substance dependency 
(smoking, alcohol and drugs), somatic and DSM comorbidities, when available (Table 1 
and Supplementary table 1). Four main possible confounding factors (sex, age, pH and 
PMD) were assessed for difference on group level with Mann-Whitney and Chi-square 
tests where appropriate (significance level p < 0.05).  
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Figure 1: Schematic overview of the study approach. 
A Tissue from the gyrus frontalis medialis area 1 and 2 and gyrus temporalis superior area 2 to 4 were obtained 
from SCZ (N = 12) and CTR (N = 14) donors, as indicated by the red circles. The Nissl staining shows grey 
and white matter, which were separated by hand and processed for DNA isolation and RNA isolation for 
DNA methylation analysis by the Infinium EPIC Methylation Array and gene- expression analyses by qPCR, 
respectively. B Results from the DNA methylation array were analysed in two steps. Step 1: The differences 
of CpG methylation between grey and white matter were assessed for SCZ and CTR donors separately and 
then compared. CPGs that differently regulated between grey and white matter in SCZ compared to CTR 
donors were selected. Examples are shown in the right panel. This analysis resulted in 24 DMRs. Step 2: For 
further gene expression analysis we selected DMRs that were significantly different when comparing grey 
and white matter and SCZ and CTR donors. Examples are shown in the right panel. There were 4 DMRs that 
met these criteria.
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Table 1. Summary of characteristics of donors from the Netherlands brain bank that were used in the study.
Summary of characteristics of donors from the Netherlands Brain Bank that were used the study. Summary 
of main clinical and postmortem variables of SCZ and CTR donors within this study (sex, age, PMD and 
pH). Values represent mean and standard deviation. Sex is represented as the % of male donors. PMD = 
postmortem delay. None of these possible confounders differed between SCZ patients and CTR donors on 
group level as analysed with Mann-Whitney and Chi-square test where appropriate (p > 0.05).

 
2.2 Ethics statement
The Netherlands Brain Bank and Edinburgh Brain and Tissue Bank received permission 
to perform autopsies, and to use donor tissue and medical records, from the VU medical 
center Ethical Committee (VUMC, Amsterdam, The Netherlands) and The East of Scotland 
Research Ethics Service REC1 (Edinburgh, Scotland) respectively. Written informed 
consent was obtained from brain donors ante-mortem (The Netherlands Brain Bank) or 
from relatives postmortem (Edinburgh Brain and Tissue Bank). 

2.3 DNA isolation and bisulfite conversion
For DNA isolation grey and white matter from the GFM and the GTS from 9 SCZ and 11 CTR 
donors were included. Fresh frozen tissue was sectioned (50µm) using a cryostat (Leica 
Biosystems, Germany) after which grey and white matter was dissected manually. This 
resulted in the inclusion of 18 grey mater GFM samples (9 SCZ and 9 CTR), 18 white matter 
GFM samples (9 SCZ and 9 CTR), 17 grey matter GTS samples (7 SCZ and 10 CTR) and 14 white 
matter GTS samples (6 SCZ and 8 CTR).  The grey and white matter tissues were dissociated 
separately using the Ultra Turrax Homogenizer (IKA) and stored at -80°C. DNA was isolated 
using the QIAamp DNA mini kit following manufacturer instructions (Qiagen, Germany) 
and the DNA concentration measured with the Nanodrop Spectrometer (Thermo Fisher 
Scientific, Massachusetts, USA). Subsequently, DNA was sodium bisulfite converted using the 
EZ DNA Methylation kit (Zymo Research, CA, USA) according to manufacturer instructions.

Methylation SCZ (N=9) CTRN (N=11)

Sex (% Male) 45 55

Age (years) 74 (11) 78 (15)

PMD (hours) 24 (31) 8 (4)

Brain pH 6.4 (0.4) 6.6 (0.3)

Gene-expression SCZ (N=11) CTRN (N=14)

Sex (% Male) 30 45

Age (years) 67 (13) 74 (17)

PMD (hours) 34 (31) 24 (33)

Brain pH 6.4 (0.3) 6.5 (0.4)
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2.4 Methylation determination and quantification 
Genome-wide DNA methylation was quantified using the Infinium MethylationEPIC 
BeadChip Kit (Illumina, Inc., San Diego, CA). Data was pre-processed and analyzed 
using the R program for statistical computation (version 3.3.1, R core team). The level 
(proportion) of methylation is expressed as a β-value, ranging from 0 (unmethylated 
cytosine) to 1 (completely methylated cytosine), the subsequent analyses were 
performed using M-values (log2 of beta values) for a better statistical validity41. The 
dataset was pre-processed using the meffil package42 and functional normalization43 on 
the entire dataset (n= 68), including DNA samples from both brain regions. One sample 
was excluded because the reported sex did not match the methylation- predicted sex. 
The absence of sample mismatch was verified using the Genotype concordance estimate 
function in meffil. No samples had to be excluded due to high proportion of undetected 
probes (>10% of the probes in the sample had a detection p-value >0.01) or for a low 
number of beads (>10% of the probes in the sample had a bead count less than three). 
Ultimately, 67 out of 68 DNA samples survived quality control. Quality control of probes 
resulted in the removal of 4610 probes (0,54 of total probes) because >10% of the samples 
had a detection p-value > 0.01. 68 probes had to be removed due to a low number of 
beads per CpG (< 3) in a high proportion (>10%) of the samples. SNP-related probes 
were removed 44,45 as were probes with potential cross-hybridization 45,46. Independent 
surrogate variables (ISVA) were derived to capture technical variation and potential 
confounding variables47 as implemented in meffil. 

2.5 Epigenome-wide association study (EWAS)
To identify distinct methylation patterns associated with SCZ, a linear mixed-effects model 
was used. The model was run with CpG methylation as outcome, group (SCZ/CTR) and GW 
(grey-white matter) as main determinants, gender, age, genetic principal components as 
measure of ancestry (PC), and independent surrogate variables (ISVA) as covariates, and 
the brain region (GTS/GFM) as random factor. The analysis included an interaction term of 
grey-white and group. The full model was: Meth ~ group + GW + GW*group + age + gender 
+ PCs + ISVA, random=brain region. Multiple testing was accounted for by applying a false 
discovery rate (FDR) at 5% 48. 

2.6 Identification of differentially methylated regions (DMR)
Based on the p-value for the interaction coefficient of the CpGs, differentially methylated 
regions (DMRs) were determined. A DMR consists of highly significant CpGs (p-value < 
0.0001) within proximity of 1000 base pairs. DMRs were defined as implemented DMRcate 
49. DMRcate uses a Stouffer procedure to derive a type I error percentage (p value) for 
each DMR 50. The results were inspected by rerunning the same linear model with mean 
methylation across each DMR using the rlmer package in R (Koller, 2016). To investigate 
whether there were regional differences in grey-white matter methylation within a DMR, 
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an additional linear regression was conducted, with DMR methylation as outcome and 
brain region (GTS, GFM) as determinant. These models were run for each DMR individually. 
To identify DMRs with the strongest association to SCZ pathology, we prioritized DMRs 
that showed a significant main effect for DNA methylation between SCZ and CTR, grey 
and white matter, as well as a significant interaction effect. The significance threshold was 
set at p < 0.05. Figure 1 presents a schematic overview of the study approach. 

2.7 Quantification of gene expression using qPCR
For RNA isolation, fresh frozen tissue was sectioned (50µm) using a cryostat after which 
grey and white matter was dissected manually. Tissue was dissociated in TRIzol reagent 
(Thermo Life Technologies, USA) using the Ultra Turrax Homogenizer and stored at -80°C. 
RNA extraction, cDNA preparation and quantitative polymerase chain reaction (qPCR) 
were performed as described before 51, using the chloroform/isopropanol method, the 
Quantitect Reverse Transcription Kit (QIAGEN, Germany) and the QuantStudioTM 6 Flex 
Real-Time PCR System (Life Technologies Corporation, USA). Primers for KLF9, SFXN1, 
and SPRED2 were designed to be intron spanning, using the NCBI primer-BLAST tool 
(Supplementary table 2). It was not possible to develop a primer pair to detect ALS2CL 
gene expression in our postmortem brain tissue (previous studies have also been 
unsuccessful in this regard 52,53). KLF9, SFXN1, and SPRED2 gene expression levels were 
normalized to the geometric mean of the three stable reference genes beta-actin (βactin), 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and Succinate Dehydrogenase 
Complex Flavoprotein Subunit A (SDHA) 54. The geometric means of the raw CT values 
from these three reference genes are included for each donor and each tissue in 
supplementary table 3. Statistical analyses and figure design were performed with 
Graphpad software (version 8.4). Outliers were defined when values were +/- three times 
the standard deviation from the mean for each gene, leading to the exclusion of three 
values (GFM-white 99/131 SPRED2, GFM-grey 12/001 SFXN1, and GTS white SD019-15 
SPRED2). Unpaired Mann-Whitney U tests were used to compare gene expression 
between SCZ and CTR donors in GTS and GFM tissues, because data were not normally 
distributed. We assessed the effect of five main potential confounding factors, i.e. age, sex, 
brain pH, PMD and Braak-score for each datapoint with Spearman Rho correlation or the 
Kruskal Wallis test as appropriate (Supplementary table 4). When a significant association 
was found (Bonferroni corrected p < 0.001), the variable was entered as a covariate in 
post-hoc analyses using logistic regression.

2.8 Methylation – gene expression correlation analyses
Spearman Rho correlation analyses were applied to determine the main correlation effect 
between methylation- and gene expression level. 
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2.9 Confounder analysis
To assess potential confounding, a Pearson correlation was computed to assess the 
relationship of DMR methylation and brain pH, and Braak-score. No association was 
detected between these measures. Age and sex were included in the mixed linear 
regression model and, therefore, were not assessed separately for association with DNA 
methylation. Also, spearman correlation and Kruskal Wallis tests with the pre-selected 
potential confounding variables (sex, age, PMD, pH and Braak-score) revealed no 
significant correlations with gene-expression (Supplementary table 5).

2.10 Data availability statement
Relevant data supporting the discussed findings are included in the paper and its 
supplementary information files. Data are available at request.

3. Results 

3.1 Discovery
Epigenome-wide association analysis revealed 104 CpGs with coefficients below our 
significant threshold for interaction between grey-white matter differences and SCZ-CTR 
status (p < 0.0001). Inspection of the QQ-plots showed no indication of inflation with a 
lambda of 0.91 (Supplementary figure 1). Of the significant CpGs, 69 were within a 1000 
base pair range of each other, resulting in the identification of 24 differentially methylated 
regions (DMRs) (Figure 1 and Supplementary table 5). 

3.2 DMR analysis 
Among the 24 DMRs, we identified four that showed a significant main effect for DNA 
methylation between SCZ and CTR, grey and white matter, as well as a significant 
interaction effect (Table 2). All DMRs were located either within or close to the annotated 
gene. The first DMR (chr9: 73034238 – 73034460) is located 4.6kb outside the KLF9 
gene, within a CpG island of a promoter flanking region. The KLF9 DMR showed higher 
methylation in grey vs. white matter and in SCZ vs. CTR subjects. The second DMR (chr5: 
174944792 – 174944864) was found in the 8th intron of the SFXN1 gene, associated with 
epigenetic regulation. The third DMR (chr2: 65540924 - 65541060) overlaps with a CpG 
island in the last protein-coding exon of the SPRED2 gene. Both the SFXN1 and the SPRED2 
DMRs showed higher methylation in white vs. grey matter and in SCZ vs. CTR subjects. 
The last DMR (chr3: 46734995 - 46735009) is located at a CpG island in the first exon and 
promoter region of the ALS2CL gene. This DMR showed higher methylation in grey vs. 
white matter and in CTR vs. SCZ subjects (Supplementary figure 2 and Supplementary 
table 6).
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DMR DNAm ~ SCZ/Control DNAm ~ Grey/White

 
DNAm 
SCZ 

DNAm 
CTR

ß 
(Beta)

t-value p-value
DNAm 
Grey

DNAm 
white

ß 
(Beta)

t-value p-value

KLF9 0.048 0.044 0.009 3.26 0.001 0.053 0.038 0.006 2.02 0.042

SFXN1 0.811 0.806 0.014 2.05 0.04 0.732 0.891 0.025 3.59 0.0003

ALS2CL 0.035 0.0465 0.037 -3.32 0.0009 0.06 0.021 -0.026 -2.07 0.038

SPRED2 0.942 0.929 0.02 4.03 0.00005 0.927 0.944 0.01 1.96 0.05

Table 2. Statistical information significant DMRs. 
Four DMRs showed a significant main effect of DNA methylation between SCZ and CTR as well as between 
grey and white matter. The table shows the methylation difference of the DMRs between SCZ and CTR 
and between grey and white matter. The β-value represents the log2 of the methylation percentage (0 = 
unmethylated, 1 = completely methylated). The significance level was set to p < 0.05. 

3.3 Gene Expression analyses
Following the DMR analyses, we assessed gene expression differences between SCZ and 
CTR donors for the three of the identified genes (KLF9, SFXN1, and SPRED2) using qPCR. For 
this analysis, we separated grey and white matter for the two different brain regions (GTS 
and GFM) in SCZ and CTR subjects. Outliers were removed, and significance corrected 
for multiple testing using Bonferroni correction (p < 0.0042). KLF9 gene expression was 
downregulated in SCZ in GFM grey matter (SCZ: median = 391.8, IQR = 438.6; CTR: median 
= 977.6, IQR = 421.2; p = 0.0021) (Figure 2A). For SFXN1, we also found a downregulation 
in GFM grey matter in SCZ (SCZ: median = 139.8, IQR = 162.72; CTR: median = 488.9, 
IQR = 208.5; p = 0.0022) (Figure 2B). The SPRED2 gene was downregulated in GFM white 
matter in SCZ (SCZ: median = 98.6, IQR = 44.9; CTR: median = 193.8, IQR = 70.3; p = 0.0023 
(Figure 2C). An overview of the outcome values and the N for each test can be found 
in Supplementary table 7. We did not find a correlation between gene expression and 
methylation level for these genes (Supplementary figure 3). 
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Figure 2. Gene expression in grey and white matter of the GFM and GTS in SCZ and CTR. 
mRNA expression of genes was determined by qPCR in the gyrus frontalis medialis and gyrus temporalis 
superior of SCZ patients (N = 11) and CTR donors (N = 14). Gene expression was normalized against 
reference genes beta-actin (βactin), Succinate Dehydrogenase Complex Flavoprotein Subunit A (SDHA) 
and glyceraldehyde 3-phosphate dehydrogenease (GAPDH). Graphs show boxplots (white for CTR and 
grey for SCZ) containing individual datapoints for CTR (circles) and SCZ (squares) indicating the median, 
25th

 and 75th percentile, with the whiskers showing the maximum and minimum values. Significance level 
was Bonferroni corrected and set to p < 0.0042.

R
el

at
iv

e 
ge

ne
 e

xp
re

ss
io

n

KLF9

CTR
SCZ

R
el

at
iv

e 
ge

ne
 e

xp
re

ss
io

n
R

el
at

iv
e 

ge
ne

 e
xp

re
ss

io
n

SFXN1

SPRED2

CTR
SCZ

CTR
SCZ

A

B

C

*

*

*

GFM G
rey

GTS G
rey

GFM W
hite

GTS W
hite

GFM G
rey

GTS G
rey

GFM W
hite

GTS W
hite

GFM G
rey

GTS G
rey

GFM W
hite

GTS W
hite

0

500

1000

1500

0

200

400

800

0

200

400

600

600



98

4. Discussion

This study identified grey vs. white matter DNA methylation differences between SCZ and 
CTR postmortem cortical tissue. Four DMRs (within or close to KLF9, SFXN1, SPRED2, and 
ALS2CL) were differentially methylated both in grey vs. white matter and in SCZ vs. CTR. 
The observation of differential gene expression of these genes supported their role in 
SCZ. These findings provide novel targets for follow-up research and contribute to our 
understanding of the importance of the cortical grey and white matter differences in 
general, and in studying SCZ pathogenesis in particular.

The KLF9 DMR, is located in an active promoter of the KLF9 gene, which is involved in 
neuronal maturation 55, axon-growth suppression 56,57, and part of the thyroid hormone 3 
(T3) signaling cascade 58,59. In the central nervous system T3 is associated with oligoden-
drocyte differentiation 60, and therefore the development and regeneration of myelin. In 
mice, increased T3 levels are associated with decreased white matter volume 61. The KLF9 
gene, a transcriptional target of T3, transduces these promyelinating effects of T3 58,59.

The SFXN1 gene is a mitochondrial serine transporter, important for one-carbon 
metabolism 61,62. In general, mitochondrial dynamics are important for neuronal 
development and synaptic transmission, and impaired mitochondrial function has been 
associated with an increased risk for developing SCZ 63–65. Interestingly, mice lacking the 
SFXN1 gene show striking phenotypic similarities to mice deprived of pyridoxine (a form 
of vitamin B6) 66, although pyridoxine does not seem to be a substrate of SFXN1 62. Low 
levels of vitamin B6 are associated to SCZ pathology 67 and vitamin B6 is often added to 
antipsychotic medication, reducing symptoms 68. 

The third DMR is located in the SPRED2 gene, which is expressed in the nervous system 
and functions as an inhibitor of the Ras/ERK-MAPK pathway 68,69. The family of SPRED 
proteins are involved in neurogenesis, cell proliferation, migration, and synaptic vesicle 
transport 69–71. The loss of SPRED2 in a knock-out mouse model has been associated to 
OCD-like behaviour 69. 

Lastly, ALS2CL is a homologue of ALS2, a guanine-nucleotide exchange factor for Rab5 
involved in endosome dynamics, can alter ALS2 function 72,73. Rab5 mediated endocytosis 
is essential for proper cortical neurodevelopment, neuronal migration, and synaptic 
functioning 74,75. Previously, mutations in this gene have been associated to juvenile 
recessive amyotrophic lateral sclerosis 76,77, however, a nonsense de-novo mutation of 
ALS2CL has also been associated with SCZ pathology 78,79. 
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Our results show that the methylation rate of these four DMRs have a different relationship 
between SCZ and CTR subjects in grey matter compared to white matter. When we 
assessed the direction of these effects between SCZ and CTR subjects, we found that the 
DMRs show an opposite direction in methylation rate in grey matter compared to white 
matter, except for SPRED2. Comparing SCZ to CTR subjects, both KLF9 and SFXN1 show 
hypomethylation in white matter, and hypermethylation in grey matter, while ALSCL2 
shows hypermethylation in white matter, and hypomethylation in grey matter. SPRED2 is 
hypermethylated in SCZ in both grey and white matter. 

To assess the biological relevance of the four identified DMRs, we performed gene 
expression analyses and comparisons to previously published RNA-sequencing, GWAS, 
and methylation studies. Our analysis showed a downregulation of KLF9 in grey matter of 
the GFM, SFXN1 in GFM grey matter and SPRED2 in GTS white matter. 

These results reflect the differences in grey/white methylation between SCZ and CTR 
subject for the GFM, but not for the GTS. In line with our data, SFXN1 gene expression 
was also downregulated in SCZ patients in the largest psychiatric RNA-sequencing study 
to date 80. In this context, it is noteworthy that the genes identified in our study were not 
previously identified in genetic studies for SCZ  80–82, but some were highlighted in the 
other genome-wide methylation studies (Supplementary table 8) 18).

Interestingly, all four identified genes are involved in functions related to brain 
connectivity (oligodendrocyte function and synaptic transmission) either directly or 
through their downstream interactions. Large numbers of imaging and postmortem brain 
studies have provided evidence for altered brain connectivity in SCZ (the dysconnectivity 
hypothesis) 83–89. Several pathological mechanisms have been proposed to be the source 
of this dysconnectivity, affecting the wiring (white matter) and/or synaptic function 
(grey matter) in SCZ 85,87,90–95. Our study might provide new leads to understanding this 
phenotype and points to a contribution of altered DNA methylation of the four identified 
genes. 

Not much is known about grey and white matter DNA methylation differences in the 
cortex 32,33. And these differences have not been considered in SCZ methylation studies 
until now. Considerable amount of the variance in our data is explained by grey-white 
matter differences, as is shown by the large correlation between the first principal 
component of the DNA methylation data and the tissue-type (Supplementary figure 
4). This emphasizes the advantages to investigate grey and white matter separately to 
pinpoint relatively small tissue-specific alterations associated with SCZ pathology. 
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A limitation of this study is that SCZ is one of the most complex psychiatric disorders, 
with patients experiencing a pleiotropy of symptoms, differences in disease severity, 
progression, and treatment. Also, the nature of DNA methylation is very dynamic, which 
makes epigenetic studies susceptible to biological, clinical, and lifestyle confounding 
factors 96. In the current study we have adjusted for five main confounding factors (age, 
PMD, sex, pH, and Braak-score). However, other potential confounders have not been 
included, such as smoking, antipsychotic use and disease severity. The heterogeneity of 
the disease and epigenetic modifications, together with the limited availability of brain 
tissue, pose a challenge for this type of postmortem brain studies. Therefore, replication 
studies are imperative. 

Overall, in a methodically unique way, dissecting grey and white matter before running 
EWAS analysis, this study informs about epigenetic variation in the cortical grey and 
white matter specific to SCZ pathology, resulting in the identification of four genes that 
are likely involved in SCZ: KLF9, SFXN1, SPRED2, and ALS2CL. Furthermore, the data set 
we generated provides a valuable resource for the identification grey-white matter DNA 
methylation differences in the cortex in general. In the future similar approaches could be 
utilized to identify more grey and white matter-specific changes, thus contributing to the 
elucidation of SCZ pathogenesis. 
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Abstract

Maternal immune activation (MIA) during pregnancy is a risk factor for developing 
schizophrenia and autism spectrum disorder in the offspring. In rodents, MIA-progeny 
has been shown to develop changes in behaviour and cognition. However, it is also 
clear that MIA in humans most often does not induce a neurodevelopment disorder. To 
investigate possible resilience to prenatal inflammation in brain development of non-psy-
chiatric individuals, in the current study induced pluripotent stem cells derived cerebral 
organoids from non-psychiatric individuals were challenged with lipopolysaccharide 
(LPS) during an early developmental stage reflecting the end of the 1st

 trimester. Acute 
and long term effects of LPS on immune-activation, microglia and astrocytic phenotypes, 
together with alterations in neuronal development were assessed. Acute effects included 
increased gene expression of immune-activation markers (IL6, IL1B, TNF), and decreased 
expression of neuronal markers important in neuronal development (RELN and EOMES/
TBR2) after LPS stimulation. Also an increase in microglia and astrocytic protein expression 
was detected (IBA1, GFAP). Long term effects solely consisted of a decrease in immune 
activation markers (IL1B, TNF). The acute effects replicate findings observed in MIA studies, 
although long term effects were not replicated. These preliminary results suggest that 
immune activation leads to transient changes, but also to compensatory mechanisms 
in immune pathways, which may protect the developing brain from long term structural 
changes. Since most maternal infections do indeed not result in neurodevelopmental 
disorders, we hypothesize that compensatory mechanisms that make the human brain 
resilient against prenatal inflammation may be affected in individuals genetically at risk 
for developing psychiatric illnesses. 
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1. Introduction

Epidemiological studies have shown that prenatal inflammation is a risk factor for 
schizophrenia, autism spectrum disorder, and bipolar disorder1. Infections and increased 
levels of pro-inflammatory cytokines during the first or second trimester of pregnancy 
increase the risk for developing schizophrenia and autism in offspring 2- to 5-fold and 
1.1-fold, respectively2–5. A 4-fold increase has been described for bipolar disorder in 
which the timing of inflammation was not an identified determining factor6. It remains 
difficult to comprehend how an incident during early-development unfolds into a 
psychiatric illness years later7. It is hypothesized that increased levels of cytokines, 
chemokines, and other inflammatory factors during an infection in the mother, are 
partly transferred across the placenta. These factors are hypothesized to either directly 
affect brain development in the fetus7, or lead to long term dysfunctional changes in the 
microglia, the immune cells of the brain. IL6 and IL17 have gotten extra attention for a 
potential detrimental role in the cascade initiated by the infection being able to directly 
affect brain development7,8. The pathogenic trajectory from MIA to neurodevelopmental 
disorders is difficult to investigate in human subjects. Animal models have therefore been 
used to study the impact of prenatal inflammation on the brain of the offspring. 

The rodent maternal immune activation (MIA) model has been used most extensively to 
study the induction of long term abnormalities in the brain due to prenatal infection9. 
Generally two procedures are used to evoke MIA: an intraperitoneal injection of the 
pregnant mouse with a bacterial lipopolysaccharide/LPS) or viral (polyinosinic:polycyt-
idylic acid/PIC) agent. The timing differs per study, some studies induce MIA at embryonic 
day 9 (E9) before the fetal blood brain barrier closes, but most induce MIA at E12. Hereby 
stimulating an infection during a gestational stage that correlates to the late first trimester 
in humans, that is most highly linked to increased risk of schizophrenia and autism, but 
not necessarily bipolar disorder2,5,6,10. Importantly, this time-point is just after microglia 
settle in the brain parenchyma (E8.5)11. 

Several important biological concepts were deduced from the MIA rodent studies. First 
an infection in the mother is able to cross the placenta-fetus barrier where it evokes 
an inflammation wave that travels through the fetal bloodstream and then crosses the 
blood-brain-barrier of the fetus in the case of MIA induction at E12. Elevated cytokine 
levels (such as IL 6) and STAT3 phosphorylation can be detected in the fetal brain within 
three hours and twenty-four after stimulation with PIC or LPS, respectively9,12,13. Second, 
Mia induces long term changes in cytokine levels in the brain of the MIA offspring in 
rodents9. Thrid, prenatal inflammation can induce long term changes in behaviour 
and cognition in offspring14. This includes impaired sensorimotor gating, social, and 
exploratory behaviour. Fourth, MIA affects neurodevelopment, as shown as shown by 
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reductions in brain volume, defects in neuronal migration and maturation15,16. Intervention 
in the immune wave in the fetal brain was effective in preventing the MIA phenotype, as 
shown by inhibiting IL17a and IL1 receptor type 1 knock out studies8,16. Corradini et al. 
(2018) further correlated the stat of inflammation in the fetal brain to delayed neurode-
velopment16, that might underlie the behavioural changes. 

Importantly, although most MIA studies show both short- and long term effects, the 
observed changes in behaviour, the immune system, and neuronal development are 
highly variable. This disparity can be largely explained by the choice of immunogen, timing 
of MIA induction, animal strain, and the use of single or multiple immune challenges9,14. 
It also remains unclear how all these findings translate to humans. Especially considering 
that the MIA animal model has a high penetrant effect inducing a severe phenotype in the 
offspring, whereas only a small percentage of pregnant women with prenatal infection 
deliver children that develop schizophrenia or another major psychiatric illness3,17. We 
therefore hypothesize that the human brain has a level of resilience to immune-stressors. 
Until recently, models that mimic human brain development were absent. 

Advances in iPSC technology have unfolded new opportunities to investigate the 
translation of findings from rodent MIA models to humans. In 2013 there was a 
breakthrough in iPSC-research due to the publication of a protocol for human cerebral 
organoids18. The protocol is widely used to study the effects of, for example, Zika infection 
on brain development19–21. The trajectory of neuronal development in these organoids 
closely mimics fetal human brain development, including apical and basal neuronal 
progenitors, and cortical plate neurons22,23. An adaptation the cerebral organoid protocol 
showed innate development of microglia in the organoids24. This is an important addition 
as these cells, together with the astrocytes, are presumed to play an important role in 
proliferation of the immune effects in the brain in case of MIA. Furthermore, they are 
intertwined with the development and maintenance of other brain cells25–28 through 
which they can affect developing neurons. In MIA models, inflammation is induced just 
after microglia enter the brain, and their involvement is confirmed by long term changes 
in the phenotype end density of microglia after MIA29,30. 

The aim of this study was to delineate acute and long term consequences of an infection 
during early stages of human brain development, in analogy of the MIA rodent model. By 
using non-psychiatric donors we were able to investigate resilience of the human brain 
development against environmental stressors. We grew iPSC-derived organoids and triggered 
immune-activation with a two-step LPS challenge just after microglia developed within 
the model. We determined acute and long term effects on glial phenotype and changes in 
neurodevelopment by assessing gene expression changes that characterize different steps in 
neurodevelopment that could explain rise of psychiatric problems later in life. 
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2. Methods

2.1 Research subjects
iPSC line generation was approved by the Medical Ethical Committee of the University 
Medical Center Utrecht. Written consent was provided by the non-psychiatric subjects. 

2.2 iPSC lines generation and maintenance
Generation and characterization, including karyotyping and pluripotency testing, of both 
iPSC-line 1 (male, 65 years old) and 2 (male, 66 years old) have been described before31. 
iPSC-lines were feeder-free cultured on Geltrex-coated (Thermofisher, A1413202) dishes 
in mTeSR1 medium at 37°C with 5% CO2. Cells were passaged once a week by first 
washing the cells with DPBS followed by 2 minutes incubation with EDTA (5 µM). EDTA 
was removed and cell aggregates were loosened from the plate by rinsing the plate with 
mTeSR1 which were transferred to a fresh plate. The first 24h after passage they were 
cultured with ROCK-inhibitor Y-27632 (4.82 µM, Axon 1683). Both lines were frequently 
tested for mycoplasma infection (Lonza, LT07-318) and kept in culture up to 60 passages. 

2.3 Organoid differentiation
Organoids were differentiated as described previously24. In short, iPSC were grown 
till they reached ~90% confluency. They were detached with Accutase (Thermofisher, 
A11105-01), counted and plated 3.5*10^6 cells per well in an aggrewell800 microwell 
plate (StemCell Technologies, 27865 in 2 mL hESC4 (DMEM-F12 (ThermoFisher, 
11320-074), 20% KOSR (ThermoFisher, 10828028), 1% NEAA (ThermoFisher, 11140-035), 
1% L-Glutamine (ThermoFisher, 25030-024), 3% FBS (SigmaAldrich, F7524), 496 µM 
ß-mercaptoethanol (Merck-Schuchardt, 805740), and 4 ng/mL bFGF (ThermoFisher, 
AA10-155)) supplemented with ROCK-inhibitor Y-27632 (48.2 µM). Medium was refreshed 
on day 1 and on day 2 healthy looking embryoid bodies were selected and transferred 
one organoid per well to an ultra-low attachment 96-well plate (Corning, 3474). The 
hES4 was replaced by hES0 (without ROCK-inhibitor and bFGF) on day 4. On day 6, 8, 10, 
and 12 of the protocol, medium was replaced by neural induction medium (DMEM-F12, 
1% N2 (ThermoFisher, 17502048), 1% L-Glutamine, 1% NEAA, 0.1ug/mL heparin (Sigma 
Aldrich,  H3149-10KU)). Organoids were embedded in 30 µL Matrigel (Corning, 356234) 
on day 13 and cultured in cerebral organoid differentiation medium without vitamin 
A for four days, refreshing the medium on day 15 (DMEM-F12 1:1 with neurobasal 
medium  (ThermoFisher,  21103049),  1%  L-Glutamine,  1% P/S, 0.025% insulin (Sigma 
Aldrich,  I9278), 3.5 µL/L 2-mercaptoethanol,  1% NEAA, 1:100 B27 supplement without 
vitamin A (Sigma Aldrich,  12587010)) sixteen organoids per 60 mm dish. On day 17 of 
the protocol the medium was replaced by cerebral organoid differentiation medium with 
vitamin A (DMEM-F12 1:1 with neurobasal medium,  1%  L-Glutamine,  1% P/S, 0.025% 
insulin, 3.5 µL/L 2-mercaptoethanol,  1% NEAA, 1:100 B27 supplement with vitamin A 
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(Sigma Aldrich,  17504044)) and the organoids were transferred to a belly dancer set to 
speed 3. Organoids where removed from the culture when they not fulfilled the criteria 
postulated by Lancaster & Knoblich (2013)18. Two batches were grown from iPSC1 (iPSC1a 
and iPSC1b), and one from iPSC2. Each batch had a minimum of 96 organoids. 

2.4 Lipopolysaccharide stimulation 
On day 38 in culture, organoids that were cultured sixteen organoids per dish were pooled 
together and divided over new dishes to prevent a confounding effect of inter-dish 
variation that is described in organoid research32. Two 60 mm dishes were subsequently 
stimulated with 100 ng/mL LPS from Escherichia coli (Sigma-Aldrich, 0111:B4. On day 
DIV39 (acute effect: timepoint 1) and DIV66 (long term effect: timepoint 2) organoids 
from one dish per condition were harvested. Three organoids were separately collected 
in Trizol reagent (Life Technologies, 15596018) for RNA isolation. Three organoids were 
washed with PBS, fixated in 4% PFA for 24h, washed again with PBS and transferred 
to a sucrose solution (30% sucrose in PBS) over night at 4°C. They were snap-frozen in 
isopentane on dry ice after embedment in tissue-tek (CellPath, KMA0100-00A). Frozen 
organoids were stored at -80°C for subsequent sectioning. For protein enrichment, three 
organoids were separately collected, washed with PBS, mechanically lysed in protease & 
phosphatase inhibitor, SDS, 2H-DTT and suspension buffer and stored at -80°C. 

2.5 Immunofluorescent stainings 
Organoids were sectioned (20 µM per section) with a cryostat and stored at -80°C. 
Sections were thawed and washed with PBS-0.05% tween20. Sections were immersed in 
blocking solution for 1h at RT (0.05% Tween 20, 3% BSA, 1% Triton-X, and 10% donkey 
serum) followed by the primary antibody incubation in the blocking solution over night at 
4°C. After washing twice with PBS, the sections were incubated with secondary antibody 
solution and nuclear staining (hoechst, ThermoFisher, H3569) for 2h at RT. Samples were 
mounted using Fluorsave reagent (Merck Millipore, 345789) and imaged with Zeiss Axio- 
Scope A1. See table 1 for the antibodies used.
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2.6 Western blot
For protein isolation, cerebral organoids were collected individually in suspension buffer 
(0.1 M NaCl, 0.01 M Tris-HCL pH7.6, 0.001 M EDTA, complete EDTA-free protease inhibitor 
cocktail (Roche, 11697498001), phosphatase inhibitor cocktail (Sigma Aldrich, P5726) 
and lysed using the Ultra Turrax Homogenizer (IKA, 0003737000). 2x SDS loading buffer 
(100 mM Tris pH6.8, 4% SDS, 20% glycerol, 2M DTT (Cleland’s reagent, 10708984001)) 
was added and samples were pre-heated at 95°C for 5 minutes. DNA fractions were 

Antigen/target Experiment
 Host 
species Dilution Provider Article number

GFAP-pan IHC/WB Rabbit 1:1000 DAKO Z0334

IBA1 IHC/WB Goat 1:500 Abcam AB5076

NEUN IHC/WB Mouse 1:500 Abcam AB104224

TUJ1 IHC Mouse 1:1000 Covance MMS-435P

S100b IHC Rabbit 1:300 Dako Z0311

HLA-DR IHC/WB Mouse 1:500 eBioscience 14-9956-80

STAT3 WB Rabbit Cell signalling 9145

PU.1 IHC Rabbit 1:300 Invitrogen A13971

Mouse 555 IHC Donkey 1:1000 Thermo Fisher A31570

Mouse 488 IHC Donkey 1:1000 Thermo Fisher A21202

Rabbit 555 IHC Donkey 1:1000 Abcam 150074

Rabbit 488 IHC Donkey 1:1000 Thermo Fisher A21206

Rat 488 IHC Donkey 1:1000 Thermo Fisher A21208

Goat 555 IHC Donkey 1:1000 Thermo Fisher

GAPDH WB Mouse 1:1000 Chemicon MAB374

Rabbit IR800 WB Donkey 1:1000 Li-Cor biosciences 926-32211

Mouse IR800 WB Donkey 1:1000 Li-Cor biosciences 926-32210

Rabbit 647 WB Donkey 1:1000 Jackson immuno 
research 711-606-152

Mouse 647 WB Donkey 1:1000 Jackson immuno 
research 715-606-150

Table 1. Antibodies used in this study for immunohistochemistry and western blot/
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broken up by running the lysates through a 25-gauge needle. Proteins were separated 
by SDS-PAGE gel electrophoresis on 7.5%, 10% or 15% gels, and blotted on a 0.45 µM 
pore size nitrocellulose membrane (GE Healthcare, A20485269) using wet blotting. Blots 
were incubated in blocking buffer (50 mM Tris pH7.4, 150 mM NaCl, 0,25 (w/v) gelatin, 
and 0.5% triton X-100) and incubated in primary antibody in blocking buffer over night at 
4°C (Table 1). Blots were washed in TBS-T (100 mM Tris-HCL pH7.4, 150 mM NaCl and 0.2% 
Tween-20) and incubated in secondary antibody in blocking buffer for 1h at RT (Table 1). 
Blots were washed in TBS-T and rinsed with DEMI-H2O before scanning. Both scanning 
and analysis were performed using the Odyssey CLx Western Blot Detection System 
(LI-COR biosciences, Lincoln, NE, USA). 

2.7 RNA isolation and RT-PCR
RNA was isolated using the miRNeasy mini kit (Qiagen, 217004) according to 
manufacturer’s protocol. Genomic DNA was removed by including the supplementary 
DNAse step (Qiagen, 79254). The VarioSkan Flash microplate reader (ThermoScientific, 
MA) was used to measure the RNA concentration. Conversion to cDNA was achieved 
by using the Quantitect transcriptase kit (Qiagen, 205311) according to manufacturer’s 
protocol and using the biokrom thermalcycler for the PCR step. Primers for RT-PCR were 
intron-spanning as designed with PrimerBLAST (NCBI). Absolute levels were calculated 
(2∆CT) and subsequently normalized with the geomean of reference genes GAPDH and 
ACTB (see supplementary Table 2 for primer sequences). 

2.8 Primer panel 
The primer panel used in this study consisted of 4 categories: Proinflammatory cytokine 
genes related to immune activation in MIA studies (IL6, IL1b, and TNF) 29, microglial (AIF1, 
SPI1, ITGAM, PTPRC, HLADRA, and C1QA), astrocytic (GLT1, S100b, and Nestin (which is also a 
neuronal stem cell marker)), and neuronal (progenitor) markers (RELN, PAX6, EOMES/TBR2, 
TBR1, MAP2, TUBB3, and RBFOX3/NEUN). The neuronal panel was composed to reflect 
different maturation stages in neuronal development, including early markers PAX6, 
RELN important for the orchestration of development, intermediate neuronal progenitor 
(EOMES/TBR2) and postmitotic neuronal markers (TBR1, RBFOX3/NEUN/MAP2). 

2.9 Statistics
R (version 3.5.3) software was used for statistical analyses (CRAN:https://www.r-project.
org) in the Rstudio environment. Type three (unbalanced) repeated measures two-way 
ANOVA was used to compare the LPS-stimulated with the control values per timepoint. 
The unbalanced method was used to deal with unbalanced number of values per group. 
Plots were generated using R packages pheatmap (version 1.0.12), ggplot2 (version 
3.1.1.), and RColorBrewer (version 1.1.2). 
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Gene 5’-Forward primer-3’ 5’-Reverse primer-3’

GAPDH TGTTCGACAGTCAGCCGCATCTTC CAGAGTTAAAAGCAGCCCTGGTGA

ACTB GCTCCTCCTGAGCGCAAG CATCTGCTGGAAGGTGGACA

IL6 TGCAATAACCACCCCTGACC TGCGCAGAATGAGATGAGTTG

TNF TGGAGAAGGGTGACCGACTC TCACAGGGCAATGATCCCAA

IL1B TTTGAGTCTGCCCAGTTCCC  TCAGTTATATCCTGGCCGCC 

C1QA GAGCACCAGACGGGAAGAAA TAAGGCCTTGGATGCCTGTC

HLADRA CCCAGGGAAGACCACCTTT CACCCTGCAGTCGTAAACGT

AIF1 AGACGTTCAGCTACCCTGACTT GGCCTGTTGGCTTTTCCTTTTCTC

SPI1 GTGCAAAATGGAAGGGTTTCCC TACTCGTGCGTTTGGCGTTG

ITGAM TGCTTCCTGTTTGGATCCAACCTA AGAAGGCAATGTCACTATCCTCTTGA

PTPRC GCAGCTAGCAAGTGGTTTGTTC AAACAGCATGCGTCCTTTCTC

GLT1 GCCAACAGAGGACATCAGCC ATCCCAGCCCCAAAAGAGTC

S100B TGGAAAAAGCAACTCCATCAGAA GAATCGCATGGGTCACGG

NESTIN GGTGTCTGCAAGCGAGAGTT TCCCTTAGTCTGGAAGTGGCTA

PAX6 CCTATGCCCAGCTTCACCAT GGCAGCATGCAGGAGTATGA

EOMES CGGCCTCTGTGGCTCAAAT TAGTGGGCAGTGGGATTGAGT

TBR1 GTCACCGCCTACCAGAACAC GCCGGTGTAGATCGTGTCATA

MAP2 CTCAGCACCGCTAACAGAGG CATTGGCGCTTCGGACAAG

TUBB3 GGCCTTTGGACATCTCTTC CTCCGTGTAGTGACCCTTG

RBFOX3 TTACGGAGCGGTCGTGTATC CGGGCTGAGCGTATCTGTAG

RELN GCTTTGGACCATGTGGAGGT TGTCTGAGCCCATGTTGTCG

Table 2. Primer sequences used for RT-PCR. 
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3. Results

3.1 Study design and organoid characterization
Organoids were grown from two different donors with two batches from one of the 
donors (iPSC1a, iPSC2a, and iPSC2). After 38 days in culture (days in vitro (DIV)) organoids 
were split and one of the two groups was stimulated twice with LPS (once at DIV38, and 
again at DIV45). Half of the organoids were harvested one day at the first stimulation 
(DIV39) and the remainder was harvested at DIV66 (Figure 1a). To predict responsiveness 
of organoids to LPS, we used RT-PCR data from Ormel et al. (2018)24. In that study, 
organoid -grown microglia (oMG) were enriched from whole organoids using CD11b+ 
magnetic cell sorting24. RT-PCR was performed to validate enrichment of the oMG. Using 
this data, statistical analysis showed a typical microglia profile comprising significantly 
enriched expression of AIF1/IBA1 and PTPRC/CD45 compared to the other cells (flow 
through/FT) performing a paired T-test using data from three different donors and several 
batches from one donor (Figure 1b) (paired T-test: AIF1: t(8.2), p < 0.001; PTPRC: t(6.93(, 
p < 0.001). In the brain toll-like receptor 4 (TLR4) and CD14 are expressed that can bind 
LPS particles33. Similar to human brain tissue30,34, CD14 and TLR4 expression in organoids 
was highly enriched in microglia compared to other cells (Figure 1b) (paired T-test: CD14: 
t(7.9), p = 0.02; TLR4: t(6.07), p < 0.001). Immunostainings confirmed presence of IBA1 and 
HLADR protein expressing in oMG and DIV39 with an amoeboid morphology, as previously 
described in Ormel et al. (2018)24 (Figure 1c). oMG had a ramified appearance at DIV66 as 
shown with a HLADR immunostaining and they all expressed the nuclear microglia-tran-
scription factor PU.1 (Figure 1d). Proliferative zones were visible in the organoids as shown 
by neuronal progenitor marker PAX6 and general neuronal marker TUJ1 (Figure 1e-f ). 
Mature neurons expressing neuronal-markers SATB2 and nuclear-NEUN were detected 
(Figure 1g-h). S100B and GFAP staining also showed the presence of astrocytes at DIV66 
(Figure 1i-j). Thus, organoids showed characteristic expression of microglial, astrocytic, 
and neuronal proteins. 

3.2 Acute response to LPS stimulation
To study the acute response to LPS, we analysed organoids one day after exposure and 
compared them to non-stimulated controls (Figure 2a). We used a panel of immune-ac-
tivation, microglia, astrocyte, and neuronal markers to investigate the effect induced by 
LPS (Figure 2b). In line with other cerebral organoid studies32 we observed heterogeneity 
inter- and intra-donor organoids. Still we observed several acute effects of LPS 
stimulation, including significant upregulation of IL6, TNF, and IL1B (repeated measures 
(RM) two-way ANOVA: IL6: F(1, 14) = 8.9, p < 0.01; TNF: F(1, 14) = 15.8, p< 0.01; IL1B: F(1, 14) 
= 10.2, p < 0.01) (Figure 2b-c). HLADRA was also significantly upregulated in LPS-organoid 
(RM two-way ANOVA: F(1, 14) = 6.4, p = 0.02). The other microglial and astrocyte markers 
were all unaffected (Figure 2b,d-e). Neuronal markers RELN and EOMES were significantly 
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Figure 1. Study design and confirmation of cerebral organoid phenotype. 
A Illustration of study design indicating timing of LPS stimulation (DIV37, DIV44) and moments of harvest to 
compare the acute (DIV39) and chronic (DIV66) effects of LPS versus non-stimulated organoids. B Boxplots 
derived from previously published dataset (Ormel et al. 2018) showing significant increased expression 
of mRNA of classical microglia markers (AIF1 and PTPRC) and LPS receptors (TLR4 and CD14) in CD11b+ 
magnetic cell sorted organoid-grown microglia versus the CD11b- Flow Through (FT) fraction of the 
organoids (paired T-test: AIF1: t(8.2), p < 0.001; PTPRC: t(6.93), p < 0.001; CD14: t(7.9), p = 0.02; TLR4: t(6.07), 
p < 0.001). Colours of dots correspond to distinct donors. For CD14 only data from three different batches 
of one donor was available. C Immunostaining of microglia-markers IBA1 and HLA-DR showing amoeboid 
organoid-grown microglia (oMG) within the organoid at DIV39. D Colocaliation of HLA-DR and microglia 
nuclear-marker PU.1 as assessed with immunostaining in oMG that displayed a ramified morphology at 
DIV66. E-F Immunostainings with neuronal progenitor marker PAX6 (e) and general neuronal marker TUJ1 
(f ) show presence of neuronal progenitor zones at DIV66. G-H Post-mitotic marker SATB2 (g) and mature 
neuronal marker NEUN (h) expressing neurons were present within organoids at DIV66. I-J Astrocytic 
markers S100b and GFAP were present in the organoid at DIV66. Scale bars in all panels indicate 40 µm. 
Representative images of iPSC1a, iPSC1b, or iPSC2 are shown.
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Figure 2. Acute effect of LPS on inflammation status, microglia, astrocyte, and neuron phenotype. 
A Illustration depicting a zoom in on the acute part the study design that is elaborated on in this figure. 
B Heatmap showing fold changes of the median expression values of a gene panel of LPS-stimulated 
organoids versus its non-stimulated controls. The gene panel is comprised of inflammation, microglia, 
astrocyte, and neuronal markers. Prior to fold change calculation, mRNA levels were first normalized to 
the geomean of reference genes ACTB and GAPDH. Gene names are depicted in red or blue when they are 
significantly up or downregulated after LPS stimulation, respectively. If a trend was visible, the respective 
gene name is depicted in orange. C Dotplots visualizing the significant increased mRNA expression of 
inflammation markers IL6, TNF, and IL1B in stimulated versus non-stimulated organoids at DIV39 (repeated 
measures (RM) two-way ANOVA: IL6: F(1, 14) = 8.9, p < 0.01; TNF: F(1, 14) = 15.8, p < 0.01; IL1B: F(1, 14) = 
10.2, p < 0.01). D Dotplots visualizing mRNA expression upregulation of HLADRA, but not AIF1 or C1QA in 
LPS-stimulated versus non-stimulated organoids (RM two-way ANOVA: HLADRA: F(1, 14) = 6.4, p = 0.02). 
E-F Dotplots showing astrocytic markers (GLT1 and NESTIN) and neuronal markers (RELN, PAX6, EOMES, 
and TBR1) mRNA levels of which RELN was significantly decreased and EOMES showed a trend towards 
downregulation (RM two-way ANOVA: RELN: F(1 , 14) = 5.5, p = 0.03; EOMES: F(1, 14) = 3.3, p = 0.09). 
G-H- Protein analyses (visualized in a dotplot (g)) with western blot (h) showed a significant increased 
expression of GFAP and IBA1, but not pSTAT3, in LPS-stimulated versus non-stimulated organoids (RM 
two-way ANOVA: GFAP: F(1 , 14) = 15.4, p < 0.01; IBA1: F(1, 14) = 6.1, p = 0.03).
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3.3 Long term effects of LPS stimulation
Organoids harvested on DIV66 were analysed for long term effects of inflammation on 
microglial, astrocytic, and neuronal markers (Figure 3a). We used a similar gene panel 
as used to assess the acute effects of LPS on inflammation, microglia, astrocyte, and 
neuronal markers (Figure 3b). The effect of inflammation on the developing organoid was 
illustrated by displaying the fold changes of stimulated and non-stimulated organoids at 
DIV66 versus the expression in non-stimulated organoids at DIV39 in a heatmap (Figure 
3b). In general, as expected, complement 3 receptor gene (ITGAM/CD11b) increased during 
development of the organoid and mature astrocyte marker GLT1 was also more expressed 
at DIV66. Similarly, neurons were maturing as RELN, a marker important for early neuronal 
development was decreased, whereas more mature marker TBR1 increased in expression 
at DIV66, although some variation between donors was visible. When comparing 
stimulated versus unstimulated organoids at DIV66, we observed that both TNF and IL1B 
showed a reduction in expression in the LPS group (RM two-way ANOVA: TNF: F(1, 14) 
= 5.4, p = 0.04; IL1B: F(1, 14) = 5.6, p < 0.03), whereas no effect could be detected on IL6 
expression (Figure 3c). Microglia genes were unaffected, similar to the astrocytic genes 
except for GLT1 where the LPS group showed a trend towards upregulation (RM two-way 
ANOVA: F(1, 14) = 3.5, p = 0.08) (Figure 3d-e). No long term alterations were detected in 
neuronal marker gene expression nor alterations in expression of the proteins IBA1, GFAP, 
or STAT3 (Figure 3f-g). Thus, wo immune activation markers were decreased in expression 
long term, but the other markers were unaffected. 

downregulated or showed a trend of downregulation, respectively (RM tow-way ANOVA: 
RELN: F(1, 14) = 5.5, p = 0.03; EOMES: F(1, 14) = 3.3, p = 0.09). Other neuronal markers such 
as PAX6 and TBR1, remained unaffected (Figure 2b,f ). Both the proteins GFAP and IBA1, 
markers for astrocytes and microglia respectively, were significantly higher expressed 
after LPS stimulation (RM two-way ANOVA: GFAP: F(1, 14) = 15.4, p < 0.01; IBA1: F(1, 14) 
= 6.1, p = 0.03), whereas phosphorylated STAT3 was unaffected (Figure 2g- h). In sum, 
LPS exposure of organoids induced expression of microglia- and astrocyte-specific genes 
and proteins. Neuronal markers RELN and EOMES, both important for neurodevelopment, 
were acutely decreased or showed a trend towards a decrease after stimulation with LPS, 
respectively. 
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Figure 3. Long term effect of LPS on immune-activation status, and development of microglia, 
astrocytes, and neurons. 
A Illustration depicting a zoom in on the chronic part the study design that is elaborated on in this figure. 
B Heatmap showing fold changes of the median expression values of a gene panel of LPS-stimulated 
and non-stimulated controls at DIV66 versus non-stimulated controls at DIV39 illustrating deviations in 
maturation. The gene panel comprised of inflammation, microglia, astrocyte, and neuronal markers. Prior 
to fold change calculation, mRNA levels were first normalized to the geomean of reference genes ACTB and 
GAPDH. Gene names are depicted in blue if they were significantly downregulated in the LPS-stimulated 
organoids versus non-stimulated organoids at DIV66. If a trend was visible the respective gene name is 
depicted in orange. C Dotplots visualizing the significant decreased mRNA expression of inflammation 
markers TNF, IL1B, but not IL6 in stimulated versus non-stimulated organoids at DIV66 (repeated measures 
(RM) two-way ANOVA: TNF: F(1, 14) = 5.4, p = 0.04; IL1B: F(1, 14) = 5.6, p < 0.03). D-F Dotplots showing 
microglial (AIF1, HLADRA, and C1QA) astrocytic (GLT1 and NESTIN) and neuronal markers (RELN, PAX6, 
EOMES, and TBR1) mRNA expression of which only GLT1 showed a trend towards deviance (RM two-way 
ANOVA: GLT1: F(1, 14) = 3.5, p = 0.08). G Protein analyses of IBA1, GFAP, and pSTAT3 visualized in a dotplot 
did not show differences in expression between LPS-stimulated and non-stimulated organoids at DIV66. 
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4. Discussion

In this study we mimicked the MIA rodent model in cerebral organoids thereby 
investigating the effect of prenatal inflammation on brain development in a human in vitro 
model. Immune activation was induced as confirmed by the expression of immune-acti-
vation markers IL6, TNF, and IL1B, and increased protein expression of glial markers IBA1 
and GFAP. LPS exposure also acutely affected neurons as expression of neuronal markers 
RELN and EOMES was reduced one day after stimulation. On the long term this effect 
vanished. Exposure to LPS reduced expression of immune- activation markers at DIV66

The acute effects detected in our study showed similarities with the acute effect initiated 
in LPS-MIA models29,35. In the study of O’Loughlin et al. (2017) they used similar read-out 
parameters in the fetal mouse brain just after MIA induction with LPS29. They detected 
increased IBA1 expression and 1.5-, 2.5-, and 5-fold acutely increased mRNA levels of IL6, 
TNF, and IL1b, respectively29, which corresponds with our results. Ghiani et al. (2011), 
performed a similar experiment in rats and described besides similar effects, also acute 
increased GFAP expression, as also described in our study35. Some, however, reported a 
more transient effect in gene expression alleviating already 6h post MIA, but still inducing 
long term effects12. They also describe acute increased pSTAT3 expression, which we could 
not replicate. Possibly the levels of IL6 reached in our study do not meet the levels of 
this study that were needed to induce the phosphorylation of STAT3. They do note that 
pSTAT3 expression was regional-specific and it is possible that the variation in brain 
regions inter-organoids have filtered out this effect.

The reduced expression of RELN and EOMES measured one day after LPS- challenge of the 
organoids indicate an immediate effect on neuronal development. Interestingly, specifically 
acute effects on Reelin have been described before in MIA models35,36. Both Fatemi et al. 
(1999) and Ghiani et al. (2011) showed a reduction in RELN expression with similar effect sizes 
as we had within days after viral or bacterial challenge35,36. Nouel et al. (2012) also described 
a reduction in Reelin-positive neurons in several brain regions in the offspring of MIA rats 
postnatally37. They assessed Reelin neurons at two time-points, detected a reduction at the 
earlier time-point (postnatal day 14) which disappeared at the later time-point (postnatal 
day 28). As Reelin is important for proper development of cortical neurons38, it is possible 
that changes in expression of Reelin induce long term effects.

MIA in rodents has shown to lead to several long term biological aberrations in the 
offspring such as prolonged elevated cytokine levels, and deviations in neuronal 
structure and functioning. These include a decrease in brain volume, delayed interneuron 
maturation, reduced synaptic organization, and migration deficits of pyramidal neurons 
(reviewed by Bergdolt and Dunaevsky, 20189). As neuronal deficits could be caused by a 
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defect in neuronal development prohibiting or limiting the migration and generation of 
mature neurons, LPS exposure of organoids could also lead to similar long term changes 
in neurons. However, even though we stimulated organoids twice with LPS, the challenges 
did not result in prolonged immune activation that therefore might explain the absence of 
long term neuronal defects in our organoids. In the rodent model, the mother is exposed 
to LPS which leads to an inflammatory response that partly passes on to the fetus. It is 
not known which factors are driving neuronal abnormalities in the offspring. It is however 
thought that LPS is not transferred over the placenta, but induces other factors that do. 
IL6 has been shown to correlate between the mother’ circulation and the fetal circulation 
as well as brain and abrogation of specifically the IL6 flux removed the long term MIA 
phenotype9,12. We hypothesize that the induction of IL6 in the LPS-exposed organoids may 
be lower than in the MIA model and therefore less detrimental. This is supported by the 
lack of phosphorylation of STAT3 after the challenge in organoids. Zuiki et al. (2017) showed 
that administering an IL6 challenge to human iPSC-derived neural aggregates that were 
composed of neurons and astrocytes resulted in astrogliosis after nine days in culture39. 
This affected several neuronal subtypes including reduction of TBR1 and CTIP2 expression39. 
Opposed to our study where we used LPS that induced IL6 production, they exposed the 
neural aggregates directly with high concentrations of IL6 that induced a strong(er) effect. 
Possibly the timing of assessment also contributed to the disparity in results as we assessed 
acute and long term effects one day and 29 days after stimulation, respectively, whereas 
they assessed the response after nine days. Effects might have alleviated in their model after 
29 days of culture. An important disadvantage of their model is the absence of microglia, 
that probably play an important role in the immune response and might also explain the 
deviance in results in our studies. Especially since they can also counter immune-activity 
and therefore might be involved in restoring the immune- balance.

Interestingly, on the long term, inflammation markers TNF and IL1B were significantly lower 
expressed in the LPS-stimulated organoids versus the control organoids. Possibly indicating 
an immune-restoring mechanism. In some MIA studies a similar effect was detected. In a 
MIA study in mice they detected significant lower levels of TNFα and IL6 in blood of MIA 
offspring40. In another study they investigated the inflammatory capacity later in life, and 
reported a reduced TNFα and IL6 response upon LPS-challenge compared to control rats41. 
Other studies however detected a normal immune response upon a re-challenge in MIA 
offspring13. Clark et al. (2019) attributed the blunted immune response to the MIA that 
induced long term dysfunction of microglia41. In our model we did not re-challenge the 
organoids at DIV66. Further studies are necessary to decipher the exact immune-profile.

The cerebral organoid protocol opened up a lot of research possibilities. A model that can 
be used to study human brain development as shown by Camp et al. (2015) and even 
evolutionary differences with other species22,42. In only a few years it became a well-es-
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tablished model to study brain development in detail. Therefore, it also has a lot of 
potential for research into prenatal infection and its effect on brain development. An 
important limitation of its use however is that the organoid only models the fetal brain 
stadia43, and therefore mainly susceptibility for neurodevelopmental psychiatric illnesses 
such as schizophrenia can be investigated. Another limitation is the variability between 
donors and between organoids. In our study design in which we challenged organoids with 
LPS, which is known to induce a strong phenotype, organoids were a safe choice. When 
expecting more subtle differences, large sample sizes will be necessary as also in our study 
design substantial variation intra- and inter donors was visible. The young research field of 
cerebral organoids requires more studies in order to do proper assessment of experiment 
sizes by using power calculations.

Although a status of immune-activation was achieved and an acute effect in neurons was 
also detected replicating MIA studies, on the long run the neuronal population was not 
affected. There are two main explanations not discussed yet that could be responsible 
for this lack of effect and could be studied in the future: 1. We needed a higher resolution 
to assess composition changes in neuronal development for which single cell RNA 
sequencing could have been useful22,42. 2. We used iPSC-lines from non-psychiatric 
individuals. Especially considering that not all offspring of pregnant women that have 
an infection during pregnancy develop psychiatric diseases3, as expected it is possible 
that the human brain is resilient for prenatal inflammation except in case of a genetic 
predisposition for psychiatric disease. This is corroborated by a possible immune-re-
storing effect indicated by the reduced expression at DIV66 of immune-activation markers 
in the LPS group. This advocates the use of lines from individuals with established genetic 
susceptibility to study a link with schizophrenia. For example, the 1.5-3 million base pair 
hemizygous deletion on the 22nd chromosome that induces the 22q11.2 deletion syndrome 
that is known to increase risk for schizophrenia with 25-fold44.

In conclusion, in this study we set out to investigate acute and long term effects of 
immune-activation on human brain development using an in vitro model. Thereby 
investigating comparisons with findings in MIA rodent models and trying to understand 
the disparity in MIA induced effects in rodents versus often lack of long term effects in 
humans. Acute MIA observed in rodents could be replicated in which not only the glial 
population, but also neurons were affected. Our first explorative analyses did not show 
long term neuronal abnormalities, suggesting a level of resilience of the human brain 
to immune activation. Further research is necessary using lines from individuals with 
genetic susceptibility, exploring other options for immune activation such as IL6, and using 
single-cell technologies to increase resolution on altered developmental processes. 
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Abstract

Background: Evidence of the impact of nutrition on human brain development is 
compelling, but methods to study the underlying mechanisms are limited. In vitro 
approaches with human cells may be very informative and can potentially reduce 
or replace animal studies. Here we pioneer the use of human cerebral organoids to 
investigate the impact on neurodevelopment of specific amino acid supplementation, 
which was previously shown to affect the mTOR pathway and rodent behaviour. 

Method: In this study cerebral organoids were exposed to 10 mM and 50 mM of the 
amino acids threonine, histidine and lysine. The impact was determined by measuring 
mTOR activity using western blot, general cerebral organoid size, and gene expression by 
RNA sequencing.

Results: Exposure to threonine, histidine, and lysine led to decreased mTOR activity and 
markedly reduced organoid size, supporting findings in rodent studies. RNA sequencing 
identified comprehensive changes in gene expression, with enrichment in genes related 
to specific biological processes (among which mTOR signalling and immune function), 
and to specific cell types including proliferative precursor cells, microglia, and astrocytes.

Conclusion: Cerebral organoids are responsive to nutritional exposure by increasing 
specific amino acid concentrations and reflect findings from previous rodent studies. 
Threonine, histidine, and lysine exposure impacts early development of human cerebral 
organoids, illustrated by inhibition of mTOR activity, reduced size, and altered gene 
expression. 
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1. Introduction

Compelling evidence from epidemiological studies suggests that maternal diet during 
pregnancy is a key modifier of neurodevelopment and impacts later life intelligence, 
social function, and the risk for acquiring a range of neuropsychiatric conditions such as 
autism spectrum disorders and schizophrenia1–6. Particularly during early gestation, brain 
development is vulnerable to nutritional deviations with effects persisting later in life. 
Pre-clinical studies on prenatal nutrition, availability of micronutrients, and composition 
of the diet, have shown a broad range of effects in offspring, such as decreased 
neurogenesis, changes in neuronal dendritic arborization, and increased astrocytic GFAP 
expression7–10. 

Amino acids are a key component of nutrition and some essential amino acids need to be 
provided through the diet. Dietary intake influences plasma amino acid concentrations 
and ratios11 and supplementation of specific amino acids is used to improve health, 
metabolism, and athletic performance12. Amino acids are best known as the building 
blocks of proteins, but also have an important regulatory function in the cell12. The role 
of specific amino acids during development was recently highlighted in a mouse study 
enriching the postnatal diet of 5 week old mice with 3 essential amino acids: Histidine 
(His), Lysine (Lys), and Threonine (Thr), and reporting affected autism related behaviours13. 
Previously, an in vitro amino acid immunoblot screen showed that supplementation of 
these 3 specific amino acids potently inhibits signalling downstream of the mammalian 
target of rapamycin (mTOR), which was also shown in the mice brains after dietary 
enrichment13,14. 

Nutrients, like glucose, insulin, but also amino acids, are known to be important for 
the regulation of mTOR activity15–17. mTOR is involved in processes like cell growth, 
metabolism, and autophagy, but also in neurodevelopment, regulating cortical structure 
formation through outer radial glia, timing of the gliogenic switch, and axon formation 
and dendritic arborization18–22. Deregulation of mTOR function, due to genetic mutations 
or altered protein expression is involved in brain diseases, particularly developmental 
neuropsychiatric disorders such as autism, schizophrenia, and tuberous sclerosis18,23–26. 
Therefore, amino acid availability and especially of His, Lys, and Thr at early developmental 
stages, is important for healthy brain development and dietary changes during pregnancy 
may  have consequences for risk of neurodevelopmental disorders. 

To this date, studies on the role of amino acids on mTOR signalling have been performed 
in mouse models and 2D in vitro studies in rodent mammary epithelial cells13,14. Because 
of the vast differences between human and rodent neurodevelopment and cell 
function27–29, translation to a human model is important as it may be more accurate in 
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reporting transcriptional, functional, and neurodevelopmental changes. The introduction 
of the induced pluripotent stem cell (iPSC)derived cerebral organoid model by Lancaster 
et al. (2013) has provided an opportunity to study human neurodevelopment in 
vitro30,31. Cerebral organoids show structural properties which are specific for the human 
developing cortex, such as the presence of an outer subventricular zone containing outer 
radial glia30,32. Furthermore, as cerebral organoids mature, they contain a multitude of 
different cell types, which form an integrated network, opposed to single cell type 2D 
in vitro approaches30,33,34. Interestingly, with slight modifications to the cerebral organoid 
protocol, the presence of microglia was established34. This is unique compared to other 
brain organoid models and allows for the study of immune related phenotypes34. 
Altogether, cerebral organoids provide a useful representation of early human cortical 
neurodevelopment at a transcriptomic, epigenetic, and structural level30,34–36. Also, this in 
vitro model is a more versatile and accessible resource for sample material then human 
primary early gestational brain tissue. 

Currently it remains to be elucidated if and how specific amino acid modifications impact 
mTOR activity and neurodevelopment in humans. This study pioneers in researching 
the effect of His, Lys, and Thr alterations on mTOR activity, size, and transcriptomics in 
a human neurodevelopmental 3D in vitro model. The developing cerebral organoids are 
exposed to increased concentrations of the 3 amino acids His, Lys, and Thr (AA exposure) 
and assessed for mTOR activity by western blot, general organoid size, and transcriptomic 
alterations using RNA-sequencing. The data are cross-referenced with gene-lists on 
biological processes and cell types to determine leads for future research. 

2. Material and methods

2.1 iPSC lines generation and maintenance
The generation and characterization of Induced pluripotent stem-cell (iPSC) lines OH1.5 
(male, 62 years old), OH2.6 (male, 61 years old) and OH4.6 (female, 60 years old) was 
performed in the MIND facility of the UMC Utrecht, described previously34,37. iPSC lines 
were maintained feeder-free on Geltrex (Thermofisher, A1413202) in StemFlex8 medium 
(ThermoFisher, A3349401) at 37°C with 5% CO2. Medium was changed 3 times a week. 
Cells were passaged once a week at 80-90% confluency, by incubating the cells in 5 µM 
EDTA (ThermoFisher, 15575020) for 2 minutes at 37°C and transferring cell aggregates 
to a new culture dish with StemFlex8 medium, supplemented with 5 µM ROCK-inhibitor 
(Axon, 1683) for the first 24 hours. All lines were kept in culture to a maximum of 60 
passages and were regularly tested for mycoplasma infections (Lonza, LT07-318). 
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2.2 Ethical approval
For iPSC line generation, written informed consent was provided by volunteers (without 
neurodevelopmental, psychiatric, neurologic or genetic disorders), and approval granted 
by the Medical Ethical Committee of the University Medical Center Utrecht. This stud has 
been conducted in accordance with the Code of Ethics of the World Medical Association 
(Declaration of Helsinki). 

2.3 Organoid differentiation
The human iPSCs were differentiated towards cerebral organoids as described 
previously34. In short, iPSCs were grown until ~90% confluency and dissociated to single 
cells using 5 µM EDTA followed by Accutase (Thermofisher, A11105-01). Cells were 
counted with the Countess™ II FL Automated Cell Counter (ThermoFisher) and plated at 
a concentration of 3.5*10^6 cells per well in an aggrewell800 microwell plate (StemCell 
Technologies, 27865) in 2 mL hES0 medium (DMEM-F12 (ThermoFisher, 11320-074), 20% 
KOSR (ThermoFisher, 10828028), 1% NEAA (ThermoFisher, 11140-035), 1% L-Glutamine 
(ThermoFisher, 25030-024), 3% FBS (SigmaAldrich, F7524), 496 µM ß-mercaptoethanol 
(Merck-Schuchardt, 805740)) supplemented with 4 ng/mL bFGF (ThermoFisher, 
AA10-155) and 50 µM ROCK-inhibitor (Axon Medchem, Y-27632). Medium was refreshed 
on day 1. On day 2, embryoid bodies were transferred to an ultra-low attachment 96-well 
plate (Corning, 3474). Medium was replaced by hES0 without ROCK-inhibitor and bFGF 
on day 4. On day 6 medium was replaced by neural induction medium (DMEM-F12, 1% 
N2 (ThermoFisher,  17502048), 1%  L-Glutamine,  1% NEAA, 0.1 µg/mL heparin (Sigma 
Aldrich,  H3149-10KU)) which was refreshed on day 8, 10 and 12. Organoids were 
embedded in 30 µL Matrigel (Corning, 356234) on day 13 and cultured in cerebral 
organoid differentiation medium without vitamin A (DMEM-F12 1:1 with neurobasal 
medium  (ThermoFisher,  21103049),  1%  L-Glutamine,  1% P/S, 0.025% insulin (Sigma 
Aldrich,  I9278), 3.5 µL/L 2-mercaptoethanol,  1% NEAA, 1:100 B27 supplement without 
vitamin A (Sigma Aldrich, 12587010))  for 4 days, refreshing the medium on day 15 with 
16 organoids per 60 mm dish. Medium was replaced by cerebral organoid differentiation 
medium with vitamin A (DMEM-F12 1:1 with neurobasal medium,  1%  L-Glutamine,  1% 
P/S, 0.025% insulin, 3.5 µL/L 2-mercaptoethanol, 1% NEAA, 1:100 B27 supplement with 
vitamin A (Sigma Aldrich, 17504044)) at day 17. The organoids were kept on a belly dancer 
(IBI Scientific, BDRAA115S) at speed 3 and maintained in cerebral organoid differentiation 
medium with vitamin A for the duration of the experiment (Figure 1A). 

2.4 Exposures
Before exposure, cerebral organoids grown in separate culture dishes were combined 
and randomly re-divided over separate 60 mm culture dishes for the different conditions 
to reduce intra-dish variation38. Cerebral organoids were exposed to 100 nM rapamycin 
in DMSO (LC laboratories, 5312-88-9), or medium with an additional 10 mM or 50 mM 
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of the amino acids Thr (Sigma Aldrich, 1084110010), His (Sigma Aldrich, 1043500025), 
and Lys (Sigma Aldrich, 1057000100) in an 1:1:1 ratio (AA exposure) in differentiation 
medium with vitamin A. After supplementation with amino acids, the pH of the medium 
was adjusted to pH 7.4 with NaOH. Rapamycin exposure was performed at week 4 for 
1 hour. Short term AA exposure was performed for 1 hour at the start of week 4 to test 
the acute response to the 3 amino acids. AA exposure continued to week 15, changing 
the medium 3 times per week with fresh differentiation medium with amino acids. All 
experiments included a control condition which received standard differentiation 
medium with vitamin A. To observe the possible inhibitory effect of rapamycin or the AA 
exposure, cerebral organoids were always harvested 1 hour after medium change (with 
either control medium, or medium supplemented with rapamycin or the 3 amino acids) 
for protein and RNA isolation. 

2.5 Size measurements
Bright field pictures (2.5x) were obtained (EVOS M5000 microscope, Thermo Fisher) from 
organoids that exposed to chronic AA exposure from the start of week 4 (day 21). Pictures 
were taken at the end of week 4, week 5, week 6, week 7, and week 10. Organoid size was 
determined by creating a mask of the images and measuring the area using a macro in 
FIJI39. The masks were all verified manually. 

2.6 Western blot 
For protein isolation, cerebral organoids were collected individually in 100 µL suspension 
buffer (0.1 M NaCl, 0.01 M Tris-HCL pH7.6, 0.001 M EDTA, complete EDTA-free protease 
inhibitor cocktail (Roche, 11697498001), phosphatase inhibitor cocktail (Sigma Aldrich, 
P5726)) and lysed using the Ultra Turrax Homogenizer (IKA, 0003737000). 2x SDS 
loading buffer (100 mM Tris pH6.8, 4% SDS, 20% glycerol, 0.2M DTT (Cleland’s reagent, 
10708984001)) was added 1:1, and samples were heated at 95°C for 5 minutes. DNA was 
sheared with a 25-gauge needle. Bromophenol Blue (MERCK, 34725-61-6) was added to 
each sample for visibility. Samples were stored at -80°C until further use. Proteins were 
separated by SDS-PAGE gel electrophoresis on 7.5%, 10% or 15% gels, and blotted on 
a 0.45 µM pore size nitrocellulose membrane (GE Healthcare, A20485269) using wet 
blotting. Blots were incubated in blocking buffer (50 mM Tris pH7.4, 150 mM NaCl, 0,25 
(w/v) gelatin and 0.5% triton X-100)) and incubated with fluorescent primary antibody 
(Supplementary Table 11) in blocking buffer over night at 4°C. Blots were washed in 
TBS-T (100 mM Tris-HCL pH7.4, 150 mM NaCl and 0.05% Tween-20) and incubated with 
secondary antibody in blocking buffer for 1 hour at RT. Blots were washed in TBS-T and 
rinsed with DEMI-H2O before fluorescence scanning. Both fluorescence scanning and 
quantification were performed using the Odyssey CLx Western Blot Detection System 
(LI-COR biosciences, Lincoln, NE, USA). Each protein of interest was normalized against a 
reference protein on the same blot (GAPDH). 
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2.7 RNA isolation 
For RNA isolation, cerebral organoids were collected individually in 500 µL of TRIzol 
Reagent (Thermo Life Technologies, 15596018) and lysed using the Ultra Turrax 
Homogenizer (IKA, 0003737000). Samples were stored at -80°C until further use. RNA 
was isolated using the miRNeasy mini kit (Qiagen, 217004) according to manufacturer’s 
instructions. Genomic DNA was removed by including a supplementary DNAse step 
(Qiagen, 79254). RNA concentrations were measured using the Qubit RNA HS assay kit 
(Invitrogen, Q32852) on the Qubit 4 (Invitrogen, Q33238). 

2.8 RNA-sequencing
2.8.1 Bulk RNAseq analysis

Preparation of the cDNA libraries was performed by Single Cell Discoveries (Utrecht,40 
according to the CelSeq2 protocol41. As a quality control pre-sequencing, the quality of 
the amplified RNA and the final cDNA libraries were determined with RNA 6000 Pico Kit 
(Agilent, 5067-1513) or the RNA High Sensitivity Kit (Agilent, 5067-4626) respectively, 
using the Bioanalyzer 2100 (Agilent, G2939BA). Samples were processed and sequenced 
in 2 separate batches. Libraries were sequenced using the Illumina NextSeq 5000 platform 
with paired end sequencing (75 bp) at a sequencing depth of 10 million reads per sample. 
After de-multiplexing of the sample libraries, raw RNAseq reads were aligned along the 
hg38 human RefSeq transcriptome via Burrows-Wheeler Aligner42 using MapAndGo. 

2.8.2 Quality control

Quality control of all the sequenced samples together was performed based on the 
following metrics: ERCC spike-ins, library size, and mitochondrial RNA (mtRNA). ERCC 
spike ins were low (< 1%) in all samples, suggesting high endogenous purity of the RNA 
content. Samples with a library size below 5x10⁵ counts were excluded. Reads mapped 
to mitochondrial genes were included as expression effects associated with metabolism 
(mTOR-related activity) were a potential relevant outcome measure. However, samples 
identified as distribution-based outliers were excluded. Altogether this led to the 
exclusion of 6 samples in the long term exposure group (3 50mM AA exposed organoids 
and 3 CTR organoids, of which 3 from iPSC line OH2.6, 2 from OH1.5, and 1 from OH4.6). 
To reduce noise within the gene expression data, genes that were lower expressed than 
the 15th percentile of the count distribution were removed. This accounted for removal of 
approximately 20% of the genes43.

2.8.3 Pre-processing and confounders 

Inter-sample distances were assessed for each timepoint separately (week 4, week 5, 
and week 15). We applied unsupervised hierarchical clustering with the pheatmap 
v1.0.2 package using euclidean distances and principal component analysis (PCA). To 
dissect the sources of variance in our data, we calculated Pearson r correlation between 
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covariates and principal components. The variance within each gene explained by each 
single covariate (R²) was obtained by fitting a variance partition model using variance 
partition v1.2.5 package 44 (Supplementary figure 4).  These analyses suggested that 
batch and cell line accounted for a significant amount of the variance in our gene 
expression data. We therefore created a nested variable encompassing both batch and 
cell line which we implemented in the model for our differential expression analysis, 
referred to as “experiment”. For plotting purposes, we transformed the raw counts with 
the variance stabilisation function from the DESeq2 v.1.12.3 package45. To account for 
confounding effects during visualization post-normalization, we then took our final 
model (~log-transformed library size + percentage ERCC + experiment + exposure) and 
removed variance associated with these confounding variables while retaining variance 
stemming from exposure (unexposed vs exposed) using the removeBatchEffect function 
from the limma v3.28.14 package. After correction for these covariates there were no 
sample outliers as assessed with PCA, intra-sample correlation heatmap, and interquartile 
range (Supplementary figure 5). 

2.8.4 Differential gene expression analysis

Differential gene expression between control samples and AA exposed samples (both 10 
mM and 50 mM) was analysed for each timepoint separately (Week 4, Week 5, and Week 
15) using the DESeq2 package function with the nested variable for batch and cell line as 
a covariate. Differentially expressed genes (DEG) were visualized using volcano plots from 
the EnhancedVolcano package v1.7.1646. Heatmaps and custom plots were generated 
with ggplot2 v3.3.2 47.

2.8.5 Ingenuity pathway analysis

Canonical pathway analyses were performed on the differentially expressed genes 
(Adj. p < 0.05) using the Ingenuity Pathway Analysis (IPA) software. The Ingenuity gene 
knowledgebase was used as the reference, using Fisher’s exact test with Benjami-
ni-Hochberg (BH) correction to determine significant enrichment (P < 0.05). Significant 
pathways with at least 5 overlapping genes were selected. 

2.8.6 Comparison with previously published datasets

Differentially regulated genes were compared with previously published datasets on 
specific cell types in cerebral organoids38 and human microglia48 (Supplementary Table 
10) significant overlap between gene lists was determined using Fisher’s Exact test with 
Benjamini-Hochberg correction.
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2.8.7 Data availability

Relevant data supporting the discussed findings are included in the paper and its 
supplementary information files. From the RNA sequencing analysis the raw count 
matrices and the R-code is available through our GitHub repository. 

2.9 Weighted gene co-expression network analysis 
We generated signed co-expression networks from the gene expression data using the 
package CoExpNets v0.1.049. Briefly, a topological overlap matrix (TOM) was created 
based on Pearson r-derived gene adjacencies with the WGCNA package v1.70.3050. 
As input, we used a filtered and covariate-corrected gene-matrix (see DGE analysis) 
containing all samples and genes. Iterative k-means was then applied to an unmodified 
TOM to generate centroid-based gene-gene clusters (instead of the conventional WGCNA 
hierarchical clustering based on Pearson r-derived ‘module membership’). To summarize 
each cluster’s expression pattern by calculating its first principal component (module 
eigengene; ME). The MEs were then used to a. Calculate each gene’s module membership 
(MM; ME-gene Pearson correlations), b. Calculate module-module similarities (ME-ME 
Pearson correlations), c. Calculate module expression differences between AA exposure 
conditions (t-test of ME expression and ME-concentration Spearman correlations). MM 
values were leveraged to select the top hub genes of each module (highest R²). Hub 
genes have been shown to be biologically true drivers of their respective gene clusters50. 
All plots were generated in R using ggplot2 v3.3.5. Network graphs were generated using 
the GGally v2.1.2 and igraph v1.2.7 packages. 

2.10 Statistics
Statistical analysis and figure design were performed with Graphpad software (version 
8.4) and R studio (version 4.0.0, R core team (2020)). Results are expressed in median and 
interquartile range (IQR) in boxplots or violin-plots with independent data points. For 
western blot experiments unpaired Kruskal Wallis tests or Mann-Whitney U test, followed 
by Dunn’s tests for multiple comparisons, were used to compare differences between 
conditions. Two-way ANOVA with Dunnett’s multiple comparisons test was performed to 
test the differences in size of the organoids over time. The effect of outliers was explored 
by identifying values +/- 1.5 the interquartile range from the upper or lower quantile. 
Fisher’s exact test was used to test the overlap between the different gene-sets using 
Benjamini-Hochberg correction. The significance level was set to p < 0.05 (two-sided). 
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3. Results

3.1 mTOR and P70S6K in human cerebral organoids
Cerebral organoids were generated following a previously described protocol34 (Figure 
1A). Baseline expression of mTOR and the downstream ribosomal P70-S6 kinase 1 
(P70S6K) is present throughout organoid development (at week 4, week 5, and week 
15) at the protein and mRNA level (Figure 1B-C; Supplementary Figure 1; Supplementary 
Table 1). The figures show both total and phosphorylated protein expression of mTOR, 
and P70S6K to determine phosphorylation states (Phospho-mTOR/mTOR ratio and 
Phospho-P70S6K/P70S6K ratio) as a proxy for mTOR activity. Over-time, the phospho-
rylation state of mTOR remained stable (H(2) = 2.70; p = 0.27), but the Phospho-P70S6K/
P70S6K ratio was downregulated (H(2) = 9.26; p = 0.0097) at week 15 (mean rank week 4 
= 16.50; mean rank week 15 = 6.25; p = 0.01). mTOR and RPS6KB1 mRNA expression are 
increased over time (mTOR: H(2) = 28,98; p < 0.001 ; mean rank week 4 = 10.24; mean rank 
week 5 = 35.00; mean rank week 15 = 22.77 - RPS6KB1: H(2) = 28.82; p < 0.0001; mean rank 
week 4 = 11.12; mean rank week 5 = 36.00 ; mean rank week 15 = 21.23). An acute effect 
of rapamycin (a potent inhibitor of mTOR) on mTOR signaling in cerebral organoids was 
identified in 4-week-old organoids. 1 hour exposure to rapamycin strongly inhibited the 
phosphorylation state of P70S6K (CTR: median = 0.94, IQR = 0.87; Rapamycin: median = 
0.23, IQR = 0.17; p = 0.0022) (Figure 1D; Supplementary Figure 2; Supplementary Table 1).

3.2 Acute effects of AA exposure on mTOR activity in human cerebral 
organoids
Since mTOR and its downstream target P70S6K are expressed in the cerebral organoid, 
and mTOR activity can be downregulated with rapamycin, we next investigated the acute 
effect of AA exposure on mTOR signaling in cerebral organoids. 4-week-old organoids 
were exposed to medium enriched with 10 mM or 50 mM of the amino acids His, Lysine 
Lys, and Thr for 1 hour (Figure 1A). The acute AA exposure with 50 mM of the amino 
acids showed a potent downregulation of the phosphorylation of P70S6K (H(2) = 18.20; 
p = 0.0001; mean rank CTR = 16.33; mean rank 50 mM = 5.111; p = 0.0054) (Figure 1E-F; 
Supplementary Figure 3; Supplementary Table 1). 
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Figure 1. Baseline mTOR pathway expression and response to rapamycin and AA exposure in cerebral 
organoids. 
A Schematic representation of the cerebral organoid protocol (based on Lancaster et al., 2013, with 
adaptations from Ormel et al., 2018) and experimental set-up. From the start of week 4, organoids were 
exposed rapamycin, the AA exposure with His, Lys, and Thr (10 mM or 50 mM), or control medium and 
harvested either acutely (after 1 hour) for protein and RNA isolation or kept in culture for chronic exposure. 
Organoid size was followed through bright field imaging at the end of week 4, week 5, week 6, week 7, 
and week 10. Organoids were harvested for RNA isolation after prolonged (week 5), and long term (week 
15) AA exposure. Harvesting always occurred 1 hour after medium change. B Quantification of western 
blots for mTOR - phospho-mTOR (P-mTOR/mTOR) ratio, and the P70S6K - phospho-P70S6K (P-P70S6K/
P70S6K) ratio in CTR organoids at different timepoints (week 4, week 5, week 15). C mTOR and P70S6K 
gene expression in CTR organoids showing differences in DESeq2 vst log transformed raw counts at 
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different timepoints (week 4, week 5, and week 15). D-E Quantification of western blots for (D) P-P70S6K/
P70S6k ratio in rapamycin exposed organoids, and (E) P-P70S6K/P70S6k ratio in acutely AA exposed (10 
mM/50 mM) organoids. F Western blots of acutely AA exposed cerebral organoids lysates quantified in 
E. 3 samples per condition, for 3 cell lines were used. Western blots were cropped to show the relevant 
bands (P70S6K, P-P70S6K, and GAPDH). Boxplots display median and IQR, with whiskers from minimum 
to maximum value. Data points represent individual organoids from different cell-lines (circles = OH2.6; 
triangles = OH1.5; squares = OH4.6). Kruskall-Wallis tests with Dunn test for multiple comparisons was 
used to compare AA exposed conditions to CTR condition (* p < 0.05; ** p < 0.01). Mann-Whiteny test was 
used to compare rapamycin treatment to CTR condition (** p < 0.01). 

 
3.3 Chronic amino acid exposure causes size deficits in cerebral organoids
Size (measured by the 2D area) of cerebral organoids which were exposed to chronic 
AA exposure from the start of week 4 onwards was significantly reduced confirmed by 
a significant interaction between the effects of time and AA exposure on the size of the 
organoids (F(8, 352) = 22.47; p < 0.0001) (Figure 2A). AA exposed cerebral organoids 
exposed are smaller after several days of exposure (end of week 4) in the 50 mM 
condition, and from week 7 in the 10 mM condition (Dunnett’s multiple comparison; 
P-adj. < 0.01) (Figure 2A; Supplementary Table 2). Representative images (Figure 2B), and 
the quantification of all the individual datapoints (Figure 2C-D) at week 5 and 10 illustrate 
the size differences. 
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Figure 2. Growth responses to AA exposure in cerebral organoids. 
A Quantification of size measurements across 10 weeks of cerebral organoid development (mean ± 
SEM) for CTR, 10 mM AA exposed, and 50 mM AA exposed conditions. Data are expressed relative to 
the average of week 4 CTR cerebral organoid sizes within each cell line. N = 5-25 organoids per cell line 
(OH1.5 and OH2.6) per time-point. Two-way ANOVA p-values are shown in the graph. Significant p values 
from post-hoc Dunnett’s test for multiple comparisons are indicated in blue for difference between CTR 
and 50 mM AA exposure (week 4-10 p < 0.0001), and black for difference between CTR and 10 mM AA 
exposure (week 7 p = 0.0041; week 10 p = 0.0008). B Representative bright field microscopy images (2.x 
magnification) of cerebral organoids at week 5 and week 10 of differentiation, from 2 different cell lines 
(OH1.5 and OH2.6), for the differently AA exposed conditions (10 mM and 50 mM AA exposure and control). 
C-D Quantification of size measurements at week 5 (C) and week 10 (D) of cerebral organoid differentiation 
for CTR, 10 mM AA exposed, and 50 mM AA exposed conditions. Data are expressed relative to the average 
of week 4 CTR cerebral organoid sizes within each cell line. Bar graphs show mean ± SEM and individual 
data points (circles = OH2.6, triangles = OH1.5). 
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3.4 Transcriptomic differences after amino acid exposure in cerebral 
organoids
To assess if AA exposure induced changes on transcription, RNA sequencing was 
performed. Transcriptomic differences were studied between AA exposed (10 mM and 
50 mM exposure together) and CTR cerebral organoids (a total of N = 95), for acute (1 
hour at week 4 N = 40), prolonged (chronic exposure until week 5 N = 31), and long term 
(chronic exposure until week 15 N = 24) exposure separately. The whole transcriptome 
analyses between AA exposed and CTR cerebral organoids at the 3 different timepoints 
identified a total of 1659 DEG (FDR corrected p value < 0.05) of which 1009 genes were 
up-regulated and 686 genes down-regulated (Figure 3A-C; Supplementary Figure 5-6; 
Supplementary Table 3). DEG were identified at each timepoint, with the largest number 
of DEG represented at the prolonged (week 5) timepoint. Most of the DEG were timepoint 
specific (Figure 3B).

3.5 Cell type and pathway analyses of DEG
To determine potential cell type specific effects related to the AA exposure we compared 
our DEG with 2 independent datasets on cerebral organoid cell types and core 
microglia38,48. Fisher’s exact test revealed significant enrichment of the DEG of microglial 
genes (long term; 17/249; p = 0.0018), astroglia genes (prolonged; 13/115; p = 0.0094 and 
long term; 17/115; p < 0.0001), neuroepithelial genes (long term; 11/113; p = 0.0005), and 
proliferative precursors (long term; 17/74; p < 0.0001) (Figure 3D, Supplementary Table 
4). To gain further insight in the biological processes affected by the AA exposure, we 
performed pathway analysis using IPA on the significant DEG for each timepoint. In line 
with the protein expression data, several regulated pathways relate to mTOR signaling 
(“mTOR signaling”, “Regulation of eIF4 and P70S6K signaling”, and “EIF2 signaling”). 
Among the other pathways are processes related to development (“Regulation of the 
epithelial mesenchymal transition in development pathway”), and immune related 
pathways (“Autophagy”, “IL8 signaling”, “Complement System”, and “Chondroitin Sulfate 
Degradation”) (Figure 3E, Supplementary Table 5). 
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Figure 3. Altered gene transcription in response to AA exposure in cerebral organoids. 
A Table providing an overview of the amount of significantly differentially expressed genes after acute, 
prolonged, and long term AA exposure. B Venn diagram showing the overlap between significantly 
differentially expressed genes after acute, prolonged, and long term AA exposure. C Heatmap 
representations of row scaled DESeq2 vst transformed and adjusted z-scores of the most significantly 
(p-adj) differentially expressed genes (10 up/down regulated) for acute, prolonged, and long term 
AA exposure. D Cell type analysis of differentially expressed genes after AA exposure at the 3 different 
timepoints, showing the overlap between cell type specific gene lists and the differentially regulated 
genes determined by Fisher’s exact test. At the acute timepoint, no significant cell type enrichment was 
found. E Ingenuity pathway analysis (IPA) of differentially expressed genes after AA exposure of organoids 
at the different timepoints, showing only significant terms (the x-axis shows the significance (-log (p- 
value)). No significant enrichment of canonical pathways was found for differentially expressed genes of 
the acute timepoint. 
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3.6 Weighted gene co-expression network analysis
To further increase insight in the transcriptomic differences between AA exposed and 
control cerebral organoids we performed a weighted gene co-expression network 
analysis (WGCNA) on all time points together. This resulted in the identification of 27 
modules with intercorrelating transcripts, each containing more than 380 genes (Figure 
4A-B; Supplementary Table 6). We used the module eigengene to determine correlations 
between AA exposure concentration, and module expression patterns (Figure 4C). 
We identified significant module eigengene association with AA exposure for the Tan 
and Cyan module (Figure 4C-D). Using IPA we allocated biological pathways to these 
modules, “inositol signaling” and “EIF2 & mTOR signaling” respectively, again underscoring 
involvement of the mTOR pathway on a genetic level (Figure 4E, Supplementary Figure 7; 
Supplementary Table 9). The top hub genes from both modules were mapped to illustrate 
the interaction networks (Figure 4F, Supplementary Table 7). The central Hub-gene in the 
“inositol signaling” (Tan) module, HACD3, is involved in metabolism through enzymatic 
activity creating long-chain fatty acids which function as precursors of membrane lipids 
and lipid mediators 51. The “EIF2 & mTOR signaling” (Cyan) module hub gene RACK1, 
is involved in mTOR signaling and regulated by nutrient starvation induced mTOR 
inhibition52. Next, overlaying the DEG between AA exposed and control organoids from 
the RNAseq analysis with the WGCNA modules revealed that several modules harbored 
the majority of these DEG (Figure 4G, Table 1). The blue, cyan, light cyan, and white 
module are enriched for downregulated DEG, and the dark green, dark grey, dark orange, 
orange, tan, and yellow module are enriched for upregulated DEG (Table 1). Cell type 
enrichment analyses and IPA were used to annotate these DEG modules (Figure 4G, Table 
1, Supplementary Figure 7; Supplementary table 8; Supplementary table 9). Genes with 
decreased expression in AA exposed organoids were significantly enriched in modules 
related to cell-growth (“EIF2 & mTOR signaling”, and “DNA replication”), and the “Microglia” 
module. Furthermore, the “EIF2 & mTOR signaling” module was significantly enriched for 
proliferative progenitor genes. Genes with increased expression after AA exposure were 
represented in modules associated to inflammation (“Interleukin signaling”, “Neuroin-
flammation”, and “Astrocyte”), the “inositol signaling” module, and the “mitochondrial 
(dys)function” module.  
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Module Annotation Increased expression Decreased expression

Enrichment q-value Enrichment q-value

Blue DNA replication 100/883 1.03∙10-21

Cyan
EIF2 & mTOR signaling + 
proliferative precursors

46/382 6.44∙10-11

Darkgreen Interleukin signaling 54/689 1.62∙10-10

Darkgrey Neuroinflammation 77/620 5.04∙10-16

Darkorange Undetermined 85/571 1.09∙10-18

Lightcyan Microglia 114/827 2.88∙10-6

Orange Astrocyte 152/801 3.5∙10-41

Tan Inositol signalling 89/545 3.29∙10-19

White Undetermined 72/890 1.04∙10-8

Yellow
Mitochondrial (dys)
function

171/853 7.2∙10-50

Table 1. Annotation of the DEG enriched WGCNA modules. 
Annotation of DEG enriched WGCNA modules. The ten WGCNA modules which are significantly enriched 
for increased or decreased differentially expressed genes after AA exposure from the RNA sequencing, 
using Fisher’s exact test with BH correction p < 0.05. Showing the annotation of each module based on cell 
type determination and IPA analysis, the enrichment of differentially expressed genes, module length, and 
the q-value from the Fisher’s exact test.
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Figure 4. Gene network analysis of responses to AA exposure in cerebral organoids. 
A Tree cluster structure of WGCNA module generation. B Principle component analysis plot with ME 
distances, representing module similarity. C Module eigengene correlation with the factor “amino 
acid concentration”. D Significant module-eigengene associations with amino acid concentration are 
observed for the Cyan (downregulated) and Tan (upregulated) module. E Top 3 enriched canonical 
pathways determined by Ingenuity pathway analysis (IPA) for the Cyan and Tan module (the x-axis shows 
the significance (-log (p- value)). F Plots show top hub-genes and their interaction network for the Cyan 
and Tan module. G Overlap of down- and up-regulated differential expressed genes for each module as 
determined by Fisher’s exact test. Significant enrichment is indicated with *. H Heatmap showing cell type 
enrichment of each module as determined by Fisher’s exact test. Significant enrichment is indicated with *,  
scale bar indicates q-value. 
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4. Discussion 

In an endeavour to translate the effect of dietary enrichment of specific amino acids 
in rodent models13, this study reports on the effects of exposure to Thr, His, and Lys on 
cerebral organoids as a model for nutritional effects on human neurodevelopment. In 
cerebral organoids AA exposure inhibited mTOR activity, caused a retention in size, and 
affected gene expression in the developing cerebral organoids

In cerebral organoids the mTOR signalling cascade was affected by exposure to rapamycin, 
similar to previous studies13,14. In response to AA exposure with 50 mM of Thr, His, and 
Lys, mTOR activity was potently inhibited (illustrated by a strong decrease of P70S6K 
phosphorylation) in agreement with in vitro models and rodent studies13,14. Exposure to 
lower concentrations of the specific amino acids (10 mM) was related to size changes, but 
had no effect on the P70S6K phosphorylation in the cerebral organoids, potentially due 
to the sensitivity of the assay (western blot).

The find of substantially inhibited size of the cerebral organoids after AA exposure is 
consistent with the fact that mTOR is involved in cell proliferation, metabolism, and 
growth and underscores the impact of amino acids on the early stages of human brain 
development18,19,53,54. After 1 week of AA exposure cerebral organoid size was impacted, 
and at 10 weeks the cerebral organoid size was substantially smaller. Although the 
large size difference can indicate a compromised state of the cerebral organoids after 
AA exposure, gene expression data do not point to an increase in apoptosis or necrosis. 
Instead, gene expression data was consistent with mTOR changes and therefore the size 
deficit is likely to be related to inhibited cell growth and proliferation, as this pathway, 
trough P70S6K, plays a crucial role in protein translation at the ribosome, and its activity is 
associated with protein synthesis and cell proliferation55,56.  

Elaborate analysis of gene expression using RNA sequencing and WGCNA consistently 
pointed to the involvement of mTOR and the immune system. Evidence for the involvement 
of mTOR was present at several levels. Several identified pathways enriched in the DEG 
at both week 5 and week 15 are directly and indirectly associated to mTOR signaling. 
Furthermore, WGCNA identified 2 modules which were regulated by the AA exposure 
and enriched for DEG, the Cyan and Tan module. The Cyan module is enriched for genes 
involved in mTOR and EIF2 signaling. The Tan module is defined as the Inositol phosphate 
pathway, involved in processes such as membrane transport, cytoskeletal function, and 
plasma membrane signaling, which has also been associated with mTOR signaling, and 
even more interesting, with amino acid mTOR sensing57,58. Moreover, the Cyan module 
is enriched for genes related to proliferative precursors. These RNA sequencing results 
combined with the fact that the mTOR pathway is involved in proliferation53,54, and the 
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finding that cerebral organoids remain smaller after AA exposure, together points to a 
mTOR regulated defect in proliferation during neurodevelopment in the AA exposed 
cerebral organoids. This perspective is consistent with the fact that outer radial glia, (a 
class of precursor cells predominant in human cortical development), express high mTOR 
activity, and are therefore expected to be extra vulnerable for decreases in mTOR activity, 
affecting their proliferative capacity20,32. Furthermore, the DEG and the WGCNA results 
also point to involvement of the immune system and identified enrichment for microglial 
and astrocytic genes after AA exposure, both glial cell types are involved in inflammation 
and are highly responsive to external stimuli59,60. Previous research showed that mTOR 
plays a role in regulation of the gliogenic switch, and changes in mTOR activity during 
neurodevelopment can lead to a changed ratio between the number of neurons and 
astrocytes21,22. Also, DEG at week 15 are enriched for genes from the microglia associated 
complement system, which has previously been associated with increased mTOR activity 
in tuberous sclerosis patient post-mortem brain material 61. Finally, results of the pathway 
analysis of the DEG and the WGCNA modules were consistent with a role of microglial 
and astrocytic immune function after AA exposure and identified processes related 
to inflammation: “Autophagy”62, “IL8 signaling”, “Chondroitin Sulfate Degradation”63, 
“Interleukin signaling”, and “Neuroinflammation”. 

Future perspectives

The fact that the results from this study are consistent with the finding from animal 
research that  mTOR activity is decreased in the brain after dietary AA supplementation13 
opens new avenues of nutritional research into neurodevelopment, while reducing the 
need for animal studies. The cerebral organoid proves a valuable translational model 
between animal studies and humans, and because of its versatility could be employed in 
many different paradigms of nutritional intervention. 

This study contributes to the body of evidence relating dietary amino acid changes to 
mTOR inhibition and neurodevelopment. The results suggest that cerebral organoid 
models can be employed to identify human neurodevelopmental processes that are 
vulnerable to environmental impacts or can be targeted by (nutritional) interventions. 
Assessing cell type specific changes using immunohistochemistry and single cell RNA 
sequencing can further advance this emerging field.

In the future, investigating the effect of amino acid mediated mTOR inhibition on 
neurodevelopment can contribute to our understanding of dietary modifiers of 
neurodevelopment and potentially, later life cognition and  risk for acquiring neuropsy-
chiatric conditions1–6. The results from this study suggest that prenatal dietary amino 
acid exposure of His, Lys, and Thr is detrimental for neurodevelopment, however they 
also strengthen the idea that dietary amino acids may have potential as therapeutic 
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applications for neurodevelopmental disorders related to mTOR function, such as autism 
spectrum disorder, schizophrenia, and tuberous sclerosis64–66. 

Altogether, the current study warrants further research in this direction and may provide 
leverage for new applications of cerebral organoid in vitro models in studies of neurode-
velopmental disorders, as well as to pioneer application of nutritional interventions. 

Limitations

This study should be interpreted in the context of its limitations. In our study we increased 
concentrations of the amino acids Thr, His, and Lys to non-physiological levels (10 mM 
and 50 mM). However, the concentrations we applied, are in a similar millimolar range as 
previous in vitro studies targeting mTOR with these amino acids13,14. Another important 
limitation is the heterogeneity between cerebral organoids38. The cell type composition 
is known to be variable. Due to extensive filtering of the RNAseq data, cell types with low 
frequencies (such as microglia) will have a smaller impact on the analysis. Furthermore, 
we cannot rule out that differences in cell composition between conditions may have 
had impact. Differences in cell type composition between time points are expected and 
by analysing each time point separately these differences will have not contributed to 
differentially expressed genes. Also, studying 3 cell lines, from 3 separate donors, at 3 time 
points, at 3 concentrations, does involve a substantial number of organoids. Nevertheless, 
heterogeneity between organoids may require larger sample sizes to detect smaller 
differences.

Conclusion 

In conclusion, our study shows for the first time that exposure to increased levels of the 
amino acids histidine, lysine and threonine inhibits mTOR activity, decreases size, and 
affects gene expression pathways related to mTOR, proliferation, and immune function 
in a human model for neurodevelopment. The results echo findings in animal studies that 
His, Lys, and Thr inhibit mTOR activity in brain cells and support the potential of cerebral 
organoid models as additional model system for nutritional studies of brain development, 
thus enabling the reduction and replacement of animal studies. It confirms the impact of 
early nutritional availability of amino acids as a powerful moderator of mTOR function. 
Considering the role of mTOR in neurodevelopment and particularly in neurodevelop-
mental disorders such as autism, schizophrenia, and tuberous sclerosis, this study has 
the potential to facilitate further progress in the understanding of the etiology of these 
disorders and the development of early nutritional interventions.
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Neurodevelopment has been implicated in the etiology of schizophrenia by epidemio-
logical, imaging, and genomic studies. However, pinpointing which biological processes 
are affected has been a challenge to the field. 

We hypothesized that specific neurodevelopmental molecular and/or cellular processes 
are affected in schizophrenia pathogenesis.  

Therefore, the aim of this research was to study neurodevelopmental phenotypes in 
schizophrenia from different perspectives, studying the dysconnectivity phenotype 
related to postnatal neurodevelopment, and the effect of prenatal environmental 
schizophrenia risk factors on early neurodevelopment, with a specific focus on tissue 
specificity, and glial cells (astrocytes and microglia), using both established and novel 
translational approaches. 

This chapter provides an overview of the main findings of this thesis. First, a summary of 
each chapter is given (7.1). We discuss and evaluate the studies from part I (7.2) and part 
II (7.3) and give a perspective on the biological insights we gained. Lastly, we provide an 
overview of methodological considerations (7.4), suggestions for future directions (7.5), 
and some concluding remarks (7.6).

7.1 Summary of results

Part I 1 Tissue specific cortical abnormalities in schizophrenia using 
postmortem human brain tissue 

Chapter 2: Synapse pathology in schizophrenia: A meta-analysis of 
postsynaptic elements in postmortem brain studies. 

Synaptic density changes are hypothesized to underly the altered brain connectivity 
observed in schizophrenia pathology1–10. To study if synaptic density changes are a 
robust phenotype in postmortem human brain tissue of schizophrenia patients, we 
performed a meta-analysis of the current literature on this topic. We included three 
outcome measurements for postsynaptic elements: dendritic spine density, postsynaptic 
density number, and postsynaptic density protein expression. Our meta-analysis showed 
region specific postsynaptic density changes in schizophrenia. We found a decrease 
of postsynaptic elements in the prefrontal cortex and cortical layer III specifically. 
Importantly, high heterogeneity was present in all analyses. These findings show 
decreased synaptic density is an important brain region-specific cellular hallmark in 
schizophrenia.
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Chapter 3: A postmortem study on cortical synapses, microglia, and astrocytes 
in schizophrenia. 

Altered astrocyte and microglia function has been suggested to impact synapse 
number in schizophrenia11–20. In our study we assessed, for the first time, the amount 
synaptic protein in combination with glial cell number and phenotype in schizophrenia 
postmortem tissue. Importantly, based on the results from chapter 2, we took brain 
region specificity into account, focussing on frontal cortical grey matter, and layer III 
specifically. We found that the numbers of Spinophillin+ postsynaptic elements, GFAP+ 
astrocytes, and IBA1+ microglia are not affected in cortical layer III of the prefrontal cortex 
in our schizophrenia cohort. Furthermore, synaptic and astrocyte markers are not affected 
in cortical grey matter, but two homeostatic microglia genes (CX3CR1 and ITGAM) are 
lower expressed in cortical grey matter in our schizophrenia cohort. Altogether, despite 
our rigorous efforts, we did not find evidence that synapses, or the association between 
synapses and glia are different in schizophrenia patients. 

Chapter 4: DNA methylation differences in cortical grey and white matter in 
schizophrenia. 

Epigenetic regulation, such as DNA methylation, affects gene transcription21. Epigenetic 
differences are caused by genetic differences, but also through environmental factors 
involved in schizophrenia pathology22–28. We wanted to identify if there are grey- and 
white-matter specific DNA methylation differences between schizophrenia patients and 
controls in postmortem brain cortical tissues. We identified 24 differentially methylated 
regions of which the difference in DNA methylation between grey and white matter tissue 
is different between schizophrenia and controls. Four of these differentially methylated 
regions, located near the genes KLF9, SFXN1, SPRED2, and ALS2CL, are differentially 
methylated comparing schizophrenia to controls, and grey to white matter tissue. KLF9 
and SFXN1 gene expression were decreased in gyrus frontalis medialis grey matter, and 
SPRED2 in gyrus frontalis medialis white matter of schizophrenia patients. Interestingly 
SFXN1, SPRED2, and ALS2CL are all involved in neurodevelopment and synaptic 
functioning29–43.These data show that there are distinct DNA methylation patterns 
between grey and white matter which are unique to schizophrenia, and are related to 
neurodevelopment and synaptic functioning.
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Part I main findings: 
We identified specific phenotypes related to neurodevelopment in schizophrenia 
postmortem brain tissue, but also inconsistencies. 

• Meta-analysis of previous literature shows the number of postsynaptic elements is 
affected in specific brain regions (the cortex and cortical layer III) in schizophrenia.

• The number of synapses and glia, and synapse and astrocyte marker expression 
are not affected in prefrontal cortical grey matter in our schizophrenia cohort, but 
homeostatic microglial gene expression is downregulated.

• Specific regions of the DNA are differentially methylated between prefrontal cortical 
grey and white matter in schizophrenia versus control donors, accompanied by 
differential gene expression in genes related to neurodevelopment and synaptic 
functioning. 

Part II The effect of prenatal environmental risk factors for developing 
schizophrenia on neurodevelopment in cerebral organoids 

Chapter 5: Prenatal inflammation evaluated in human cerebral organoids.

Maternal infection during pregnancy is one of the most extensively investigated prenatal 
risk factors for developing schizophrenia to date44–54. Cerebral organoids provide an 
opportunity to study the effect of maternal immune activation on early human neurode-
velopment. We investigated the effect of LPS exposure on inflammatory and neurode-
velopmental pathways in the cerebral organoid. One day after the LPS challenge, 
immune related gene expression was upregulated (IL6, HLADR, IL1B, TNFa), together 
with an upregulation of microglial IBA1 and astrocytic GFAP protein expression. Gene 
expression levels of important neurodevelopmental genes EOMES and RELN showed 
acute downregulation 24 hours after LPS stimulation. However, long term (28 days after 
LPS stimulation) only a downregulation of several immune genes was observed (TNFa 
and IL1B). Altogether, a state of inflammation was induced in cerebral organoids, also 
affecting neurons, although chronic effects as described in maternal immune activation 
rodent models were not replicated in our study. 

Chapter 6: Nutrition shaping brain development: exposure to the amino 
acids histidine, lysine, and threonine reduces mTOR activity and affects 
neurodevelopment in a human cerebral organoid model.

Maternal diet during pregnancy is a key modifier of neurodevelopment and associated 
with the risk of developing neuropsychiatric disorders such as schizophrenia in the 
offspring55–60. In our study we pioneered the use of the human cerebral organoid model 
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to investigate the impact of specific amino acid supplementation on neurodevelopment. 
We found that supplementation of the amino acids lysine, threonine, and histidine in the 
culture medium caused a decrease in mTOR signaling and a strong retention in size in 
the cerebral organoids. RNA sequencing revealed vast changes in gene expression with 
enrichment of genes related to mTOR, proliferation, and immune function. Our results 
show, for the first time, that nutritional studies with exposure to  the amino acids can be 
performed using cerebral organoids to study the effect on neurodevelopment. 

Part II main findings: 
Environmental risk factors for schizophrenia, maternal immune activation, and prenatal 
nutrition, defined by epidemiological research, affect early human brain development in 
cerebral organoids.

• Maternal immune activation, modelled by LPS exposure in cerebral organoids, 
causes an acute phenotype in immune related microglial and astrocytic markers, and 
neuronal-related gene expression, which is absent on the long term.

• A dietary risk factor, stimulating cerebral organoids with specific amino acids, leads 
to decreased mTOR signaling, growth retention, and altered gene expression related 
to mTOR, proliferation, and immune function.
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7.2 Synapses and glia in schizophrenia postmortem 
brain tissue 

In part one of this thesis, we used postmortem human brain tissue to determine if 
there are specific cellular/molecular phenotypes in schizophrenia that are related to 
postnatal neurodevelopment. Synapse formation and elimination, through pruning by 
glia (astrocytes and microglia), are postnatal neurodevelopmental processes. Synapse 
density changes have long been suggested to underly symptoms of schizophrenia and 
the role of glia (astrocytes and microglia) in excessive synaptic pruning has been subject 
of investigation1–20. In chapter 2 and 3 we focussed on synaptic density changes, and how 
these could be related to glia. We applied a multi modal approach using a broad spectrum 
of techniques, thoroughly investigating changes in gene expression, protein expression, 
and DNA methylation in schizophrenia postmortem brain tissue. 

Importance of tissue specificity
In part one of this thesis, we set out to include tissue specificity as one of the key focus points 
in our studies. The results from our studies have shown that this is important. Data from the 
meta-analysis in chapter 2 showed great variation of synapse density changes depending 
on the brain region we analysed. Furthermore, our study defining differences between 
grey and white matter DNA methylation in schizophrenia and controls in chapter 4, also 
illustrated the importance to study these tissues separately. We utilised various methods 
to reach this goal, firstly we manually dissected grey and with matter for RNA, DNA, and 
protein measurements, and secondly, we studied cortical layer III specifically with immuno-
histochemistry by overlaying images with adjacent nissl stained sections. In the future, 
tissue specificity could be more increased by nuclei sorting of individual cell populations 
and microdissection of cells in specific cortical layers for RNA/DNA/protein analyses61,62.

Perspective of the biological effects 

Evidence for synaptic density changes in schizophrenia 

Although our meta-analysis in chapter 2 showed region specific synaptic density 
reductions in the prefrontal cortex, and layer III especially, in our own postmortem study 
this finding did not replicate. Updating our meta-analysis on cortical layer III postsynaptic 
elements with the results from our study, we still find an overall lower number in 
schizophrenia patients (Figure 1). Meta-analysis is one of the most powerful research 
tools available, cumulating and summarizing knowledge within the field. Our data 
on the postsynaptic elements together with the meta-analysis showing a decrease of 
pre-synaptic synaptophysin in the frontal cortex10, provide strong evidence that cortical 
synaptic density is decreased. 
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Study name Statistics for each study Hedges's g and 95% CI
Hedges's Lower Upper 

g limit limit p-Value
Roberts et al., (2015) -1,622 -2,766 -0,478 0,005
Garey et al., (1998)     -1,584 -2,688 -0,480 0,005
Glantz and Lewis (2000)   -0,550 -1,237 0,137 0,117
Konopaske et al., (2014) -0,456 -1,112 0,200 0,173
Shelton et al., (2015)         -3,297 -4,211 -2,383 0,000
Sweet et al., (2009)        -1,117 -1,837 -0,397 0,002
Berdenis van Berlekom et al., (2021) 0,180 -0,564 0,924 0,635

-1,165 -1,967 -0,364 0,004

-5,00 -2,50 0,00 2,50 5,00

Decrease Increase

Figure 1. Updated meta-analysis of postsynaptic elements in cortical layer III. 
Forest plot of cortical layer III subgroup meta-analysis for 7 studies on postsynaptic elements (spine 
density determined with Golgi staining, or immunohistochemistry of postsynaptic marker Spinophilin) in 
schizophrenia. The pooled effect size on the density of postsynaptic elements is significantly decreased (p 
< 0.05).

 
It was rather unexpected that the decrease in synapse density not replicate in our 
study. However, layer III of the prefrontal cortex has only been researched in 3 separate 
studies63–65, from which only one study found a significant decrease of dendritic spines63, 
which is also the oldest study with a smaller sample size compared to the other studies 
(schizophrenia 8, control 7). This emphasizes the need for replication studies. 

On the other hand, we could explain the absence of this phenotype in our schizophrenia 
postmortem cohort in other ways. Firstly, there might be substantial subtype specificity 
considering the decrease in synapses depending on clinical factors, such as the severity 
of symptoms or the age of onset of the disease, which remains largely unexplored. As 
an example, previous studies have shown differences in cortical gene expression that 
were specific only for schizophrenia patients who completed suicide versus healthy 
controls66,67. Secondly, technical differences in, for example, brain tissue processing or 
assay type, might affect reproducibility68.

Recent studies focussing on brain changes in schizophrenia using, MRI, DTI, or RNA 
sequencing include large sample sizes (of 100 patients or more) to better explore patient 
subtype specific phenotypes and correct for technical confounders, while enabling 
the detection of small effect sizes69–71. These techniques allow for high throughput 
experiments and/or analyses. Labour intensive studies, quantifying the number of 
synapses using imaging or other molecular techniques, are not yet performed on this 
scale in schizophrenia research. Until we are able do that, meta-analysis is the tool to 
bring together the data of these smaller studies on this topic. 
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Altogether, our data from chapter 2, 3 and the updated meta-analysis in this chapter 
(Figure 1) show that there is a decrease in synapse density in schizophrenia postmortem 
tissue, which is specific for brain regions, and might be specific for patient subtypes.

Glial contributions

From our study in chapter 3, we did not find strong evidence that glia number or 
phenotype is altered in the prefrontal cortical grey matter and layer III specifically in 
schizophrenia. However, the interpretation of these data was difficult: in absence of a 
synapse phenotype in our schizophrenia cohort, would we still expect a glial phenotype? 
Although we performed various analyses to assess the interaction between glial number 
or phenotype and synapse number or gene expression, we did not find any relation. 
Therefore, it would be important to repeat the study, in a cohort where synapse density 
changes previously have been shown. 

As described in the introduction of this thesis and chapter 3, studies assessing microglial 
and astrocytic phenotype in schizophrenia have shown heterogeneous results72–76. 
For example, a recent study, very similar to ours, assessing the expression of a broad 
panel of astrocytic and microglial genes in samples from the Stanley Medical Research 
Institute, identified an increase in expression of only one astrocytic gene (ALDH1L1) in 
the DLPFC comparing schizophrenia patients to control subjects66. This underlines the 
heterogeneity and thereby the difficulty that is inherent to schizophrenia postmortem 
research. However, in our study in chapter 3 we did identify a downregulation of two 
homeostatic microglia genes, ITGAM and CX3CR1. These data are in line with data from 
a recent publication of our group77. In this study, meta-analysis showed no microglia 
density changes or an immune activated profile, instead they identified a schizophrenia 
related microglia profile characterized by the loss of mature microglia genes, among 
which CX3CR1 and ITGAM. Downregulation of these genes in schizophrenia could have a 
profound effect on neuron microglia signaling at the synapse because of their function in 
complement and fractalkine signaling78–80, and thereby contribute to symptoms observed 
in patients with schizophrenia. 

Altogether, we did not find strong involvement of glia. However, our data, together with 
recent published literature, suggest it would be valuable if future research would pursue 
microglia homeostatic profile changes in schizophrenia. 

Designing in vivo patient studies targeting synaptic changes and glia
To answer the question if (and how) astrocytes or microglia might be involved in synapse 
pathology in schizophrenia, we need to take the data from postmortem studies and study 
them from different perspectives. Opposed to postmortem studies, in vivo techniques 
such as MRI, fMRI, EEG, or DTI have the advantage that they can be applied in research 
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on patients with schizophrenia during specific phases of disease manifestation. However, 
these technologies do not provide the degree of resolution to study cell type specific 
changes. PET tracing studies have the potential to address this challenge, as it allows for 
specific protein labelling in the brain. PET ligands targeting synaptic density marker SV2A 
have recently been used to show synaptic terminal decrease in the frontal and cingulate 
cortex of patients with schizophrenia81,82. In a similar way tracers are developed to study 
glial involvement. However, currently these ligands are primarily targeted to study 
microglial and astrocytic activation83. Importantly, although TSPO labelling was previously 
used to study microglial activation in schizophrenia with PET, this is not recommended 
anymore because novel insights show that the protein is not specifically expressed in 
microglia84. The development of PET tracers targeting proteins involved in glia-synapse 
interaction could prove to be a valuable tool in elucidating glial involvement in synapse 
pathology in schizophrenia. 

Gap between postmortem studies and preclinical models
There are multiple examples of studies using preclinical models (rodent or cell culture) 
to study schizophrenia related synaptic density changes and glial synaptic pruning. 
For example, the use of knock-out mice, excluding genes such as CX3CR1, to study the 
effect on spine density in the olfactory bulb85. Or iPSC derived microglia models studying 
phagocytic activity86. Especially the mouse retinogeniculate system has been employed 
to study astrocytic and microglial involvement in (aberrant) synapse elimination through 
complement signaling87. This model provides a great opportunity to study fundamental 
processes involved in synaptic pruning as there is a very specific time window when 
the excess retinal ganglion cell inputs to the dorsal lateral geniculate nucleus neurons 
are eliminated. However, it is evident that there is a gap between these models and the 
phenotypes observed in postmortem human brain tissue of schizophrenia patients. This 
is especially important in context of the brain region (and even cortical layer) specificity 
of the synapse phenotype in schizophrenia. It remains very difficult to design a model to 
tackle this issue. 

The use of cerebral organoids could prove a valuable alternative as a model of the 
human cortex. Although brain organoids have not yet been utilized to investigate 
synaptic pruning, as they contain functional synapses, astrocytes, ánd microglia, they are 
expected to become a powerful tool for analysing the molecular mechanisms underlying 
glia-mediated synaptic pruning89. There are many possibilities to utilize the model as such, 
for example: introduce fluorescent reporters for glial cells and neurons for live cell imaging 
of interactions at the synapse, or use genetic manipulation using SiRNA’s or CRISPR-Cas9 
technology90,91 to reduce the expression of genes of interest (such as CX3CR1 and ITGAM).
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7.3 Cerebral organoids to study early environmental 
schizophrenia risk factors

Epidemiological research has identified several prenatal environmental risk factors, 
increasing the risk of schizophrenia, such as maternal immune activation and altered 
nutrition during pregnancy 44,46,55,56,58,92,93. Unravelling the biological mechanisms causative 
of this relation are of great importance for our understanding of the pathogenesis of 
schizophrenia. It remains challenging to study early brain development using human 
samples, and therefore mechanistic studies are performed using rodents. However, 
rodent and human brains differ from each other, not only in size and form, but also 
on a cellular level, such as the representation and organization of cell types during 
development and the transcriptomic profile of various cell types94–98. In chapter 5 and 
6 we exploited the cerebral organoid model to study the effect of environmental risk 
factors for schizophrenia on early human brain development.

Applying the model
Cerebral organoids have been shown to resemble human cortical development on a 
transcriptomic, proteomic, and morphological level99–102. They provide the possibility to study 
human neurodevelopment in vitro in alive cells, in a co-culture environment comprising of 
different cell types similar as the in vivo circumstances. Previous studies have employed the 
cerebral organoid model to study the effects of both genetic and environmental factors on 
neurodevelopment103–108. Therefore, we considered the cerebral organoid model a tool to 
study the effects of environmental risk factors for schizophrenia on neurodevelopment.

The studies from chapter 5 and 6 show that cerebral organoids can be used to study 
environmental risk factors for schizophrenia during early human brain development. 
Our data show that cerebral organoids are responsive to the environmental stimulations 
applied in our studies (LPS stimulation and specific amino acid exposure). We were able 
to study neurodevelopment at multiple levels using this model: protein expression, gene 
expression, and general organoid growth. However, in both studies it remained difficult 
to pinpoint specific neurobiological processes affected based on these data. Perhaps 
because our approach on ‘neurodevelopment’ was broad and general. More specific follow 
up analyses will be valuable. These could include investigation of specific cell types, their 
composition, and organization, using immunostaining of the progenitor regions and single 
cell RNA sequencing (example from our own data in Figure 2). The model provides many 
more possibilities for indepth analyses which were not (yet) explored in these projects, 
including functional studies, such as live-cell imaging, calcium imaging, and electrophys-
iology. Furthermore, in relation to environmental manipulations, studying epigenetic 
differences (through ATAC sequencing109) would be an interesting avenue to pursue, as a 
possible link between environment and gene expression in the cerebral organoid.
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Figure 2. Cell type specific analyses using immunohistochemistry and single cell RNA-seq. 
A. Example of immunohistochemistry of various proteins in progenitor regions of the cerebral organoid, 
enabling the investigation of cellular organization. B. Colour coded cell type clusters by UMAP of a single 
cell RNA sequencing experiment with LPS stimulated and control cerebral organoids, which allows the 
study of cell type specific transcriptomic changes. 

 
Altogether, we successfully used cerebral organoids to study the effect of environmental 
risk factors for schizophrenia on early neurodevelopment, and the cerebral organoid 
offers great potential for more in-depth analyses of neurodevelopment on different 
levels. Therefore, the cerebral organoid model is a promising model to study neurodevel-
opmental effects of environmental schizophrenia risk factors. 

Physiological validity of the stimuli – a critical evaluation
One of the most important points of critique on our stimulation models is the physiological 
validity of the used stimuli. In chapter 5 we used lipopolysaccharide to evoke an immune 
response in the cerebral organoid to model maternal immune activation. LPS is present 
in the outer membranes of bacteria and is very potent in eliciting an immune response 
in human and animal cells110–113. LPS is commonly used in rodent studies of maternal 
immune activation110,111. In our study, we exposed LPS directly to the cerebral organoids. 
In physiological situations, maternal immune activation in humans is more often the 
result from a viral infection and bacterial infections are not often directly exposed to the 
developing foetus114. However, literature on maternal immune activation suggest that not 
necessarily the pathogen, but the inflammation that follows is detrimental112. LPS causes 
a broad response in our cerebral organoid model (increased gene expression of cytokines 
IL6, TNFa, and IL1b), emphasizing the validity of the use of LPS to study the effects of 
immune activation in our study. Furthermore, other brain organoid studies used exposure 
to single cytokines such as TNFa or IL6, identifying neurodevelopmental deficits related 
to FGFR1 dysfunction and altered neuron-astrocyte ratio respectively103,115. However, in 
the context of maternal immune activation, we suggest that a broader immune response 
is more physiologically relevant, as a maternal infection causes a broad spectrum of 
cytokines to increase, which could influence the developing brain116,117.  
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In chapter 6 we exposed cerebral organoids to an increased concentration of the amino 
acids threonine, histidine, and lysine. The physiological levels of these amino acids in 
human blood are approximately 100-300µmol/L118 and are present in culture media at 
approximately 0.2-0.9mM. In our study, we drastically increased the concentration of 
these amino acids above these physiological conditions. However, the concentrations we 
applied, are in a similar range as previous in vitro  studies targeting mTOR using the same 
amino acids119,120. We showed that mTOR was acutely downregulated when organoids 
were exposed to 50mM and not to 10mM of the amino acids. However, this might be 
influenced by the sensitivity of the assay (western blot) as we also identified size defects 
and transcriptional changes when the organoids were exposed long term to the lower 
amino acids concentration of 10mM. Lastly, in the introduction of this thesis we stated 
that prenatal nutrition is linked to schizophrenia risk. The most well-known example is 
that maternal famine is related to a two-fold increase in schizophrenia incidence in the 
offspring60. Our model does not simulate maternal famine but does model how nutritional 
components can influence early brain development. 

In both studies, we argue it is necessary to use the ‘environmental stimuli’ in a strong way 
to ‘evoke the phenotype’ and to be able to measure any effects amidst the prominent 
heterogeneity present in the cerebral organoid model (discussed further in section 7.4). 
Therefore, even though our approach using cerebral organoids provides a novel and 
elegant way of studying these types of questions, we must emphasize that it remains a 
model and that the conditions in this model are still far from the physiological situation. 
Our studies from chapter 5 and 6 can therefore be considered as proof-of-concept studies 
and provide leads for future research on which neurodevelopmental mechanisms should 
be further studied in relation to environmental schizophrenia risk factors. 

Perspective of the biological effects  

Maternal immune activation immune resilience 

In chapter 5 we showed that acute effects of maternal immune activation were replicated 
in the cerebral organoid model, although we did not detect long term immune activation 
or neuronal deficits. 

Despite the relatively high prevalence of maternal infections, only a small portion of the 
exposed offspring develops long lasting neurodevelopmental disorders121. This emphasizes 
that there is a certain resilience to maternal immune activation. There are many factors that 
affect maternal immune activation susceptibility, such as maternal stress, and resilience, 
such as high maternal iron, zinc, and vitamin D status121. The intensity of the infection is 
also a key determinant for neurodevelopmental effects. Therefore, in future experiments 
we should experiment with the stimuli intensities exposed to cerebral organoids. 
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Glial cells, microglia and astrocytes, are the first responders to environmental stimuli 
and upon activation they secrete cytokines, which was replicated in our model. The 
decrease of TNFa and IL1b in aged LPS-stimulated organoids suggests an altered immune 
phenotype. This adaptation of immune cells upon LPS stimulation could be related to the 
phenomenon ‘immune tolerance’122,123. Previously it has been described that exposure to 
low doses of LPS can lead to a lower inflammatory response to a second stimulation123. This 
persistent state of immunological tolerance could be attributed to long term disfunction 
of microglia and astrocytes. An altered phenotype of glia could impact neuronal 
development and function at different stages, as they do not fulfil their appropriate 
function. The glia might respond differently upon a new inflammatory stimulus (similarly 
as described in Clark et al. 2018124) or might not perform their homeostatic functions 
at the synapse appropriately. Further dissemination of the glial phenotype though 
transcriptional profiling of (fluorescent or magnetically) sorted microglia and astrocyte 
populations will provide further insight into this matter. 

Amino acid mediated mTOR inhibition effects on cortical growth

In our study of chapter 6 we confirmed that mTOR was downregulated upon exposure 
to specific amino acids, affecting neurodevelopment. We hypothesize that alterations in 
the maternal diet could affect the risk of psychiatric disorders in the offspring through 
inhibition of mTOR, causing neurodevelopmental effects. In this context, a particular 
interesting cell-population to investigate are the outer radial glia. These cells are 
proliferative progenitors involved in expansion and growth of the cortex, are human 
specific, and have high mTOR expression98,125. Therefore, this specific population in the 
human cerebral organoids could be extra vulnerable for a decrease in mTOR activation, 
resulting in growth deficits. To study this, a BrdU assay, tracking proliferating cells, and 
HOPX/PAX6 immuno-staining, targeting the outer radial glia population will enable to 
investigate the effect on proliferation in outer radial glia in cortical progenitor regions of 
the cerebral organoid.

Previously, increased mTOR activation has been associated with neurodevelopmental 
disorders such as tuberous sclerosis and autism spectrum disorder126–129. Interestingly, a 
recent study in brain organoids with a genetic risk factor for autism showed a drastic increase 
in organoid size, opposite to our model130. Dietary interventions, using the three amino acids 
from our study, could potentially be used to downregulate mTOR in these diseases. 

mTOR as a common regulator in schizophrenia?

Interestingly, mTOR inhibition is related to schizophrenia pathology in multiple ways. 
Firstly, mTOR is involved in biological processes associated with schizophrenia pathology, 
such as synaptic signaling131. Furthermore, maternal immune activation (well-known as a 
risk factor for schizophrenia) induced by both Poly(I:C) and LPS in rodents has been found 
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to decrease mTOR activation in offspring132,133. And lastly, recent postmortem brain studies 
have shown that mTOR activity is downregulated in the prefrontal cortex of schizophrenia 
patients134,135. Altogether, this suggests that mTOR has a role as a common regulator in 
schizophrenia pathology.

Connection between maternal diet and maternal inflammation 

Maternal diet and maternal inflammation are connected to each other. Dietary 
components, such as the type of carbohydrate intake, a ketogenic diet, and high fat, 
have been associated with anti- or pro- inflammatory effects and microglial phenotype, 
also in relation to neuropsychiatric disorders93,136–138. In rodent studies, a high fat-diet 
was associated with microglia mediated connectivity changes, affecting microglia 
morphology and phagocytic activity, and causing reduced prefrontal spine density138–140. 
Furthermore, poly(I:C)-mediated maternal immune activation was found to inhibit mTOR 
activity in rat placenta, affecting membrane localization of amino acid transporters and 
elevation of maternal cytokines can alter the placental function, reducing the transport 
of essential nutrients133,141. Therefore, it would be of great interest to integrate the two 
models from chapter 5 and 6 and further explore how maternal diet can impact neurode-
velopment through inflammatory effects in our cerebral organoid model. 

Combination with genetic background
An important hypothesis for the etiology of schizophrenia is the gene x environment 
hypothesis, stating that genetic risk factors render certain individuals more susceptible 
for environmental risk factors leading to disease manifestations. In our studies we 
assessed the effects of environmental risk factors on cerebral organoids generated from 
non-psychiatric control donors. It is possible that the absence of the genetic susceptibility 
the effect of the LPS stimulation or amino acid exposure is not as strong or detrimental. 
Because cerebral organoids are generated from human blood or skin cells reprogrammed 
to iPSC, it enables the opportunity to use patient derived cells. Therefore, incorporating a 
context of genetic susceptibility for schizophrenia in our environmental exposure models 
would be of interest. The polygenetic background of schizophrenia could be addressed 
in this paradigm particularly by using cells from specific patient populations. Firstly, 
using cells from patients with a high schizophrenia polygenic risk score. Schizophrenia 
polygenic risk scores represent the weighted effect of many single-nucleotide 
polymorphisms that are more prevalent in schizophrenia patients compared to healthy 
controls and can explain up to 18% of disease incidence142. A second approach could be 
using cells from individuals with a 22q11.2 deletion syndrome. This 1.5-3 million base 
pair deletion increases the risk of developing schizophrenia up to 25 times, and thereby 
poses the largest genetic risk factor for developing schizophrenia143,144. In a pilot study, we 
generated cerebral organoids from iPSC from patients with 22q11.2 deletion syndrome 
previously generated by Lin et al., (2016)145. Although the hallmarks of healthy organoid 
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development were met, such as the presence of cortical progenitor regions and PAX6 and 
FOXG1 expression, these organoids indeed showed lower expression of genes which are 
present in the deleted genetic region, thereby confirming the validity of this approach 
(unpublished). Future studies could combine both genetic and environmental risk factors 
for developing schizophrenia using cerebral organoids, to study the synergistic effect. 

Reducing animal research
Advanced human cell models like the cerebral organoid have the potential to increase 
the translation between preclinical studies and patient care for complex brain diseases, 
such as schizophrenia. However, another important aspect from this technology is that it 
offers significant potential to reduce the number of animal studies, by replacing rodents. 
As illustrated by our research in chapter 5 and 6 cerebral organoid technology provides 
complementary approaches for animal research in neuroscience. The technology 
provides even further possibilities for the reduction of animals in pharmaceutical drug 
screening processes. Current legislation and public opinion increasingly push the field to 
reduce the use of animals in neuroscience. One of our studies (chapter 6) was funded by 
a grant specifically encouraging innovations that contribute to science without the use 
of animal studies (ZonMw Meer Kennis met Minder Dieren grant). Furthermore, there is a 
growing interest to use the cerebral organoid technology for the benefit of other species, 
such as the study of neuro-infectious diseases in domestic animals146. 

It is fair to point out that cerebral organoids are not an alternative that could completely 
replace the use of animals in neuroscience. Cerebral organoids are isolated structures, lack 
interorgan communication, do not contain a blood brain barrier or peripheral immune 
cells that might infiltrate, are deprived of sensory input (except for their response to 
light147), and cannot be used for behavioural and cognitive measures148. Furthermore, 
the development of cerebral organoids is also dependent on several animal derived 
components, such as sera and Matrigel. Therefore, for now, cerebral organoids provide 
a complementary approach to animal research, reducing the number of experimental 
animals in neuroscience, thereby impacting animal welfare. 
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7.4 Methodological considerations 

For this thesis we used two models to study neurodevelopmental phenotypes in 
schizophrenia: postmortem human brain tissue and cerebral organoids. It is inherent to 
research that each model has benefits and challenges. We here discuss the methodological 
considerations for both models, which can aid the interpretation and dissemination of our 
results. 

Postmortem brain tissue
In part one of this thesis, experimental work was performed using postmortem brain 
tissue. Postmortem brain tissue has long been the “golden standard” for understanding 
biological mechanisms of neuropsychiatric disorders. It provides the most direct strategy 
to study molecular and cellular underpinnings of disorders of the brain. 

Heterogeneity and covariates: The clinical heterogeneity of schizophrenia as a disease 
is undisputed. Patients differ in symptomatology, severity of the symptoms, and 
responsiveness to treatment. These factors can also change over time within the same 
patient. Further increase of the heterogeneity between patients, is due to the large 
number of confounding factors that must be considered using postmortem human brain 
tissue. Besides technical factors affecting tissue quality, such as processing of samples 
by brain banks, pH and PMD of the tissue, clinical characteristics, such as substance 
abuse, antipsychotic medication, and psychiatric comorbidity are known to affect brain 
physiological processes68,149,150 . 

Tissue availability and patient subtype overrepresentation: Although brain banks world-wide 
collect brain tissue, the availability of tissue from schizophrenia patients remains limited. 
To illustrate: during the past 5 years, the Netherlands Brain Bank included 5 schizophrenia 
donors. This results in multiple studies using samples from the same patient cohort, 
(as we also observed in the meta-analysis of chapter 1) and therefore could lead to an 
overrepresentation of specific patient populations. The Netherlands brain bank program 
uses ante-mortem donor registration, and we suggest that this could interest a specific 
patient population, such as those without addiction and with higher education. 

Endpoint: The result of early neurodevelopmental alterations can lead to persistent 
neurological changes, which can be observed in postmortem brain tissue. However, 
using postmortem brain tissue, we only see a snapshot of the pathology in schizophrenia, 
often in aged individuals. This model does not provide the opportunity to study dynamic 
processes at multiple disease stages. 
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Cerebral organoids
In part two of this thesis, cerebral organoids were utilized to answer our questions about 
potential environmental risk factors for schizophrenia during early brain development. 
This novel technique has gained a lot of interest and is promising to study neurodevelop-
mental mechanisms in alive cells. 

Heterogeneity: One of the main challenges with cerebral organoids, is the variability of 
the model. The heterogeneity starts on the level of iPSC culture, as cell lines can differ 
from each other concerning various experimental properties, such as their differentiation 
potential or proliferation rate151,152. From our experience, there is also some variation in 
how robustly each iPSC line generates neuroectoderm during early phases of cerebral 
organoid differentiation. Furthermore, organoid development is subject to batch effects, 
as organoids grown in the same bioreactor are more alike, compared to organoids from a 
different batch147. Importantly, the model developed by Lancaster in 2013 relies on self-as-
sembling of the organoid after neuroectoderm induction and does not use any factors to 
inhibit mesoderm and endoderm formation (such as dual SMAD inhibition), which are 
used in other brain organoid models153–156. This approach increases organoid to organoid 
variability147. Although some of these other models are more reproducible, they do not 
contain microglia, which are present in the cerebral organoid model157. 

Necrotic core: Cerebral organoids are not vascularized. Therefore, when the organoid 
grows bigger than approximately 5µm, the core will be depleted of fresh nutrients 
and oxygen because of diffusion limitations. This leads to necrosis in the core of the 
organoid158. It is not yet fully understood how this necrotic core affects the surrounding 
tissues. 

Early human development: As described in the introduction of this thesis, the cerebral 
organoid model accurately resembles the development of the human brain until about 
the end of the second trimester101. Therefore, the model is less suited to study more 
mature brain processes. Because schizophrenia often manifests around adolescence, 
certain phenotypes might not be as well represented. 

Astrocytes are not well defined: Neuronal and microglia development, morphology, and 
function have been characterized within the cerebral organoid model99,157,159. However, 
such characterization has not been performed for astrocytes, besides the expression of 
GFAP159. Therefore, we started thoroughly investigating transcriptomic, proteomic, and 
morphological development of cerebral organoids within this model (unpublished). A 
preview of our findings is shown in BOX 1. In short, we made cerebral organoids from 
four control iPSC lines, and developed an extensive timeline, obtaining RNA, protein, 



and samples for staining, from developmental day 30 to 165. Furthermore, we set up a 
fluorescent activated cell sorting protocol, using the previously identified cell-surface 
marker CD49f160, to successfully sort astrocytes from cerebral organoids at different 
developmental ages up to 365 days. Also, we utilized iDISCO technology161 to stain 
astrocytes and visualize them in transparent 3D organoids, enabling reconstruction of the 
spatial distribution of these cells. Further exploration of this sample set, and these data 
will give us insight in astrocyte maturation, and their association to other cell types in the 
cerebral organoid model. 

Time and resources: The entire process of generation of iPSC from somatic cells, iPSC 
quality control, and cerebral organoid generation takes up to six months. Furthermore, 
the resources necessary for iPSC and organoid culture exceed what is available in an 
average cell-culture facility and are labour intensive. Therefore, it is of utmost importance 
to consider if some research questions can be better answered using simpler models 
(regular cell-lines, 2D cultures of differentiated iPSC, or co-culture systems).

Ethics: The technology surrounding brain organoids is rapidly developing, as it offers 
possibilities to study the “human brain” as never before and has the potential to contribute 
to personalized medicine in brain diseases. However, the development of “brains in a dish” 
also raises ethical questions. Not only regarding the moral status of the cerebral organoids, 
but also about how we use them162. Although some research has been done to define 
the ethical considerations related to organoid use in general163,164, only few studies have 
focussed on brain organoids specifically. Because the brain is more related to our identity 
than any other organ, the ethical considerations are even more sensitive. In collaboration 
with us, master students from the Vrije Universiteit Amsterdam have performed a pilot 
study to explore the perspectives of laypeople on ethical considerations using cerebral 
organoid technology (BOX 2). 
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BOX 1. Astrocyte characterization in cerebral organoids
A. Organoids were harvested for RNA, protein, IHC, and FACS at the indicated timepoints. B. Gene 
expression over time for 4 general astrocyte genes in whole organoid (qPCR). C. Protein expression of 
GFAP over time in whole organoid (western blot). D. Images of S100b and GFAP at 3 different timepoints. 
E. CD49f gene expression (ITGA6) over time in whole organoid is consistent. F. Gating example for CD49f 
FACS at day 35. G. RNA sequencing shows the ITGA6 positive fraction is enriched for astrocytic genes. H. 
CD49f FACS cells express GFAP and S100b when cultured in 2D. Project in collaboration with M. Verkerke 
(design/experiments/analysis) and V. Donega (RNA sequencing). 

Astrocyte characterization in cerebral organoids 



Ethical considerations regarding cerebral organoid use 

During the course “science in Dialogue” master students at the Vrije Universiteit 
designed and executed a dialogue among laypeople (11 participants) to identify 
opinions and values regarding brain organoid technology, to evaluate ethical 
challenges in the field. For the dialogue the “World Café” format was employed, 
in which participants work on three assignments in consecutive rounds in small 
groups165. First, participants were asked to make a selection from multiple statements 
about brain organoid technology that resonated most with them. Secondly, they 
assigned values or themes to these statements, and thirdly prioritized and selected the 
ones most important to them. The overall structure of the dialogue was maintained by 
adding post-it’s on top of a drawing of a tree. The tree does not only provide a playful 
design, but also gives participants the possibility to work on a concrete product that 
allows for reflection166. Bringing together the results of the multiple dialogues, we 
dissected three themes that were addressed most: morally responsible innovation, 
good governance, and safety. 

Good governance

Morally responsible
innovation

Safety

Curiosity

Advancing 
     science

& medicine

Possibility of
developing

consciousness

Ownership

Accessibility
and equality 

of technology & implications

Commercialization

Possible misuse

                  Creating arti�cial
intelligence

“What if they start to think like an embryo-
brain? Do they get rights? From which state 

are they legal to be thrown away? What 
happens when they’re not needed 

anymore?”

“There are no rules, what if 
businesses abuse?”

“Cyborgs? What dangers would 
there be for connecting organic 

brains to unnatural parts?”

“It is important in todays world to be 
more conscious about all life and how our 

actions can impact our environment (...) 
how our decisions can make a positive 

impact to animal cruelty (...)”

BOX 2. Results from World Café dialogue on ethical considerations regarding cerebral organoids
The image represents a preliminary dissemination of the dialogue data. With some quotes from 
participants about their selected statements in the roots of the tree, values and themes identified on the 
trunk and branches, coming together to the central themes at the end of each branch. (Dialogue was 
designed and performed by Paul Bethlehem, Felicia Roozendaal, Oliver Sandys, and Anouk Spruit).
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7.5 Future perspectives

In addition to the specific suggestions for follow up research on our studies we have 
mentioned in this discussion, we also want to draft a future perspectives for the field 
at large. As stated in the introduction of this thesis, there is a dire need for translational 
approaches in schizophrenia research, connecting epidemiological, and genetic findings, 
to specific molecular and cellular mechanisms in the brain. From our perspective, future 
studies in the field should focus on robust replication, taking a novel approach towards 
disease categorization, emphasize brain region/tissue-type/cell type specificity, and use 
state of the art in vitro models to make the translation from genes to function.

Replication-Replication-Replication
Currently, studies designed for the soul purpose of replication of previous findings, are 
not often performed. For example: although the decrease of synapses in the cortex is 
considered a robust phenotype in schizophrenia postmortem tissue, there are few studies 
that focus on replicating results in the same brain region, using the same technique, in a 
different cohort. Replication studies are even less common among brain organoid studies. 
For example, the effect of maternal immune activation on neurodevelopment has been 
explored using different brain organoid models studying multiple different exposures 
such as TNFa, IL6, or ZIKA virus103,104,167, all identifying different biological effects. It is of 
utmost importance for the field that replication of previous studies is encouraged to 
define if specific molecular/cellular findings are robust. 

Symptom dimensions of schizophrenia
In postmortem schizophrenia research, future directions often include the obvious 
arguments of enlarging cohorts and perform more detailed screening of clinical and 
technical variables to illuminate confounding factors. However, we might want to more 
radically change the way we perform this type of research. The heterogeneity within 
schizophrenia as a disease, and the differential response to treatment among patients 
raises the question if schizophrenia might constitute of multiple different underlying 
pathologies, which result in a generally common phenotype. Furthermore, psychiatric 
disorders are classified as separate diseases by a specific set of behaviours, although 
research shows that symptoms, genetics, and environmental risk factors overlap70,168,169. 
Therefore, going forward, it would be interesting to include multiple psychiatric disorders, 
and perform the research based on symptomatology and disease polygenic risk score, 
instead of the DSMIV disease categorisation alone. 
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Specificity is key
An important take away from the research performed within this thesis, is that brain 
region/tissue-type/cell type specificity is important. This is illustrated by the results from 
our meta-analysis in chapter 2, the differences in grey and white matter methylation 
in chapter 4, and by the need for further dissection of the phenotypes in chapter 5 
and 6. A novel approach to obtain resolution on a cell type specific level is single-cell 
RNA sequencing170. This technology employs cell sorting to isolate individual cells, and 
asses their transcriptome. This allows for the dissemination of gene expression data on 
a cell type, even cell-state specific level. We have recently employed this technique to 
further dissect cell type specific effect of our environmental stimulations on the cerebral 
organoids (unpublished, Figure 2). Although single cell atlases from healthy control 
donors have shown before that schizophrenia risk genes (identified by GWAS) are enriched 
in pyramidal neurons, and specific types of inhibitory neurons171, a recent publication 
performed the first single-cell transcriptomic atlas of schizophrenia prefrontal cortex 
specifically172. Schizophrenia related transcriptional alterations were highly enriched in 
deep layer cortico-cortical projection neurons and PV-expressing inhibitory neurons. 
Schizophrenia associated transcriptional alterations identified in this study are regulated 
by a set of upstream transcription factors affecting both early fetal brain development 
and adult brain synaptic processes. These data provide a promising link between the 
schizophrenia phenotype and the phases of neurodevelopment discussed in this thesis. 

From genes to function – need for advanced in vitro models
Large scale GWAS and RNA-sequencing studies give tremendous insight in which genes 
could be involved in schizophrenia. In vitro culture systems from human cells pave the way 
to take these data and translate them to determine specific alterations that are resulting 
from these risk genes. With an in vitro model there is an opportunity to microscopically 
study molecular and cellular processes in a controllable context, in living cells. Especially 
more complex culture systems containing multiple cell types (co-cultures or organoids) 
offer the possibility to study cell(type) interactions. Other strengths of in vitro work include 
the possibility for gene manipulation and the use of patient cells. Previous studies have 
identified many schizophrenia risk genes that are involved in neurodevelopment69,172–174. 
Advanced in vitro culture systems can help to decipher the molecular and cellular effects 
of dysfunction of these genes and how this affects neurodevelopment. 
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7.6 Concluding remarks 

This thesis contributes to the research unravelling specific cellular and molecular neurode-
velopmental processes affected in schizophrenia by exploring different research angles, 
covering both postnatal neurodevelopment and prenatal environmental risk factors, 
focussing on tissue specificity and glial cells, using postmortem human brain tissue 
and cerebral organoids. Research from these different perspectives has resulted in the 
identification of several specific phenotypes. Throughout this thesis it has been shown 
that many challenges are faced regarding clinical and experimental factors involved in 
this type of research, and much work remains for the dissemination of the biological 
mechanisms behind these phenotypes. Future research, continuing to investigate these 
questions, will contribute to our understanding of the disease and the development of 
novel treatment options, to benefit patients with schizophrenia. 
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Nederlandse samenvatting

Schizofrenie is een psychiatrische ziekte met een grote morbiditeit en hoge mortaliteit. In 
de hersenen van patiënten met schizofrenie worden macroscopische en microscopische 
veranderingen gezien. Steeds meer onderzoek wijst er op dat de hersenontwikkeling 
betrokken is bij het ontstaan van schizofrenie. Genetische- en omgevingsfactoren 
beïnvloeden zowel prenatale als postnatale processen in het ontwikkelende brein, die 
leiden tot een verhoogd risico op het ontwikkelen van schizofrenie. Er is echter nog veel 
onduidelijk over welke specifieke cellulaire en moleculaire veranderingen hieraan ten 
grondslag liggen. Het is belangrijk om deze biologische processen te ontrafelen om het 
ziekteproces beter te begrijpen en nieuwe therapieën te ontwikkelen. 

Daarom bestuderen wij in dit proefschrift specifieke moleculaire en cellulaire processen 
tijdens de hersenontwikkeling die een rol spelen bij schizofrenie. We bekijken de hersen-
ontwikkeling vanuit verschillende perspectieven en maken gebruik van bekende maar 
ook vernieuwende translationele technieken.

Deel I is gericht op het onderzoeken van corticale veranderingen in schizofrenie patiënten 
met behulp van postmortem humaan hersen materiaal.

Tijdens gezonde hersenontwikkeling neemt het aantal synapsen in de kindertijd enorm 
toe. In de adolescentie verdwijnen synaptische verbindingen die minder gebruikt 
worden. Als in deze fase te veel of te weinig synapsen verdwijnen heeft dit effect op 
het functioneren van de hersenen. Al lange tijd wordt  gesuggereerd dat een afname 
in het aantal synapsen in de cortex ten grondslag ligt aan veranderingen in de hersen 
connectiviteit in patiënten met schizofrenie. In hoofdstuk 2 hebben wij literatuur met 
kwantitatieve uitkomstmaten van postsynaptische elementen systematisch samengevat 
en geanalyseerd in een meta-analyse. Hiervoor hebben wij gekeken naar studies in 
subcorticale en corticale hersengebieden in postmortem hersenweefsel van  patiënten 
met schizofrenie en gezonde controles. Onze meta-analyse liet zien dat er regio 
specifieke veranderingen zijn in het aantal postsynaptische elementen in patiënten 
met schizofrenie. We vonden een vermindering van postsynaptische elementen in de 
prefrontale cortex en laag III van de cortex specifiek. Het valt op dat de heterogeniteit in 
de analyses groot is. Deze bevindingen laten zien dat verminderde synaptische densiteit 
een belangrijk, hersen regio specifiek, cellulair kenmerk is in de hersenen van patiënten 
met schizofrenie. 

Eerder onderzoek suggereert dat microglia en astrocyten een rol hebben de veranderde 
synapsen bij schzofrenie. Microglia en astrocyten zijn gliacellen. Deze gliacellen zijn 
betrokken bij een grote verscheidenheid aan functies in de hersenen. Een belangrijke 
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rol voor microglia en astrocyten is het reguleren van de eliminatie van synapsen tijdens 
de adolescentie. Daarom zouden veranderingen in microglia en/of astrocyten kunnen 
bijdragen aan het verlaagde aantal synapsen in de cortex van patiënten met schizofrenie. 
In hoofdstuk 3 hebben wij microglia, astrocyten, en synapsen tegelijkertijd onderzocht 
in postmortem hersenweefsel van patiënten met schizofrenie. In ons onderzoek hebben 
we hersen regio specificiteit mee genomen door ons te richten op de grijze stof van 
de frontale cortex, en specifiek op laag III. De immunohistochemische kleuringen uit 
onze studie lieten zien dat het aantal Spinophillin positieve synapsen, GFAP positieve 
astrocyten, en IBA1 positieve microglia niet is veranderd in laag III van de prefrontale 
cortex in ons schizofrenie cohort. Ook was er geen effect in gen of eiwit expressie van 
synaptische of astrocyt markers in de grijze stof van de prefrontale cortex. We vonden 
wel een verlaging van twee microglia genen (CX3CR1 en ITGAM) die betrokken zijn bij 
microglia-synaps communicatie. Tegengesteld aan onze verwachting, ondanks een 
uitgebreide karakterisatie, vonden wij geen bewijs dat synapsen, of de associatie tussen 
gliacellen en synapsen veranderd is in patiënten met schizofrenie. 

Wanneer we de meta-analyse uit hoofdstuk 2 updaten met onze eigen verkregen 
data uit hoofdstuk 3 vinden we nog steeds een significante verlaging van het aantal 
synapsen in laag III van de cortex in patiënten met schizofrenie. Redenen die kunnen 
verklaren waarom wij deze vorige bevindingen niet hebben kunnen repliceren zijn zowel 
technisch (het gebruik van verschillende assays voor synaps kwantificatie) als inhoudelijk 
(dat het fenotype wellicht gerelateerd is aan een specifiek subtype van patiënten met 
schizofrenie). De verlaging van de twee microglia genen CX3CR1 en ITGAM is in lijn met 
een recente meta-analyse van onze groep, waarin staat beschreven dat hoewel het aantal 
microglia en het immuun profiel van de microglia onveranderd is, volwassen microglia 
genen zoals CX3CR1 en ITGAM zijn verlaagd in patiënten met schizofrenie.

Epigenetische verschillen, zoals de mate van DNA methylatie, kunnen worden veroorzaakt 
door genetische verschillen of omgevingsfactoren die geassocieerd zijn met schizofrenie. 
Eerder onderzoek naar DNA methylatie is voornamelijk gericht op perifere weefsels zoals 
bloed, maar weefsel specifieke verschillen tussen grijze en witte stof zijn niet eerder 
bestudeerd. In hoofdstuk 4 hebben wij DNA methylatie bestudeerd in grijze en witte 
stof van de frontale en temporale cortex van patiënten met schizofrenie in postmortem 
hersenweefsel. We identificeerde vier weefsel specifieke differentieel gemethyleerde 
regio’s tussen schizofrenie patiënten en controle donoren in de buurt van de genen KLF9, 
SFXN1, SPRED2, en ALS2CL. Daarbij vonden we een verlaging van de genexpressie van 
KLF9 en SFXN1 in de grijze stof, en van SPRED2 in de witte stof van de frontale cortex in 
patiënten met schizofrenie. Interessant genoeg zijn de genen SFXN1, SPRED2 en ALS2CL 
betrokken bij hersenontwikkeling en synaptische functies. 
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Deel II is gericht op de effecten van potentiële prenatale risicofactoren voor schizofrenie 
op de ontwikkeling van cerebrale organoïden. 

In 2013 publiceerde Lancaster en haar collega’s een revolutionair nieuw model voor 
het bestuderen van humane hersenontwikkeling in een petrischaaltje: de cerebrale 
organoïde. Dit zijn kleine 3D hersenstructuren (2 tot 5 mm groot) die een grote 
verscheidenheid van hersencellen laten zien en zich organiseren zoals in de humane 
ontwikkelende cortex tijdens de zwangerschap. Dit model zorgt ervoor dat we elementen 
van de hersenontwikkeling beter kunnen onderzoeken.

Maternale infectie tijdens de zwangerschap is een veel bestudeerde risico factor voor het 
ontwikkelen van psychiatrische aandoeningen, waaronder schizofrenie. In hoofdstuk 
5 hebben wij onderzocht wat de effecten zijn van prenatale immuun activatie op de 
hersenontwikkeling door cerebrale organoïden bloot te stellen aan lipopolysaccharide 
(wat voorkomt in de membraan van bacteriën). We vonden dat de cerebrale organoïden 
inderdaad acuut reageerden op de stimulus met verhoogde expressie van immuun 
gerelateerde gen expressie (IL6, HLADR, IL1B, TNFa) samen met een verhoogde eiwit 
expressie van microglia marker IBA1 en astrocyt marker GFAP. Genexpressie van EOMES en 
RELN, belangrijke neuronale ontwikkelingsgenen, was ook verlaagd. Echter, een maand 
na de initiële stimulus vonden we, naast een verlaging van TNFa en IL1B genexpressie, 
geen blijvende effecten op de hersenontwikkeling. Dus hoewel de organoïden initieel 
reageerde met een immuun reactie op de stimulus, waarbij ook effecten in neuronen 
werden gezien, werden er geen chronische effecten gevonden.  

Voeding tijdens de zwangerschap beïnvloedt hersenontwikkeling en het risico op 
verschillende neuropsychiatrische aandoeningen, zoals schizofrenie. Dieronderzoek 
heeft laten zien dat drie specifieke aminozuren invloed hebben op het eiwit mTOR, wat 
een belangrijke rol speelt in de groei en het metabolisme van cellen. Het verhogen van 
deze aminozuren in het dieet van 5 weken oude muizen had effect op het gedrag op 
lange termijn. In hoofdstuk 6 hebben wij onderzocht of het verhogen van deze drie 
aminozuren (histidine, lysine, en threonine) invloed heeft op de ontwikkeling van 
humane cerebrale organoïden. We vonden dat suppletie van deze aminozuren ervoor 
zorgde dat mTOR sterk werd geïnhibeerd en de cerebrale organoïden kleiner bleven. 
RNA sequencing liet verschillen in genexpressie zien tussen de gestimuleerde en controle 
cerebrale organoïden die betrokken zijn bij processen als mTOR, proliferatie, en immuun 
functie. 

Concluderend, in dit proefschrift hebben we corticale fenotypen in schizofrenie 
onderzocht die gerelateerd zijn aan het synaps afwijkingen en DNA methylatie in 
postmortem humaan hersenweefsel. Daarnaast, hebben we de effecten van twee 
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potentiële prenatale risicofactoren voor schizofrenie (maternale immuun activatie 
en voeding) onderzocht met behulp van cerebrale organoïden. Hierbij hebben we 
inderdaad specifieke moleculaire en cellulaire kenmerken geïdentificeerd die gerelateerd 
zijn aan hersenontwikkeling in schizofrenie. Echter zijn we ook tegenstrijdigheden en 
heterogeniteit tegengekomen die laten zien dat het van groot belang is dat bevindingen 
op een structurele manier worden gerepliceerd en verder uitgediept om de biologische 
grondslag van schizofrenie te ontrafelen, en  daarmee de behandeling voor patiënten te 
verbeteren. 
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ontstond een fijne samenwerking. We zaten op dezelfde golflengte en hadden het ook 
nog eens heel gezellig. Ookal is ons gezamenlijke project tot 1 pagina gereduceerd in dit 
proefschrift, het is fijn om te weten dat het nu in jouw capabele handen ligt en ik kijk uit 
naar het eindresultaat. Bedankt dat je de afgelopen jaren mijn sparringspartner was, en 
voor je initiatief met het organiseren van sociale dingen binnen het Hol lab. Christiaan, 
ik moet mij inhouden om niet anderhalve pagina te wijden aan jou stukje, want dat 
verdien je zeker. Een rustige factor in de groep, met enorme humor. Jij lijkt je zaken altijd 
helemaal op orde te hebben, en produceerde bakken aan data, met mooie resultaten. 
Daar was ik altijd wel van onder de indruk. Lianne, sportief en positief.  Voor mij was 
jij echt hét sociale organisatietalent van het Hol lab, want welk evenement heb jij niet 
georganiseerd? Met je sterke werk ethiek en goede planning lukte het jou om, zonder 
te klagen, enorme gedragsexperimenten te doen, dat vind ik heel bewonderenswaardig. 
Vanessa en Saskia, de postdocs van de groep, bedankt voor jullie altijd rake vragen bij 
meetings en het delen van jullie ervaring. Isadora, it was so great to get to know you 
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during your time in our lab. With your kindness and your amazing immunohistochemistry 
skills you were a great addition. Claudia, I always enjoyed when you talked about one of 
your many interests, such as space, plants, or axolotls. Anna en Tiziana, jullie vormen een 
dynamisch duo die als een frisse wind door het Hol lab waait. Heel veel plezier tijdens de 
rest van jullie PhD. 

Er waren twee essensiele factoren die er samen voor zorgden dat het Hol lab 
georganiseerd bleef en een helpende hand boden bij experimenten. Roland, wat hebben 
we veel uren samen doorgebracht in de humane kweek of de FACS-faciliteit, waarin we 
altijd goede gesprekken hadden. Je behulpzaamheid en sociale karakter zorgde ervoor 
dat je een gangmaker was op de afdeling. Als ik iets kwijt was dan kon ik dat altijd wel 
van jouw bench stelen danzij de next-level labeling van al je lab spulletjes. Jacqueline, 
ik vond het altijd reuzefijn om met je samen te werken. Met je rustige uitstraling en de 
enorme bak aan kennis dacht je altijd in oplossingen voor problemen en vragen waarmee 
ik bij je aanklopte. Volgensmij heb jij ongeveer iedere PhD student van onze groep uit de 
brand geholpen met een belangrijk western-blot experiment in de laatste fase van zijn/
haar PhD, en dat was bij mij niet anders, dankjewel.

Daarnaast wil ik ook graag alle studenten bedanken waarvan ik het genoegen heb gehad 
om de afgelopen jaren mee samen te werken, Cita, Akinde, Laurie, en Naomi. En speciaal 
de master stage studenten: Dilara met je zelfstandigheid, ijzeren discipline, en geweldige 
labskils, Jesca, met je enthousiasme, leergierigheid, en proactieve houding, en Jeske met 
je doorzettingsvermogen, flexibiliteit, en motivatie. Ik heb veel van jullie geleerd, en jullie 
hebben enorm bijgedragen aan de totstandkoming van dit proefschrift, dankjulliewel!

My dear roomies: Ketharini, and Lill Eva, thank you for creating a comfortable 
atmosphere for working, random discussions, celebrating and complaining. It was great 
to have our own personal ICT helpdesk, and although I was a bit wary of them, the axelotls 
were a source of great entertainment. Many times you pondered with me over some 
scientific problem, and raised my mood when I was feeling low. Thank you for being great 
roomies. Lieve Janna, wat heb ik altijd bewondering gehad voor je kracht en genoten van 
je humor. Je inspireerde me. Als ik kauwtjes zie vliegen, denk ik aan je. Maar plotseling 
bevond ik mijzelf temidden van “the boys room” samen met Laurens en Ioannis (I hope 
you guys will enjoy the office during the rest of your PhD) en met Werner, we hebben 
veel over organoids gepraat, waarbij jij mij nog het een en ander wist te leren, je enorme 
gedrevenheid en positiviteit gaan je vast ver brengen. 

Then, I would like to continue to the department of Translational Neuroscience. It 
was such a great environment to work, with so many smart and inspiring people. I really 
appreciate all the adventures we had together, scientific ones, organizing and attending 
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seminars together, sportive ones, such as the Amsterdam City Swim, and fun ones, 
lunches in the sun, lab-outings, and random borrels. Peter, het grootste gedeelte van 
mijn PhD stond jij aan het hoofd van de afdeling, bedankt voor de fijne atmosfeer die 
je creëerde. Grote dank gaat ook uit naar huidige en vroegere leden van het manage-
menttteam en secretariaat Joke, Remi, Roger, Krista, Vicki, Rianne, Ria, en Sandra. Wat 
fijn dat jullie altijd klaarstaan met wijze raad. Youri, Keith, Marina, Leo, Desiree, Jos, 
Erwin, bedankt voor jullie hulp met lab-gerelateerde vragen en voor de gezellige praatjes. 
A special thanks to the members of the borrel committee for organizing some great 
borrels together! A great deal of time during my PhD was spend at the iPSC/organoid 
lab. Medium changes or endless Matrigel embedment’s were made that much more 
enjoyable by some great, helpful colleagues: Paul, Marloes, Lill Eva, Svetlana, Marta, 
Pavol, Astrid, Tijana, Rianne, Lauri, and Katherine. Thank you for sharing in the highs 
and for being there during the lows inherent to this type of work. I want to especially 
thank you Renata for teaching me so much about stem cell and organoid culture, and 
always providing a listening ear to my research (struggles) and beyond. Daniëlle V, ik zou 
niet weten hoe het iPSC lab het zou redden zonder jou aan het roer, (hoe deden we dat 
eigenlijk voordat jij kwam?) bedankt! Also, to all other PI’s, PhD students, Postdocs and 
supporting staff of the department, Jeroen, Roger, Frank, Onur, Geert, Andreia, Anna, 
Danai, Daniëlle, Dick, Diviya, Emma, Eljo, Evelien, Ilia, Jacques, Jelle, Jiska, Karlijn, 
Lieke, Louisa, Mark B, Mark, Mieneke, Mateja, Marieke, Nefeli, Nicky, Özge, Paul H, 
Ramona, Rogier, Suzanne, Valeria, Vamshi, and Veronne thank you for being there the 
past years and for making them so memorable. 

Zo blijkt maar weer, onderzoek doe je nooit alleen. Zo zijn er nog een aantal mensen die 
ik graag wil bedanken voor hun hulp, input, en tijd: Domenico van de afdelng Pathologie 
van het UMC Utrecht, Mauro en Judith van Single Cell Discoveries, en Michiel van de 
Nederlanse Hersenbank. 

Stephanie, Pauline, en Monique, bedankt voor de interessante samenwerking op het 
HIV organoid project. 

Ricardo en Kasper, bedankt voor alles wat jullie mij hebben geleerd in het lab, maar 
bovenal voor het laten zien hoe leuk de wetenschap is en het vertrouwen wat jullie mij 
hebben meegegeven. 

Dan mijn lieve vrienden, die onopgemerkt misschien wel een even belangrijke rol hebben 
gespeeld in de voltooing van dit boekje, maar in ieder geval in mijn levensvreugde.

Te beginnen met m’n lieve Evie, wat waardeer ik onze bijzondere vriendschap. Ik kan 
altijd bij jou terrecht, je geeft de beste knuffels, we delen creatieve uitspattingen, en 
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zijn een heel goed team. Dansend gaan we door onze vriendschap, op de bar, lowlands, 
onder de sterren, of in je huiskamer, en ik hoop nog heel veel dansjes met je te maken. 
Dankje dat jij er bent. 

Lieve PM meisjes, en speciaal Jantien, Evie, Marie, Anna, Anouk, Babeth, Hester, 
Judith, Letty, Leylah, Lisa, Lorijne, Maxime, Saskia, Sophie, en Suzanne, jullie zijn 
het Roze kasteel waar ik naartoe kan ontstnappen om even helemaal op te laden. We 
kennen elkaar ondertussen al een poosje, en ik koester al onze mooie momenten samen, 
vakanties, etentjes, gesprekken tot diep in de nacht, virtueel discobingoborrelen, het 
delen van een lach en een traan, en recent de wereld van het moederschap. Bedankt voor 
jullie liefde en bemoedigende woorden. 

Toen ik begon aan mijn PhD woonde ik nog op de Amsteldijk, met uitzicht op de Amstel, 
met mijn lieve huisgenootjes. Sophie, altijd vol energie en creative ideeen, zorgzaam en 
ondernemend, en Jantine, ontzettend slim en even grappig, attent en supportive, wat 
fijn dat ik jullie in mijn leven heb. 

Nadat ik een aantal jaar surrograat huisgenoot ben geweest vind ik het ontzettend leuk 
om deze fase van het leven ook te delen met de setjes van de BV, Casper en Philine, Rens 
en Tamara, en Wouter en Myriam. Bedankt voor jullie vriendschap. 

Dan rest mij nog om mij te richten op het fundament van mijn leven, mijn lieve familie, 
bedankt voor de interesse, het meeleven en steunen, en het goede gezelschap. Mijn lieve 
schoonfamilie Erik, Annette, Joris, Jiska, Fabian, Nora, Louis, Lonneke, en Han, het is 
altijd zo fijn om bij jullie te zijn. 

Lieve Mila, je bent een prachtig mens, observerend, creatief, gepassioneerd. Wat bijzonder 
dat ik je vanaf dat je een klein hummeltje was heb mogen zien opgroeien. Ik ben altijd 
geinspireerd geweest door je vele talenten en bewonder de dapperheid waarmee jij 
je authentieke leven tegemoet treedt. Lieve Merlijn, altijd ben je mijn maatje geweest. 
Ook al zijn we zo verschillend, we zijn ook zo hetzelfde. Ik ben heel trots op hoe jij je hebt 
ontwikkeld tot de zelfverzekerde persoon die je nu bent. Ik bewonder je welbespraaktheid 
en de kunde in je vak, maar daarnaast ben je ook heel erg trouw en liefdevol naar je 
omgeving, waaronder natuurlijk je lieve vriendin Marlinde. Lieve mama en papa, jullie 
liefde en onvoorwaardelijke steun is de basis van alles. Jullie zijn het allersterkste team 
dat ik ken. Samen hebben jullie een liefdevol nest gecreeerd waarin jullie ons de vrijheid 
en aanmoediging gaven om te worden wie we zijn. Lieve mama, met jouw grenzeloze 
creativiteit en zorgzaamheid en lieve papa, ambiteus en met enorme toewijding aan alles 
wat je doet en de mensen om je heen. Ik heb maar geluk met ouders zoals jullie. Ik hoop 
dat opa een beetje trots is als het zometeen is gelukt om een Dr. titel in de wacht te slepen.
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Als laatste, mijn prachtige gezin. Liefste Wouter, mijn grote liefde en veilige haven. Wat 
begon op een feestje met wat ducktape en een roze regenbroek, leidde ons in 10 jaar 
langs prachtige avonturen die voor altijd in ons hart zitten. Bedankt dat je me altijd 
weer met twee voeten op de grond weet te krijgen wanneer dat nodig is, en voor je 
enthousiasme als ik een foto van een mooi gelukte western-blot naar je stuurde ook al 
had je geen idee wat het was. Wat ongelofelijk bijzonder dat we nu samen zo kunnen 
genieten van onze prachtige dochter. Mente, m’n lieve hartje, met jou is alles mooier.
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